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FOREWORD

This document is the final report on Contract NAS8-20629 entitled
“A Narrow Beam, Broad B'andwidth Opt_ic';l Corimunications System.'
(Later known as the Airborne Visible Laser Optical Communications, AVLOC, ¢
P:ogram subsequent to contract Modification No. 9.) The program is
sponsored by the George C. Marshall Space Flight Center of the National
Aeronautxcs and Space Administration, Huntsvxlle, Alabama. The techmcal
representative for the Government contracting otficer is Dr. Joseph L.
Randall and the cognizant Government pro;gram manager is Mr. Wayne
Wagooh. ‘

. This work was performed by the Aerospace/Optical Division of
Infernational Telephone and Telegraph éorporation, San Fernal'ldo, California.
(The Aerospace/Optical Division has more recently merged witb the ITT
Gllfillan Division.) The prmmpal contributers i the program were Mr. John
H Ward, program manager and technical director, and Messrs.'V, Hammock ,

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

| This document constitutes the final report on Contract NAS8-20629,
The bpurpose of this report is to describg,th;a design, development ;nd operation
/ ) ‘
of airborne and ground-based laser communications and laser radar hardware . ,
_ in support of the Airborne Visible Laser Optical Communications (AV LOC_)
program at NASA Marshali Space Flight Center. This :has been a higﬁly
s@ccessful piobéering program contributing much knowledQe toward the

realization of operational laser communications systems. ITTG is very

pleased to have been associated with this development and values highly thé

experience gained.

B ) The major emphasis on this contract was to d;évelop a highly flexible

@ test bed for the evaluation of laser co;nn;unications systems techniques and
components‘ in an operational environment. The historical trend in communica-
~t:ions has beer; to higher and higher freéuencies. Hence, it is not surprising
that engineers have sought to apply the laser in coxpmunications systems
six{ce it was first introduced around 1960. Their interest in this application
§f the laser stems, largely, ﬁ'om tﬁe’ promise of greater information’
capacities and communication distances than had been realized heretofore.
The properties of laser radiation which make these ir;nprovemenfs possible
are its shoi't wavelength and its relatively high degree of coherenée, as |

compared with other sources of optical radiation. However, the real

advantage in communications at optical frequencies lies in the ability to form

1-1



B W

narrow beamwidths with small "antennas." For ihe first time, a source

of optical radiation is available which approaches a carrier in spectral purity

. suggesting the use of many of the coherent detectmp techniques that have been

developed to a high degree of sophistication in the rf spectral region,
U_fnfortunately, the performance of a coherent detection system at optical
frequencies, particularly at the visible wavelengths, is severely limited by
agturbulen.t transmission medium such as the atmosphere throﬁgh which any
gfound-based system must operate. Under these coxiditions, the simpler
photon-counting receiver can still be used to exploit mény of the laser
properties in communications.

Wheﬁ ‘comparisons between approaches are made, consideration
must be given to the performance of the overall communications system. A
comparison of laser efficiency alone, for example, is,inadequate for judging

the performance of optical communications systems. A photon-counting

I
N 3

syste-m'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
émall coherencé épertures in a turbulent medium are very desirable from
the detector standpoint. High detectivity, llarge_gain -bandwidth product
detectors are available in this spectral regibn. Many of tiieée detectors
éan be "electronically gimballed" to provide a lafge search/acquisition

field -of-view and a small, low-noise field-of-view for tracking and

1-2



commrunicatirg. Tae 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

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 ei't;her 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 extreme link privacy and efficic;,nt K f
utilization ’of transmitted p;)wer for very long range (inter planétafy) .
communications. Also, laser cq‘mmunications systel;l performance is most read?ly
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 experience in the design and
development of systems of this type, that the major systems emphasis should be
plaged on narrow beam handling. Communications per se becomes almost

secondaryﬁfor data rates up to several hundred megabits ber second.

- 2

The specific program objéctives are: 1) Evaluation .of optical
aéquisition, tracking andkpointing techniqueé, as well as optical communica-~
tions systems performancevin an aerospace environment, and 2) determine
tﬂfbulence effects on laser beams propagating vertically throug}} the
atmosphere, To accomplish these ij,ectives, the experiment is to establish
a two -way laser ¢ommunications link between a high altitude aircraft

: % ' (50,000 to 70, 000 foot altitude) and a ground stdtion. The experimental

system has the capability of automatic acqhiéition at each terminal and auto

1-3
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track and continucus closed loop point to maintain communications as the
;lircraft "orbits'" the ground station. Figure 1-2 shows an artist concept

-

of this configuration. P4

’

/

A comprehénsive experiment measuements plz'm pursuant to these
techmcal objectives was prepared by the technical staff of NASA/MSFC. The
obJectlves fall into three cateorones 1) To evaluate system techniques for
wide angle acquisition, precision tracking and pomtmg in a real and dynamic .
environment, and to evaluate quantitatively the performance of the direct
detection communi;:ations link; 2) Prove certain system components as
related to their Suitability to the environmex;t - particu’{arly with respect to
narrow beam handling, and 3) Advance the understanding of the effects
of atmospheric propagation on the perfofmance of an optical communications

link, . .
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1.1 Sysfem Discussion

.
s

In order to place the ITTG eft"o”rt in this program into proper perspec-

tive, an ovefall AVLOC program system hardware 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.

'I;hese iten;ts indicated Ey hea;ry oﬁtliﬁe; will be describéd in detail in \ '
the following report sections. Major éontributions were made in the
interface area as well and will be described where appropriate in the
hardware sections. Fuf\‘.her, ITTG has I;reviously submitted safety
plans, interface control documents, 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 design modifications
and improvements have been made by NASA/MSFC technical personnel

subsequent to the first flighf-: 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 af a
tbp level interim of the design parameters and overallj specifications
and thea to break the system down into a logical éef of subsystems
eithef fuctional blocks? or critical componen:s. The system hardwa'r‘e

tree provided with each item serves to interrelate the various System .

elements.
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ITTG has designed equipment for both the flight system and

i

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

* 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
yet successful aspects'of the program was that of interface between two

*

prime contractors having overlapping responsibilities and complex

« .
A

interrelationships. The success of this dual contractor approach was due
to the éxcellent personal relationships and singleness of purpose on the
part of all program personnel and to the outstanding'.leadership and
guidance offered by the NASA/MSFC technical and management personnel.
Co;)peration among.contractor technica‘ﬂ pPersonnel, side-by-side werking
relationships, and free exchange of deéign data were essential to the
success of this tiifficult program arrangement. ITTG wishess to compli-

ment the CCSD personnel for their contribution as system integration

contractor for supporting this cooperative attitude, .



oiataile b tiiis ) il o] 1k st & s i i

600654

e I Tty SPE N,

e A b S A i .l Bl b Y

B T PP

_AVLOC P/

-

Dot SRR de e ders b

FUGHT .
SYSTEM i

[

FUGHT EQUIPMENT

r

|

4« EXPERMENT

CUBE CORNER ASSEMBLY DISPLAY &
ASSEMBLIES ENZ LOSURE CONTROL
| * ]
ISOLATION
FRAME AQCP GIF:!AI.
(8LUE ‘FRAME) MIRROR

T FRAME

1

!

FUGHT u:r::;:&m Al
RECORDER CANISTER CONDITION
+
[ [ | =

I COMPUTER

l

POWER
CONVERTERS




£ RO DSNOIL | ot Wi . 5 Sl & e 4t 55T AN - NP PIRreTReE— TR S S

.
] i
: i
! {
Y i
JGRAM HARDWARE TREE
¢ :
AVLOC ¢
: PROGRAM :
3 ¢
.
'
v L} ¢
SAFETY ‘
. :
il
)
M
’ . P
i ‘l ¥
H
GROUND ;
SYSTEM : '
| ")
! {
'
A
| | | : | ;
' :
ws-57 GROUND OPTICAL GIAA CO:‘PU‘“ |
AIRCRAFT EQUIPMENT TRANSCEIVER 3 " ;
MODIFICATION DATA HANODUNT | :
.
"
l 5 ) f
H
WL TR——
% MECHANICAL ELECTRICAL GSE GCe
FrrEae
GIMIALLED Figure 1-3. AVLOC Program System Hardware Tree ;
MIRROR
SERVO
ELECTRONICS
e —

RAME I




e

(¥ S aas v T

.

Field tests from the ITTG rooftop dome at San Fernando, California,
to 2 mountain site 5 miles away were conducted, using an 8-inch

aperture collecting telescope at the receiver terminal. .
/ -

The,,second Interim Report (Reference 2),‘:prepared by
John R. Priebe, and dated 15 Sep’cembe'l: 1569, covers the next 23
r;nonths. It describes improyements 1n the equipment, including the
édditions of pulse shaping and thresholding circuits in the communi-
cation systerh, and the provision for ‘simﬁlténéously monitoripg and
reco'rding Bit Error Rate (BER), Photomultiplier Current, and mean
square value of the signal fluctuations. The report also develops a
mathematical model for estimating performaﬁce 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 nea:rby mountain. The addition of a 22-inch

diameter telescope for the receiver (in placs of the 8-inch unit used

previously) permitted measurement of aperture averaging effects.

Because of the iﬁ-depth coverage of activities and results pro-
vided in the comprehensive Interim Reports, no additional information
is presented 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) entitied, "Aircraft Optical Communications Package and
f Optlcal Acquisition Equipment, " in responee te "JASA RFQ 1-0- 40 -02596,
/ ; ITT was selected by NASA to de sign and build the equipment for the
Aircraft Visible Laser Optical Communications (AVLOC) program as

‘r ~a result of this proposal, and the work was performed under an-exfen-

: ‘ sion of Contract NAS8-20629, |

. The equipment consisted of:

i ;
b 1) A Ground-Based Acquisition Aid (GBAA), which is a pulsed

i e

laser tracking radar used to acquire and track the cooperatlve target

;‘ @ ‘aircraft carryirg the aircraft optical communication terminal,

2) Prec1sion optical retroreflectors, for attachment to the

aircraft,

A

3) An Aircraft Optical Communications Package (AOCP), with
auxiliary equipment located in Remote Equipment Racks (RER). This
equipment included a TV Tracker (prov1ded by ITT on loan to NASA).

a laser tran sceiver, atmospheric scintillation measurement devices,

and various commandable functions for varying experiment parameters.

4) Ground Checkout Equipment (GCE), for exercising,- testing,
aligning, andg boresighting the AOCP, simulating the up-link optical
€communication system, and exercising the gimbal mirror and computer

9 | | :
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provided by the Integrating Contractor, Chrysler Corporation . v

Space Division (CCSD).

4 [

rs
!

-l .
This equipment is discussed’in more detail in subsequent secticas,

Operation and Maintenance Manuals (References 4 and 5) and engineering

drawings have been provided previously.

A list of impoi’tant dates in the AVLOC progfam follows:

6-7 May 1970
5-6 August 1970
15 October 1970

June 19_71

September 1971

October 1971

12 October 1971

May 1972

Preliminary Requirements Review | _ ;
Preliminar&r Design Review
Critical Design Review

Aoc? and GCE shipped to NASA/
Michoud Facility

GBAA shipped to MSFC
Rétroreﬂectors shipped, 32 to

CCSD, 3 to MSFC

AOCP and GCE shipped from Michoud

-t)o MSFC for further test and evalua-

tion, and subsequent integration with

" CCSD equipment.

AOCP and GCE shipped to Kirtland
AFB, New Mexico, for integration
by General Dynamics into RB-57

Aircraft, along with CC8D equipment.

-

1-13 ‘ ’



o

16 August 1972

August 1972

GBAA successfilly acquired RB-57
Aircraft, ;’md tracked it for about
two houx{‘;.

Integration and testing of equipment
in aircraft cornp.leted, and the air-
craft transferred from the Air Force

to NASA. All equipment sent to .

Ellington AFB, Texas (ncar Houstonj.

Y

£
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SECTION 2, | .
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2. SYSTEM MATHEMATICAL MODEL

In the following paragraphs a mathematical model is developed for use
in predicting potential performance of the Optical Communications System.
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 of 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. ’

1

2.1 Performance of an Ideal Svystem

An ideal optical communications system has its performance limited
by design parameters (such as laser power, modulation index, collection
aperture diameter, 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," Figure 2-1 depicts a partially modu-
lated binary pulse train. The peak amplitude of this train is A,, and the
minimum amplitude is A+ The average amplitude is A =(A_+ Am)/Z,
assuming a long random and equally likely series of binary pulses. The
modulation index M is defined as

L 2o %
M==2 ! "3 72 @.1)
P m



TABLE 2-1. LIST OF SYMBOLS AND ABBREVIATIONS

/

BER Bit errorvr‘ate

PSR . | éseudb-random

D/A Digital-to-analog conversion
M Modulation indéx

A,;,Am,Ap,AS Signal amplitudes

Var Statistical. variance

i ,i,1 Photocurrents in electrons per sccond

p, p m

At Time intervalin seconds, the inverse of the system bit

transmission rate

) *  decision value

k Factor describing increase in current variance with a noisy

amplification process

ideal system

P,Q Tabulated probability error functions
a | Random variable describing noise multiplicative with
signal

N - Set number of photoelectrons per bit interval use as threshold

N,N ,Nm,N Number of photoelectrons per bit interval (defined from -I:‘-)

N, N N Random variables describing numbers of photoelectrons in an

2-2



\'\ ,\ Random variables describing numbers of photoelectrons

pm in a noisy communication system
P Coefficient of variation
r‘n, 02 | Mean and variance of a normal distribution
g(x) ‘ Probability density functién
v — Line-of-sight zénith look angle

2-3
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4 . . -

V4 l_"Mark" sent ' ;
i / . . . - '
A : ’ LA ' , .-.'.};‘
P ' t .
Pulse ) i
Amplitude Am‘ » .
- . ' L— ""Space' sent

Time -

Figure 2-1. Partially Modulated Binary Pulse Train

In terms of the average amplitude A, the peak ampiitude can be written as
A=A (M+ 1). In a like manner the minimum amplitude A_, can be written
as A = A)1- M). The signal amplitude A is defined as the difference
between the maximum and minimum amplitudes. Consequently, it follows
'tha.tAs=Ap-Am=2MK. o '

The amplitudes of Figure 2-1 may represent any of a number of types
of information carriers. Xor instance, the peak amplitude A may repre-
sent peak numbers of photons, photoeléctrons, 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 of subscripts introduced above with an
average photoelectron current (electrons per second), of i, the resultant
expression that represents a mark having been sent is the term (1 +M) i,

and likewise, the photocurrent representing a space 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
‘number of photoelectrons counted during a time interval At is proportional
to the product of the photocurrent, ipc' and the sample period, At. In

. gEpROnUCELL
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equation form,

-

= (1+M)1; im,:; (1 - M)T; and (2.2)

var { 1pc} = k ip.c At.

The constant of proportionality, k2 1, is used to describe the noise effects
of amplication, such as dynode noise in a multiplier phototube.

2.1.2 The Bit Error Rate (BER) and Its Effects. - The product of the
sample period, At, and the photoelectron curra nt, i,., is the number, N, of
electrons counted during a sample interval. The decision as to whether a
space or mark was sent is made by comparing the number of photoelectrons
counted with some threshold value Ny. If the number of electrons counted is
greater than N, it is decided that a mark was sent. If the number counted
is less than 1 \It, it is decided that a space was sent. Because of the variance:
in the values of i, there is some stattstlcal probabxhty that, although a ‘
mark was sent, the product i, . Atin the receiver will be less than Nt'
Hence, the receiver logic c1rcu1try will make an incorrect decision in such
cases. The probabxhty 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 s chemes, it is clear that
the lower the system's potential bit error rate, the better the information
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 noise factors as a whole. For example, some criteria

of performance require that all noise sources, to be combined, must have
similar frequency spectra. These analytical techniques would have difficulty
in estimating the simultaneous effects of signal current shot-noise and
atmospheric turbulence.

It is of valuz to compare the subjective quality of a closed circuit video
picture as a function of bit error rate in the communications channel.
Figure 2-2 shows the resultant degradation in received picutre quality as
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° the BER is increased from 10-5 to 0.30, by attenuating the radiation of the
' transmitted laser beam. These photos were taken during ‘a laboratory test
of the Optical Communications Systern identical to the AOCP and ground
station hardware. ’

- .

.
e

ot 2.1.3 Computation of the Ideal Single-Channel BER. - Ina single-channelw
' 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 vit interval is larger than some threshold value, N,. An
error occurs when either: (1) a signal is sent but not detected or , (2) when
the threshold value is exceeded during an interval when no signal is sent.

In equation form, the f)r—obability of an error during a bit interval (the bit
error rate) is ’

“ *

BER = P {signal sent} - P {noise and signal SNt} (2. 3;;) o

*+ P {signal not sent} P {noise >N, }.

Since in the rand»m MRZ coding considered here, the prob.ability of a signai
j @ being sent during a sample bit interval is 1/2, Equation 3, 3a becomes

BER =1/2 P {noise and signal <N, } (2. 3b)

+1/2p {nqise>Nt}.

The derivation of the system bit error rate discussed here is concerned
with only the variations in the signal amplitude itself, These fluctuations in
the modulated and unmodulated portions of the collected laser beam are
caused by the inherent photocurrent shot noise. Using the above terminology,
we ”c:orrectly consider a mark to have been sent if the number of photo-
electrons N counted during a sample period is larger than the threshold
value N, We correctly decide that a space has been sent if we detect a
smaller value ﬁm' Both N_ and Nm are random variables because of the
effects of photocurrent shotpn_oise. Intuitively, the threshold value N¢ should
be set at some number between the average values of N_and Nm' One of the
Purposes of the following analysis is to determine the value of N¢ which
minimizes the system's bit error rate.

-
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Equation 2. 3 :an be rewritten to include the variables ﬁpand Nm as

.

. 1 ~ J L ~ '
‘BER=—2-P{NpsNt}+ s PN >N}. (2.4)

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

. * N
~ _ t ‘ ~ <
HP_{NPSNt} -./_; 2PN =z}, N (2. 5a)
~ ’ © ~ ' 4 .
P{N >} =th dz P {§_=3z}. ~ (2.5b)

For large numbers of photoelectrons N the shot noise (Poisson)
distributions are approximately normal. -

Hence, keeping in mind that N (1 + M)At =iy and N (1 - M)At =i,
we find that the combination of equations 2.2 and ZP 5 results in

\V1fz-®a+m)?
e 2WNKk@-Mm , (2. 6a)

VI VNk@a+M

o o1 N
P{I\p-Nt}—'[m dz

: _le-ﬁ(l-IvIL)z |
o ® 2WNKk(1-M -
= e
P {Nm> Nt} '/I;t dz (2..6b)

Nor YNk (@-M)

2-8
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We can use here the tabulated functions P and Q where:

9

[

T2

dt, Q(r)-\/= f e dt; (2'.7),_ X

mo

i’(r) : f e

so that Equation 3. 4 for the bit error rate simplifies to

' . t-ﬁ(1+M)> . : Nt-‘ﬁ(l-M)> )
o’ 4 - . L]
BER=3 f \/EN a+M / 2 Q Vi N (1-M)

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

1
2

N Yyl 1+M\|° = 2
Nt N 1‘ M [1+2\Iﬁ-b~.< M)J TN\(I-M)' (2.9)

an approximation 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

- “ﬁ — e
BER Single =Q 'E(\1+M - \II-M)] , (2.10)
Channel,
Optimum

or approximately

3 3 5

Q ‘E- M+M—+—7—M—-+++

k 8 128

L4

Equation 2.10 is plotted in Figure 2-3 for two values of modulation index M.

2-9
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Figure 2-3. Single Channel Bit Error Rate (the Factor k is 1.6)
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2.1.4 Computation of the Ideal Binary Channel BER. - Analysis of an
ideally balanced binary system is somewhat simpler than that of the single
channel, since thzre is no threshold value N, 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 number of photoelectrons. Using

subscripts 1 and 2 for the two channels, we can write the expression for
the bit error rate, analogous to Equation 2,4 as o
BER=-1-P{N'<N }+lp{ﬁv <N }. | ‘(2.11)

2 pp m, 2 P, m;

For a balanced symmetrmal system, the two probabilities are equxvalent
and we can write

ER=P{N < N =pP{N -N <o}. - 2.12
B ANy < Ny b ,{Pl m, } (2.12)

‘Written in terms of conditional probability distributions, the last equation

is

. ©
- F PR = PN = 2.13
BER [:dzL dy P{N =z+y}PIN =y}, (2.13)

Approximating the probabilities with normal distributions, as was done with
Equation 2.6, the last expression can be arranged in explicit form as

kN (1 + D) VEN (1 - M)

BER'-‘.L)dz y = ¢ e (2.14)
‘ j: \!2n\/kN(1+M) \/2w,/kN(1-M) (

- 2 - \
-l( X-N(1+M)> _}_(x-N 1-M>2
2 \WEN (1 + 1))
dv € e
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This equation, where N is the product i c At averaged on one photosensor,
can be integrated directly to obtain the P simpler form

P

| BER ’ =q[m 2N ) | (2.15)
* o Binary \

Channel,
Optimum

The last equation is plotted in Figure 2-4 for modula.tijon indices ranging
from On 3 to 0. 8.. S . F L. e . ‘

2.1.5 Comparison of Ideal Singie Channel and Binary Channel Systems, -
The practical differences between a single channel system and a binary
channel system are 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 that the two sys-
tems 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 channel system.
By comparing Equations 2.10 and 2, 15 we see that the single channel
gystem's laser power must be increased by the factor

Required Laser Power Increase = 1 + 1- M2 -(,;2. 16)

For example, if the 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 have about the same
performance when used at high modulation indices and very low noise levels.

2.2 Calculation of Model System'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 present at the photodetector (such as noise in later
amplifiers) can be seplaced in analysis with an equivalent noise generator

2-12
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Figure 2-4. Binary-Channel BER in the Presence of Log-Normal

Atmospheric Turbulence for k = 1.6 and M = 0.4
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at the photodetectcr. The eight principal noise factors occurring in the
system under study are as i::;lows:

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

manner as the Laser Generation noise above, but of course with
different frequency and probability distributions.

b. Atmospheric Scintillation Effects - these act in much the same

c. Signal and Bacicground Shot Noise - variations in the photo-
_electron current that are Proportional to the square root of the
current.

d. Background Madulation - 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.

the seven noise factors discussed above can be combined into multiplicative
and additive contributions to the sensor photocurrent, i . For the con-
dition of a "mark" being sent, the signal photocurrent i’ and its variance
are described, as was done with Eaquation 2.2, by P

l-a(l+M)T+Zi-§=iAti - (2.17a)
p - . n9 p p ’ .. a

var (i ) =ki At=kR .
pc T p p

2-14
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For the conditions of a '"space'' being sent, the last equations take the form v
- A
- o AT 3 Pe v i =i At=k ., - (2.17b
ina“.m‘+zhf?°m)ﬂn N .. ( )

In the last equations, i, . is the instantaneous photocurrent (in electrons per
second) and the term a is the product of factors describing system radiom-
etry, time varying atmospheric scintillation, and laser generation noise
effects. The last term T i , represents the sum of the dc noise currents,
such as background and detector dark current. In the equations for the
photocurrent variance, var (i), the coefficient k describes multiplicative
amplifier or dynode noise, and as before, At 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 derivation of the system
VER using Equations 2. 17 follows that of Equation 2.2. In regards to the
previous ideal system, it was assumed 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

. be due to similar variations in the signal irradiance on the photodector.
Hence the term P {N = z} in Equation 2. 5a must be replaced with a more

- complex statistical expression. The term P {N =z } is the probability

that '"z'' photoelectrons will be counted during a sample interval if a "mark"
is sent, and the long-term average number of photoelectrons counted is N.
However, in the presence of scintillation or fluctuating laser power, N is
not 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-
ditional distribution P {";I' = z; x} This expression represents the i)roba-
bxhty that the number of photoelectrons counted for a ""mark" sent be z,
given that the mean number N is x. It can be seen that the original expression
for P {Np = z}is replaced by

g

(2.18)

(8,01 L i) 20
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' As a consequence, the form of Equations 2.5 for a single channel BER is
changed to

K
,

| @ N /7 ' | ' ' |
& : [t N =z N = .
P {NpSNt} =./.;, dx'/_;D dz P{l\p —_‘z,x} - P {N=x} , (2.1?<;),

® o :
p{um>Nt}=jf_mdx Nt'dzP{Nm‘«‘z; x}. P {N=x} . (2. 19b)

Ao d

These, combined with Eqguation 2.4, describe the BER for a single channel
system with additive and multiplicative noise.

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

‘s

BER learv .[dzfaéy'ljdxp{ =z+y;N=x}. "{N =y;N =x}. P{N'=x}.(2. 20)

Channel

Equations 2.19 and 2.20 describe system BER with statistical expres-
sions. In order to obtain numerical values, these terms must be replaced
with algebraic expressions. The most important additional source of noise
tp be considered here is that due to atmospheri¢ scintillation. It is well
known that these turbulence induced statistical variations in beam trans-
mittance do not follow the normal probability distribution. For this
reason, the next section digresses somewhat to discuss the log-normal
distribution, which: is more appropriate for use in modeling atmospheric
effects. ‘

2.2.3 Log-Normal Probability Distribution. - The log-normal probability
distribution is applied in situations where a series of independent random
impulses «c¢. have effects on a phendmenon which are de'pendent on the
instantaneous state x. of the phenomenon., Furthermore, the magnitude of
the change in state of the phenomenon, x 17X is proportional to the magni-
tude of the impulse o 1 and some functloan"sz) '2>£ the instantaneous state.

2-16 -
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? @ . Here the state X: of the phenomenon was produced by c. . The equation
for the effect of"ci is J
x, .-x, =c, f(x)=8X . o ' (2.21
rl ) j 1o =2 . (2.21)

/

In the present application, we consider the change (Ax;) to be a variation in
the radiant power transmitted by a turbulent atmosphere, and this variation
to be equal to the product of the radiant power itself, i.e., f(xj) = Xj5 and
the magnitude of a number of turbulent impulses ;. . As a consequence we
can rearrange the last.equation to obtain the form

| | Ax, A%, S
o mod =L (2. 22)
j f(xj) ) xj ) ’ .-

The sum C=Z;c; of a large number of impulses,. which we assumed above to
be independent,” tends to have a normal distribution as implied by the central
limit theorem. If each of the impulses c; has only a very slight effect Ax:,
then the resulting state x caused by a very large number of impulses c, 158 -

n n Ax X ' X

i “n dx n .
c=) ¢ =), —x—sz - Iy o (2.23)
. 90 3 =0 % Y% "o :

which, in the limit, has a logarithmic relationship to the impulses. Hence,"
we have a reasonable justification for writing the relationship

fn x = u, ' ‘ (3.24)

where x is a linear function of the instantaneous radiant flux transmitted
through the atmosphere, and u is a normally distributed variable dependent
on the characteristics of the atmospheric turbulencg.

2-17
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To relate the characteristic parameters of x to those of u, we assume the '
variate u to have a meanm and a variance 0¢. The distribution functiop ﬁ
of uis X . ' |
S0
N u-m ‘
. -® 1’2?1' c
The distribution function of x, ¢ ('x), can be‘ determined from Equation 2. 25, | a
since from Equation 2.24, xis a function of the random variable u. With .
the appropriate change of variables we find that o ) ; !
| _ Afax-m) R
2 :
' X 20 ) o
P{XSX}=¢(X)=f & e . x=20. (2. 26) q
0o X 2 0’2 v

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

integral -
o 2 :
E(x) =£ xd &(x) = exp |m + Z . (2.27) :
4 . ‘ :ﬁ
In a2 similar manner the expected value of x2 can be found to be i

2 2 .
E) =exp [2m+20° ] . (2.28) y
The variance of x is found from the well-known relationship : ' -
o 2 _omidt[ 2 .
Var {x}=E") -E(x) =€ '[e -1] , (2.29)
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which leads directly to

-

_ c? ='bn[1 + ya_;_{ﬁ] = bn,[l.'+ PZ] ,

E (x)

- where 2 o

Var {x}=P" E°(x) .
It is convenient to work with the normalized va;x'iable x/E(:&), which also
has a log-normal distribution. In terms of the original parameters m and
g, we find that

1

E|tn = ]=m-m+ o =-‘ o ' (2.31)
P"Exx) 2 2 :
and . .

Var[z,,:E-’(;—)— =Var{L,(x)J = 0% . | (2. 32)

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

X
§' = 'zi-' = E(x) '. (2. 33)
The distribution function fbf Nis
o~ X dx Lﬂx—m 2 .
«p(x)=P{Nsx}=f ‘ exp - "-——-—-] . (2. 34)
-0 X4j2ro V202
) .

2-19 .
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Using Equation 2.27 and the expression E(N) = M, we find that the probability
function for N is ‘

. -

’

-‘i: -..._..__1 ‘_.1.'. 1[ .1_..’ . 2
ax BT exp-g [2 Yoy ] '
'1 (2. 35)
~g(X)'= 0, x<0 H
where: . .
: o 2 _; ~ Var {N}|~
o =t..[1+ —;;7{3] (2. 36)

2.2.4 Atmospheric Scintillation Effects - Typical Values. - The principal
signal fluctuations encountered in a space-to-space optical communications
link are those due to the impressed modulation and fundamental 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, dorninating the simpler effects
of photocurrent shot noise.

Typical values for the log-amplitude variance, Cyp(0), for an optical
path along the zenith angle y arg fféimated to be fairly well represented by
the equation Cp (0} =0.73 (sec ) r The coefficient 0.73 of course varies
from day to day for different locations, and for most astronomical observa-
tions, is probably too large. The variance, Var {PC}, of the detected beam's
radiant power P is related to C, (0) by the equation

Var {Pc} = Pze[exp {¢¢ 0} - 1] = v’ p? ' (2.37)

where § is a complex function of the collector diameter, optical wavelength,
and log-amplitude variance. Values of Equation 2, 37 for collector diameters
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 unmodulated portions of
the beam from the aatellite terminal. )

Fd .
2-20 © . pppROPRUCIRILITY OF THE
ORIGTAL PAGE IS POOR-



7Y

2 T R,

¥

GILFILLAN ITT

Figure 2-6 illustrates the effect of atmospheric scintillation on the
transmitted signal. Figure 2-6A depicts the digitally coded laser beam,’
with a modulation index of 0.5 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 wouvld
vary extremely slowly compared to the data rate. Figure 2-6 C illustrates
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 may use the variable
x = aiAt in Equation 2,17 to obtain the diffinitions: ’

f =@ +Mx+ Zi_at,

A (2. 38)
Nm'—j(l-M)x+ anAt . ‘

r
. ‘

With these substitutions, Equation 2.35 can be used to rewrite Equations 2.19
ir: the more general form:

~ Nt e |
p{Nps Nt} = o dz./o- dx g(x) - — ' (2.39a)

A 2
) 1 z - Np
2 Py
. } ® +o o . kNp
P {N >N =f dz dx g(x) : .
t 2.39b):
N, 0 (2 kN, ( B
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Using the expressions of Equation 2.7, we find that the noisy single channel
BER is

N N ‘.
BER =1 l dx g(x) P‘ ‘ +Q (2.40) .
Single ’kN oL
. 1 Chann ,

The optimum value for the threshold setting Nt can be found by differentiation

to be )
A
2 A A kM(N / m) : B
N, =N_N. {1+ ',
t m p ﬁ ﬁ
| m
or approximately
» . A A . B v
. Nt S Nm Np . (2.41)

Hence, by substituting this value for the threshold into Equa.tion 2.40 we
obtain the simpler form ‘

0
JN -JN :
bm L]
BER Optimum, / dx g(x)Q VE - (2.42)
Single -

Chann«l
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In a similar manner, the expression for the balanced binary channel
BER can be written from Equation 2.20 in explicit form as

2 A 2
2
kN
9 L] @ e e m
=[ d d : « S— .
BER Balanced j;dz./(; Y,A)' X g(x) = ~ (2.43)
Binary . \’217 \/k N 2r AV k N_
' : P ; h
Channel - A )
This expression mzy also be integrated to obtain the simpler form ) IR
A\
pd ﬁ - Nm
mmBmmwiAmme RN (2.44)-
Binary , P my} _
Channel

Equjations 2.42 and 2,44 describe the performance of gingle and binéry

. channel systems in the presence of additive noise. Measurements on the

present optical communications system indicate that, in the laboratory and
field tests performed, background noise and photosensor dark current are
negligible i. e., Ein ~ 0. Representative values of system BER for these
tests copditions are plotted in Figures 2-7 and 2-8 for a dynode noise
factor of 1.6, :

2.3 Data, Communiéatiqns Channel ' .

Although many complex 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 resulting 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
for calculations that lead to evaluating system performance. )

The two curves in the upper portion of Figure 2-9 are measurements
o.f 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-
sénsor, and is an indication of the tube's dark current. The second curve
from the top is a record of the tube's output current and shows the noisy
effects of atmospheric scintillation. This curve was generated on the

" §.mile test range at ITTG, San Fernando, California. The normalized

variance determined from this data was r=0..31, the term r being an exper-.
imental estimate of the parameter pof 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, almost threshold function of the de:ected signal current. With a
digital counter reading the output of the bit error detector, the bit error

rate for the sample of Figure 2-9 was found to be 4.1 x 107", .

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
laser beam across the full 22 inch aperture. These two photos were taken
approximately 500 msec apart with the same exposure - 1/1000 second.

radiant power are apparent. .
It was pointed out that the system's bit error rate is a complex functicn
of atmospheric¢ 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:'s control in that scintillatiorn

amplitude is greatly affected by receiving aperture diameter. The curve

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 as the aperture was increased.
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Figure 2-12 shows the performance of the communications system in
field tests under conditions of heavy turbulence. For comparison the
theoretically predicted performance for p = 0. 35 is represented as .the solid
curve on the right. Data runs with varying laser radiation intensities were
recorded, and the results are shown as horizontal bars. The term r is an
estimate of the parameter p, calculated from experiment data. Since r is
a statistic of the non-stationary atmosphere, its value is constantly changing .
and the use of the :ir interval is appropriate. The fit of theoretical pre-
dictions to the tested performance of the syster: is seen to be quite close.

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 assumed 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
assumed to be large compared to the collection aperture.

Derivation of the fine tracking noise equivalent angle is presented and
applied to determine the theoretical blocking accvracy. In the communications
performance analysis, the detection threshold is assumed to be ideal and the
optimized level is defined. 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 pre-
sented in Figure 2-17. Figure 2-16, however, was generated by a program
SCINT. The subroutines it calls are not presented in this report in the
interest of brevity and were given to NASA/MSFC previously.
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2.4.1 Selection of Parameter Values. - Although the parameters chosen
for the several links are printed out on the curves they are presented in
Table 2-2 with some explanation where required. : :

TABLE 3.2

UPLINK PARAMETERS ol
Laser Max Power (Watts) | : 0.2
Laser Ave Power (Watts) o B 0.1
Transmitter Transmittance Lo 0,01
Atmospheric Transmittance 0.1 E
‘Range (Feet) 84,853
Background Radiance w/cmz-p-ster 0, 0.014
Optical Filter Width (microns) | 0. 002
Réceiver FOV (arc-secs) ) 18.0
C:ollector Diameter (inches) . 3,71

Photo-cathode Sens. (including mesh) Lo
(amps/watt) 0. 025

Multiplier Noise Figure ' ' 1.5
Receiver Transmittance (comm) - 0.182
Scint Receiver Transmittance 0.034
Track Bandwidth (hz) ' 1,000.0
~Comm. Bardwidth (hz) ; 50, 000. 0

" The maximum power of 0.2 watts is the ground station laser power
radiated in the absence of modnlation, PM. The laser average power, P
has been set at PM/Z for Figures 2-13, 2-14, and 2-15. :
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Thus, the power radiated by the intensity modulated laser is:

P

P, = P(l+pcosw ) = = (1+cos w b

F.

¢ ! 2
»
4

where

P_ = modulated laser power
MoS modulation index

‘w. = subcarrier radian frequency
s .

The transmitter transmittance of 0. 0l is a perhaps conservative
estimate of the ground transmitter transmittance. The atmospheric trans- -
mittance of 0.1, however, is the transmittance of a very clear atmosphere
for the range of close to 85, 000 feet used.

The range used, ~ 85 Kft, is the 450 slant range to an aircraft 60 Kft
above the ground station.

Background radiances of 0 and 0. 014 w/cmz-p-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 used. The optical
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
although it is mor: intimately associated “with design considerations of
aperture size in the image dissector and the focal length 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
obscuration.

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 0. 182 is the result of
multiplying the tr:nsmittances and reflectances of the several elements in
the light path of the receiver optics. The value of 0. 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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TABLE 2-3

Comm. Receiver Path ; Scint I\;Ionito1: Path
‘Afocal Telescope ' 0. 6/2) Lo ’,; ‘ 0. 60 ,
Z Steerer ’ .96 . 96
Y Steerer ’ .96 .96
Beam Combiner v : .90 - ) . e 9E0
Na.rrow Band Filter - b ’ " ' .6 )
Beam Splitter . 82 o .14 e
Lens .80 85 .,
Neutral Density Filter . 96 - .
Mirror 91 .97 :

0.182 . 0. 034

The uplink tracker receiver is, of course, common with the commu-
nications receiver until the output of the image dissector 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 modulztion of the I.D. output
current.

Althougb 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 S/N current ratios of the uplink commmunications channel
assume the tracker modulation is zero. However, during the track modula-
tion the communications S/N will range between the maximum given by
Figure 2-13 and / I'UT times that value. Thus, if the tracker imposes a
50 percent modulation index on the average incoming power, the S/N current
ratio of Figure 2-13 will vary at 2 1 ke rate from the values given by the

curves to,/ 1-0.5 = 0.7 of those values.

-
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@ - The ''signal current' used for the track channel is its own modulation
signal. The ""signal current! used for the communications receiver is the
10. 7 megahertz tone with a noise bandwidth of 50 ke.

Note also thaf the signal to noise ratios given are defined as:

rms signal current
rms noise current

" S/IN =

(These values must be squared to obtain power S/N.)

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 syitem maximum laser power -
; used in 5 milliwatts. The modulation index of 0. 749 was calculated based

on supplying 0 to 46 volts to the intensity modulator and using th« actual

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 the downlink analysis, although more complex than was
e 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 "zetan" for
"normalized zeta' :

(Pr/ ’PTO) (Tr/Tro) (Ta/ Tgé)

T ®Ro) (a/tso)’
where
PT = Laser Power
TT = Transmitter Transmittance
TA = Atmospheric Transmittance
R = Rangé
ng = Beam Divergence Angle
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The '"Q'" subscrip: represents the reference value used for that particular

*( : parameter - i.e., PTO = 0. 005 watts, etc.,

‘ i

If all parameters are at their reference values,, L., = 1. From the
results of Figure 2-16 however, we note that §N= 10 " or even less gives
Y - acceptable bit error rates. '

We can therefore state that:

2 2\

N Pr T\ [ Ta\[®so Fo. > 10;4
. - 2 —
- Pro/\Tro/ \Ta0 o.% J\ R ,

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 beamn divergence to be increased to 1000 microradians as long
as the other parameters are at their reference values. Similarly, if the

e beam divergence of 10 microradians is used 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 0. 8 etc.

The reference values are chosen rather arbitrarily because of the
above. It is important to know only what the reference values are not
whether they are accurate at the time. For example, although the trans-
mitter transmittance was referenced at 0. 25, it has since been determined
that a value 1/2 as great is more accurate.- Also the range of 52, B0O feet
is inconsistent for comparison with the uplink where 84, 900 feet was used

along with an atmospheric transmittance of 0.1 instead of 0.8 Using these
values: ‘

2
l=lxlx BO 528 210-4
2 8 ¢ 2 849
B
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| to get bit error rates of the order of 10"

for a bit error rate of 10

GILFILLAN ITT

o = 156 microradiars
o
errors/sec or

o = 220 microrads

-7
sec.

The s.lope'of.BER vs L. shown in Figure 2-16 means that actually

using ¢

= 220 microrads does not allow for atmospheric transmittance

degradation unless ¢ ¢ range is reduced,

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

B
6., =
N BRO
M. = _iﬁl
UN MUO
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where:

D_ = collector aperture diameter

;
receiver transmittance

*3

.-],
L

photocathode sensitivity ' a ‘ ,

A = optical filter width

fov = field of view of receiver
B_ = bit rate ’
K.. = receiver noise figure .

M, = modulation index

That is: If the receiver transmittance is reduced by 50 percent,
g the collector effective diameter must be increased by 40 percent (,/ 1/2-1 )
@ to maintain the performance curve given.

Figure 2-18 is a plot of the beam dimension between 1/2 power points
_for some ranges vs the beam angular dimensions 'to relate to the collector
aperture diameter. ,

2.4.3 Tracking S/N

Noise Equivalent Angle - A scanning tracker for which the signal
spot diameter, dg, is smaller than the scanning a.perturé diameter,
d,, yields signal electrons proportional to the approximate area,
dads. (See Figure 2-19.)

- . 2
The noise equivalent area, or the area dN which receives an average of
one electron, is then: '

N K . (2)
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Scanning Aperture . o
Signal Spot ; . e

All other parameters constant,

Q\ \ \k/‘ the electron count, ey is

X \j} proportional to this area.

ey

- KT<da ds) (1)

Figure 2-19
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Substituting (2) into (1) gives:

da dS : e » ’
es = p 3 or /"’ . ' (3)
°N .
2 da ds

= ' . 4)
N & (

Dividing both sides’'of equation (4) by the square of the focal length restates /
‘the equation in terms of angles. : :

(3

S
B

N 1 . A
, & 2 = -E— (G’a Cts) . (5)

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

N - €s : (6)
Tracker noise equivalent angle,. ¢ versus aperture angle, o spot size

angle, @ ; and electron count per ‘gli]t, €s.

Electron Count for Reliable Tracking. - Track lack - 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).

S N (7)

Substituting (5) into ( ¢) and solving for €g gives the number of elecirons
per bit, eST required to maintain track, as:

s :
st = 16 (8)
a .
@ Electron count per bit for reliable tracking.

2-48



GILFILLAN ITT

Noise Equivalent Pointing Angle., - The derivation of ¢, (equation 6 )
gives the accuracy for the tracker itself. The tracker is used to point a
transceiver or raceiver by means of beam stezring 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, ap.

C[EEL ;
% Vs Tw N - ©)

SNR Degradation. - It should be noted that SNR degradations such as will
occur in the detector photomultiplier and elsewhere 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.

2.5 Adaptive Signal Processing Threshold Analysis .

First, the adaptive threshold concept as applied to analyses using
normally distributed noise density functions as an approximation to Poisson
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 form. 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.

2.5.1 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 time 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 percent. If, for example, the probability that a mark (one) is being
sent during any randomly chosen integration time 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 unchanged by a variation in P(M), and only the height of every point
on the mark curve is scaled by P(M).
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TABLE 2-4, PARAMETER LIST

B = Background: E
. /

D = Dark* !
L = Laser*

LM = Laser transmitting a Mark (one)*.

LS = Laser transmitting a Space (zero)*
P = Peak (maximum value)* £ ;
V = Valley (minimum value)* f ,f
T = Threshold*
N =aA general counting parameters .
T = Integration time * |
M = (P-V)/(Z+V) = modulation index at the receiver

G,, = Current gain of the photomultiplier

R = Photomultiplier load resistance

GPA = Preamplifier voltage gain
R = Trausresistance amplifier gain, if used is equivalent
A e ®G,,) ~ :
PA
GAGC = Gain of the gain-controlled section. May be greater,

-

equal to, or less than unity

G, = Gain of the amplifier from the AGC section to the threshold

A
comparator
G = (GM)(R)(GPA)(GAGC)(GA)
Q =~ Electronic charge in coulombs

*All of the above parameters are photoelectron counts accumulated
during one integration time.
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. Considering first, only the intervals in which a mark is actually received.
! P(M) =1, the mear count is P and the value of the normal probability den-
' sity curve at any count N is .

.

.
s
s

!‘ R PR . . ” . /‘_. . .

‘ 1 : 2

; PD ' =2 — exp(- O-S(IN'Pl/O’ )
- e )

In general however, the probability density curve height is scaled by the

' F probability of occurrence of the case it represents so that the value of
i PDM at an arbitrary count of N will be -
. % ’ 2
1 . (PDM) = —BM €xp(- 0.5 n
. o (2m) /2 . P
. p
IN - P| -
where n = «—————, the number of ¢ that T is from P
P ()
9 "
: . . 1/2
and op = (variance of P) ,

Since the normal curve is intended to simulate ¢ Poisson distribution for
which the variance is equal to the mean, let g \/—i‘— Also, typically, but
not always, P(M)=P(S)=0.5 where P(S) is the probability that a space
occupies a randomly chosen integration tirme. Similarly the value of the
'"space carve!' PDS at any count N is then

8
;

(PDS) = -——P—@-)-l—/—z exp(- 0.5 nvz‘)

"v (27) '

g

IN - v|
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Now if T represents an arbitrary threshold for making a mark versus
space decision, the area under PDS to the left of T is the probability that a
received space (zero) will be decided to be a space, and the area PES under
PDS to the right cf T is the probability that a space will be incorrectly B
counted as a2 mar<. Similarly, the area under PDM to the right of T is the
probability of correctly calling a mark as a mark, and the area PEM is th

probability of an error when receiving a mark. : -

Then the total probability of error is

FE = PEM + PES = fT(PDM) aN + (PDS) aN
It may be se¢en from Figure 2-20 that moving 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.

_d (PE)= (PDM) - (PDS) = 0
aT

(PDM) = (PDS)

Thus the intersection of the '""mark curve' and the ""'space curve'' is the
location of the optimum threshold. Note that these curves cannot simply
be the tabulated probability density curves but must include the a priori

P(M) or P(S) 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.

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

=\/ov [y . B P/V - 2in E(M)/P(S) ‘,
T —\/P\'(l-r - ) | :

For the typical case of P(M)=P(S)=0. 5,

| !nriWD/V
T = \/PV (l + ._P-TV)

» ) ¥

)

Note that for any given P/V ratio, as the values of P and V are both scaled’ ',‘ :
upward, .the {n P/V is divided by an increasing P-V. Thus in general for -
large counts T is closely approximated by

T =\/§{f_ l ) ;j

Consequently

. _IP-TI_’P-\/I;_\}-’= }
. o TP \/5»/‘\7"

also | nv‘ - ,Tc:’vl= ,"/I?‘/\;_\;_V, = \/1—;-\/\7'

£y

The threshold distance from the peak or from the valley is the same number
of o or g_ for the large-count case. One may say the mark signal-to-noise
ratig(SNRY is equal to the space SNR and we may speak of the SNR of the
system without being ambiguous.

In the truly general and accurate normal approximation, the optimum
threshold is somewhat different from,/ PV and the mark SNR is not exactly
equal to the space SNR. In order to avoid ambizuity then, one must either
speak of the mark and space SNR separately or must define '"'the SNR", A
convenient definition of ar unambiguous SNR is: /B -/ V o in general, it
will not by itself specify the bit error rate. , .
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Consider roow the implication of the integration from -o. A normal
probability density curve is symmetrical about 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 Poisson .
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 events during a given time duration located arbitrarily
in time. It provides, therefore, a good model.for the counting of photo-
electrons during any randomly located time interval of known duration. X

Applying oir previously defined parame‘ers to the discrete Poisson .
distribution we have: ' '

P(S) x vNe-v
(PDS) = NI
A I%hd)xiPNé-P
and (PDM) = =

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 from N-1/2 to N+1/2. 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 expressions given
above. If we attempt to set the stepped PDS and PDM Poisson "curves"
eqilal to each other to find the optimum 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 optimum 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 for N, we can .
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determine a threstold value which will lie between the proper two integer
values. Theoretically, the threshold should be set midway between these
integer values. Practically, it is anticipated that the precision with which
T can be evaluated in a working systemwould nct 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 will actually be used at the high-level thresholding point in

the system. Equating (PDS) and (PDM) yields ’
PiS) x vie'? ponxple’
Tt - T!

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

P(S) vie-V = pomyvTe P
eP-V [P\ (rew)
| \v/) \B@
P-v =T:¢n P/V +£nP(M)/1;’(S) .

Tin P/V = (P-V) - n P (M) /P(S)

P-V fn P(M)/P(S)

T "InpP/V " InPjV
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For the typical case of PIM)=P(S)

This then is the threshold

T = "aplv
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= 0.5,

,

/.

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

If the si

gnal were to be dc¢

then the actual threshold voltage W

by passage through the circuit

will not be dc

old, Tc, midway between the amp

system, will yield the minimum bit

error rate for the typical case of P(M) =P(8) = 0. 5.

coupled through all intermediate circuitry,

ould be OTG/~ less any dc biases accrued

elements. For practical reasons the signal

coupled through all stages. Mo1reover, the customary thresh-

achieved. Thus

T o= P+V_ 0G .
@ may be achieved without regard to the numerical values of G, 1, or Q by

lified peak and amplified valley is readily

means of two suitably connected peak detectors.

It would therefore be desirable to manipulate the expression for the
threshold into a form in which the mean of the peak and valley
would cgnsti'tute the primary component of the threshold and tihe remzinder
of the expression wonld represent
manipulation is displayed below:

jdeal Poisson

an adaptive adjustment. The required

3 5 )
- = Y.y ;X
Eog x>0, ﬁn(X)-2[1+3 +3 +... :\
x-1
where Y =¥n
It - X

= (P/V)
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i _(P/V)-1 _P-V _
@ then y S®IV)+1 P+V M

"where M equals the modulation index apparent at the receiver.
_ ; _

So for (P/V) >0,

3 5
M M +M
in (P/V) -2.[—1- +—3— -5 + . .]
. L
' p.v M® M ,
in(P/V) = Z(m-) [l+ 3 + < + . .]
Then
p+v [ 1
T T2 2 M4
Rt wr S :
® . BV 1_M2_14M4_36M6_ gom>
-2 i 3 45 14175 ~ 42525 :
- _P+V P+V Mz+l4M4+36M6+ 801\/18+
=T 2 T 2 3 45 14175 42525 ’
i 3 5 7
P+V M | 14M 36M 80 M
s ——— - (P- - +
T 2 (P-V) |6 * =55 * 28350 ' 85050
T - P; vV o (p-v) o 166667M + 0. 155556M°
5 - 7, 9 ;
+0.001270M° + 0.000941M' + 0.00019M° + . . .
T = p:;_v - (P-V) [f(M)]

This last expresswr may be referenced to the actual threshoiding point in the
circuit by multiplying, as previously, by the factor QG/T.

0 wor {20 (%) ron o]
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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 similar to Figure 2-21 in which the adaptive component is set

/

The circuit consists basically of two peak detectors of opposite polar-
ity, 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 capacitors. Thus the potential midway
between the mark and space potentials anplied to the comparator is forced
to be equa'l to zero. Referencing the comparator to zero, then also puts .
the threshold at the average mark and space potentials. '

Now consider the adaptive portion V. of the pPrevious expression for

A

high-level threshold.

v, = - _9;9 (P-V) *[0.166667M+ 0.155556M° + 0. 001270M>
7 9
+0.000941M" + 0,00019M° + . , .

Now recognize again the (QG/ T)(P-V) is the actual difference between the
mark and space levels (peak-to-peak voltage) as measured at the threshold-
ing point in the circuitry. Note also that this quantity is tightly controlled
by the AGC circuit and may be considered constant, Thus the only variable
component of the expression 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. Measurement of M is ideally possible
by cornbining 0. 5(P+V)(QGMRL/T) available at the photomultgplier output
with (QG /1 )(P-V) available at the AGC detector output. The practical
difficulty lies in determining G/G RL’ the gain between the photomultiplier
output and the thresholding point in the circuit. The practical difficulties
involved in evaluating M, due to determining this gain to the required accuracy,
appear to render this approach unreliable.
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2.5.2 Practical Threshold-Circuit. - In the search for a realizable adaptive
threshold circuit, the following concept evolved. It was recognized by a
numerical investigation that, at the level of electron counts involved, little

~'difference occurs in the signal-to-noise ratio, whether a Poisson distributicn

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 intervals and during space intervals which are proportional to
the probability of occurrence of marks and spaces. In the typical case of
P(M) =P(S) = 0. 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 distance 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 includes
enough detail to indicate the theory of operation of this adaptive threshold
method.

v

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 consisting of a
zero baseline which rises only to follow the excursions of the mark noise
above the average mark level. Similarly the lower differential amplifier
outpvt 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 differential amplifiers then yield dc voltages proportional to
the mark and space noises, respectively. These dc voltages are summed,
amplified and gain controlled to a le 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 dc voltage. The summing re<istor R2 from 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
reference voltage R is one half the peak-to-peak signal voltage and

D-v
2
-

G

= KopGpetKoyGpe
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since GB c = GD c
then  P.v _ /
» Tz T Klep toy)Gp,

Also the thresholg voltage (above fgro{md) is

- T skag, :

T Koy,G,c

(P-V)/2 =~ XK opt UV)GDC

T (G, "y
PV Spc |\ Ty

H
-

S’mc‘e\ we have set GDC = ZG'AC

A I s e .

[+
T \4
S——— - S ————————
P-v bt GV

Since the signal waveform into the comparator has its negative pPeak (valley)
clamped to Zero, we can write:

T-Vv. (T-v) __ v -
P.vy (P-T) + (T-V) G’Pf o’v
or T-v "y
P-T s !
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: Thus the circuit sets the threshold such that its distances from P and
from V are proportional to the respective noise levels, and the bit error
rate is thus minimized. .

/

’
/

/

3 Aac |c
- Atten
RZ
D
&) Mod JJA| Ref. LPF
— R
Carrier
’ 0SsC
Adaptive
— :
T Threshold y SEM L HPF
Voltage
__' Amplitude Regenerated Bit Stream

Comparator

Figure 2-22. Theory Schematic of Adaptive Threshold Cenerator
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9,6 Analysis of the Ground Based Acquisition System

The purpose of this gection is to briefly state the analytic approach and
resulls obtained on examining the 1equ1rcmcnt'o and performance of an an active
ground pased acquisition systern. This system utilizes @ pulsed laser transmitter,

and retroveflective (cubecorner) targets on a cooperative aircraft. The laser

is scanned in space over the e\'}')ected aircralt path, and when the aircraft enters

the beam, the reflected signal is detected Ly an image dissector phototube camera,
The relatxons}nps between the ground equipment characteristics (Jaser

power, pulse repetition rate, wavelength, optics aperture, detector sensitivily),

target characteristics (size and number of retroreflectors), aircraft paramcters

(altitude, velocity), and predicted system performance (detection probability, fzlse

aiarm rate) are examined, and specific cases of interest are discusscd,

Developed ic the following paxagraphs are the rglationships between the
soan geometry of the laser transmitter, the aircraft velocity and altitude, the
pulse repetition rate of the laser, and the beam divergence of the laser transmitter
(i.e., the scan clement angular size).

The geometry of the system i8 shown in Figure 2-22. The aircraft is flying
at velocity v and altitude I, and is at ra'vm R from the ground hased acauisition
system, The line of sight from the ground station to the aircraft is at an angle ©
with the local vertical, Tbe angular velocity of the aircraft with respect to the
ground station i3 ;3. The acquisition system transmits laser pulses of angular

widlh Ad , usivgn such puises to sweep out the search scan angle @, Successive

pulses overlap by the {raction P
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Figure 2-22. System Geometry
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2

The image dissector camera is effectively inactive during its retrace, which
rcquires some fraction ¢ of the trace scan period. ' '

In order te allow some time, Tacq’ to changc mode of operation of the ID
Camera from "search' to "acquisitiqn and track"”, an effective overlap in the scanning

scheme is provided in the direction of the airéraft velocity, The overlap factor is

[ y'

The target aircraft is known to be flying a course that will pass withiu the
search scan angle ', and is traveling with an angular velocity 6; therefore, its
possible position sweeps out a solid angle at a time rate of

o . ' .
na= ¢ (1)"

(The subscript a refers to "aircraft".)

The ground acquisition system operating in the search mode must sweep out
or scan its search field of view at a somewhat faster rate, because of the overlap
factors and ID tube retrace factor previously'mentioned. The search sweep rate of

the system is
=9 (1+e) L+e) @+rPy, | )
or, from (1) and (2),
[ J
TR =y +e 3 3 :
gTVEAE) (1) W+ 0y 3
A diagram illustrating the above reiationship is shown in Figure 2-23.
Let the laser pulse repetition rate be f pulses per second, the time between

pulses be t seconds, and the laser beam have a square cross section of angular
dimension A¢, .

2-66



@; . € = retrace fuctor
px= overlap fuctor, X

py = overlap factor, ¥

Qa = § ) (Shaded Area)

*
Qs=(1+f)(1+ox) (1+‘.°y)3¢’

Angle scan rate (steradians/sec)
irch system (Qq).
N -

Figure 2-23. Representation of Solid
for aircralt (Qa) and set
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The pulsc repetition rate is the reciprocal of the time between pulses, i, e,,

£= = | @

The solid angie of the laser beam must be -
2 QS ) /'J . .

= = - )
@e)" = — 2T (5)

The number o elements per search scan line, n, is then

(1+ p) .
n= A¢ s B T {6)

v

Taking the sqrare root of equation (5), and substituting in (6), one obtains

- (1 * ,_‘?x)

. )
[ o7 ] 1/2
Substituting (3) into (7, .
$(1+p.) ‘ ©

[$0 (+e)@+ p)a+pyl/?

This simplifies to:
1/2

y(1l+p |
n=[ x) ] | 9)

é<1+e)(1+p))ri'

The time T é for the aircraft to pass through the beamwidth Adis
N

Ad S .
T¢= —'9:- . : (i0)
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orst case) time the system will have to perform the modc

The minimum (v

change from "scarch" to nacquisition and track" is

) p. Ad
N T = T = » » - : .
acq P y ¢ 3 A : (11)
L} 1"’
The search line scan period, T v’ is ) ,
Ty = 0T (1+€) (12)
 Also, s
T, = T(1- g
v pl1-py) (13) )
1t should be noted that .
, Te = Ty * Tacq. (14)
Application to Specific Cases . -
The relationships derived in Section 2,1 are now applied to specific cases of
interes}, and the results presented in tabular form. These results are utilized

later in radiometric calculations.
The following values are assumed:
W =10 degrees
§ = 0.5 degree/second

¢ =02
= 0.1
p - =0,2
y
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It is noted that @ , in radians/sec, is

. ' l
e = -—é— cos2 8, where v is the aircraft velocity and H its altitude,

The assumed value of 0.5 deg/sec, is appropriaté fér acquisition at 8 = 45 degrees
for an aircraft of velocity 675 ft/sec (400 nautical miles/hour) at an altitude of
40,000 feet or greater, ‘
Several pulse repetition rates are of interest, corresponding to the ranges
available from Gallium Arsenide semiconductor diade lasers and pulsed Argon ion
gas lasers, o L
The specific valhe.s chosen for f are:

200; 400; 1,Gov; 2,000; 4,750,

‘ Using the above assumed values in Equation (4) and (9), on2 can calculate |
n, the number of laser pulses (or resolution elements) per scan. This result is
substituted into Equation (6), which is solved for A¢.

Also, T¢. Tacq’ and T " are calculated. from Equations (10),°(11), aia (.~,.

The results are tabulated in Table L
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2.7 System Performance Prediction ,

The purpese 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 determine performance will be to establish the required signal power level
required to achieve 2 specified detection and false alarm probability durmg a laser radar 3[
pulse period. ;

The required photoelectron current is determined, based on an assumed backgrc;und
radiation level. This required photoelectron current is then used as a basis for computing
the required radiant flux density at the ground station, thh specific values assumed for
the optical collector area, optical efﬁclency, and photocathode sensitivity. The radiant
flux density at the ground is then used to compute the required radiant flux densxty at the
ground station, with specific values assumed for the optical collector area, Optlcal .
effiency, and photocathode sensitivity. The radiant flux density at ~the ground is tﬁen

used to compute the required radiant flux density at the Alrcraft for assumed values of
atmospherlc transmittance, number of retroreflectors and area of each. Finally, the
i’equired laser power for various ranges is calculated, based on the required flux donmty .
at the aircraft, assumed value of atmosphéric transmittance, and solid angle of the '

laser beam.

2.7.1 Required Photoelectron Current. - The average current -i.b (in electrons/sec) i

due to background in the image dissector phototube receiver is

PR

- -1 5
; T W
=N & Tp Tp Kpy 8g Vg e v - (15) o
where: *
b
Nb is the background spectral brightness, in watts ' evaluated at ‘

- cm- -steradian- y

the laser wavelength. .

A)\ is the width of the spectral filter in the receiver, in microns,

Tp is the optical filter transmittance

‘1‘R is the optical transmittance of the receiver

X AL is the image dissector photocathode spectral sensitivity at the laser

wavelength, in amps/watt, or equivalently, in coulombs/sec-watt. "

a
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AR is the arca of the rcceiver optics, in cm

WR is the éolid angle of the instantaneous ficld of view of the receiver,

in steradians,

e is the electronic charge, in coulombs/electron.

/

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

v ~ g :
watts o U coul . cm , ster. _electrons
2 .
cm =-ster- | ) sec-watt ) coul
_ _electrons

sec - . \

A convenient approxirﬁation in working with small solid angles is that a solid
9
angle expressed in degrees can be converted to steradians by multiplying by

3,046 x 10--4 steradian/ degreez. The solid angle field of view of the image dissector

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

to account for the tolerance in the mutual alignment of the transmitter and recciver

‘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
that the image dissector can ''dither' without "'dithecing" 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 (1. 17)2 or 1.40 times as large as the transmitted

beam solid angle, or

W= L4 (As)2 , | & (16A)
for A&) in radians, and )
Wy = 1.4 Ad)? x 3,046 x 1072 o ' aesy -

for A¢ in degrees
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The following values are used for the quartities in Equation (15), and are
3 applicable to a Gallium Arsenide Laser operating at a wavelength of 0.9 1.
-4
Nb=8x10 (Blue sky, at 0.9 )
I ‘ | //'/_‘
Ik =0,2 o -
N 4y o |
X = 0. 8
Tp
TR = 0,7 ' ‘
Ko, = 3% 1073 (S-25 photocathode, at 0,9 1)
AR = 55 (lens dia. approx. 8.3 cm) .
e = L6x10 2 . ' g
‘ The result is,
¥ - 12 - :
tb =9,24 x 10 (WR) electrons/sec ‘ (17)
@ v For the Argon laser operating at 0,514 micron, the appropriate values for use

in Equation 15 are N, = 3 x 1073, and A=2x 1073, and Ay = 6% 1072, and the

result is:

{b = 6.93){1013 (WR)_electrons/sec ' " (18)

It is noted that the assumption of a blue sky background is appropriate for a cooperative
high altitude aircraft, since no clouds are likcly at the .high éltitude, and any clouds
ﬁr:-ss ent 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 A f of the syStem. The bandwidth may be set,based on the laser pulse width
at 1/2 power, t. '

1
Af= 5 - {19)



Using Gaussian sfatistics, which approximate the more exact Poisson approach at

higher current levels, one can obtain the following relationships:

1
T / - TFA (Af) ] :
‘t ‘b + Tk (A1) ib log‘e [ 2 20)
2 , .2 .
i+ 1 [Trk(Af)loge 4(1--.1)1))-21t ] *i =0 (21)
b =1-1 : : c ) (22)

The total current!i is the sum of the background current and signal current,
and i is the threshold current. The factor k is a noise factor associated with the
dynode gain in a phetomvltiplier, and is approximately equal to 1. 6,

The method for determining the required signal current is to compute -{b
from Equation 17 or 18, as appropriate; next, compute & f from Equation 19; select
a probability of detection and time between false alarms, and Solve Equation (20)
for threshold current, 1t' use this result in Equatlon (21), and solve for i; finally,
solve Equation (22) for the signal current requu:ed

A computer program for implementing the above method was written, It was
utilized for the Gal.lium Arsenide analysis, which require; Af=5x 106 Hz, based
ona 100 nanosecond pulse duration. The output data is 1 for various lb values,
for a spkcified 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, A¢, for the various pulse
repetition rates of interest, can be determmed This is used to determine WR'
the solid angle of the receiver, from Equation (16 b), which is substituted into
Equation (17) to determine ib Then, i 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 CALCULATION FOR GALLIUM ARSENIDE LASER

INPUTY

1BGAR
0.10000¢
e LOBOGE

0.10GOGE
"0.1092008

07

0
0
1

4
2

n

W/

DATA
= 1.60
= 0.9900
= 0.10000k

FOLTA

7.50000%
NeHD0D0OL

050000t

03

o7
07
07

N

f(
14

T

0.22045¢
Ce79713E
Ge32045F
0.16971E

P
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08
08
09
10

Is

0.12165E 09
0.20007¢ 09
0.42691F 09
0.11103E 10

S/N
0.49125E
0.61733F
0.83173%

0.10609E

01
01
01
02



Af=5x10%m

TFA = 100 sec

PD=0,99
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i

0,0025
0,0010
0,0005
0,00021

TABLE 2-6°

!

aé (o

(deg) (sec)

58

82
129
183
281

0,1897 0,3793

0.1342  0.26832

0.08527 0,1705
0.06011 0.1202
0,03915 0,0783
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Ty
(sec)
0, 3161
0,2236
0.1421
0.,1002

0,0652

acq
(sec)

0,063
0,045
0,028 °
0,020
0,013



(sec” )

1000
2000

4750

steradian

2,215 x 1078

1.101 x 1078

adixttT

steradian

3,101 x 10°8
1.54 x 10".3

6.54 x 1077

electrons/
sec

2,865 x 10°
1.423 x 107

6,041 x 106
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s

electrons/
sec
.75 x 108
8
222 x 10

.75 x 108

FDG

watts/cmz

4,76 x 15

3,84 x 10710

St

10

FDG

watw/Itz

4,42'x 1077
3,57 x 1!

2,81 x 1077




2.7.2 Flux De: ‘y at the Ground Terminal, - The required retroreflected irradiance

(flux density) frora the cooperative cubecorner targets returning to the receiver, FDG,

is derivable from the following equation:

(FDG)A T 7 l\

. eleetrons K F'E '
i. . N;:é’ R | e ..... (23)
anus, - l.se 2
(FDG) = AT T (watts/cm”) (24)*
R "F R Al

For the Gallium Arsenide laser,

T
(FDG) = 1 | —=2x10 —t =i [1.73:: 10'18] (25)*
(55) (.8) (.7) 3x 10 ") .

For the Argon laser,

(Fm) = { 1.6 x 10-19 N
(55)(. 8) (.7) (6 x 1079) | :
=1 [s. 66 x 10‘2°] _ e

2.7.3 Flux Density at Aircraft. - The dimension of flux density at the aircraft, FDA,

is taken as watts/ ft2, for convenience, i.e., so the range R from the ground to the
aircraft can be in feet. The area Ac of each of the N cubecorners is 0.0278 ftz.
Because of atmospheric scintillation, the cubecorners will not be illuminated
uniformly during any particular laser pulse. Some may not be illuminated at all.
Therefore, to include this efféct in the analysis, a scintillation efficiency factor, n,

is introduced.

. 2t 2
* Multiphy by 929 em™ /1.7 to convert to watts/ft
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N4
C/ " The flux density at the aircraft, for a peak laser power of P watts, is:

PTA TT

2
r
R “T

2
FDA = watts/ft (27)

-
-
A
s
I

. v ‘ ' . 2 ,
2.7.4 Required Laser Power. - The flux density on the ground (watts/ft °), resulting ,

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

is
n NA, (FDA) T T, e
FDG = 2 | o
R W v
c L L
= NA P T2T T R4W w o '.1#*_,,*;
n c A c T/ e T ‘ 28)
4
R "W, W_ (FDG)
or P = 2 . (29)
nN Ac TA TT Te o , . :

The symbol Wc is the solid angle of the beam from the retroreflecting cubecorners,
and is assumed to be 4 x 10-10 steradians, corresponding to a 4 §ec¢-beam spread.

Tc is the cubecorner'transmittance.

Substituting for (FDG) from Equation (24) into Equation (29)

4 . ’
R WTWc i e _ i .
MNA&Ta TeTr ArTpTrkA

P= (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 pré’portional.to the square .
Of the atmospheric transmission; is inversely proportiogmal 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 of the derivation.
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Equation (29) is solved for P, using the various values of WT previously
listed in Table 2-5, for several ranges.

Assume n = 0,5 (i.c., half the cubecorners are unilluminaied due to .
scintillation effects). Assume N = 1€, Ty=0.1,T =0.9, T =0.5. Subsiituting

into Equation (29), one obiains
!

P=4.0x10"" [ ri W, (FDG) j - - (3))

Table 2-8 lists the results for thé Gallium Arsenide laser.
All the parameter values used for the Galliuro Arsenide case are listed
below, ‘ .
Calculations on a pulsed Argon laser syétem were performed manually, 9Assu e
tions, calculation method, and results are summarized below, Cooe ‘;
The Argon laser operates at f = 400 pulses per second, and the pulse width (1/2-
power), t, is 1 microsec. From Equation (19), Af = 105 Hz. From Equation (9),
n= 82, From Equation (6), Ag¢= 0.. 134 degrees, which niakes the solid angle (A3 )21

-6 ‘
equivalent to WT = 5,48 x 10 = steradians. Substituting this into Equation {18) gives

.ib =3,79 % 10° electrons/sec, From Equation (20), it= 4,33 x 108 electrons/scc,

; . . 8 e
From Equation (21), i= 4,553 x 10" electrons/sec, givingi = 7,63 x 107 electrons/sec,

from Equation (22). From Equation (26), DG = 6,61 x 10~ 2 watts/cmz, or 6,36 x 10 -9

'watts/ft . Substituting into Equation (31), using the de51red range R, the reqmred laser

power P is obtained. Results ar€ tabulated in the lower portion of table 2-8,
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.

="t 71000

2000

T S

TR

- 4750

400

-1
~ sec

FDG‘ | WT

watts/. ftz steradia}i

4.42x10°7 2,22 x 10°6

3.57 x 1077 1.10 x 10

7

2.81x 107 4.67 x 10

6.16x 10”7 5.48 x 10

6

6 -

TABLE 2-8

feet

10

T X 1()‘5

e5x10

10

S7x10
T 5x10
‘ 165

c7x105

.5x105

10°

.5 x 107
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24 %10

1t

2
100

024x10
.62x10

20
19

1020

20

.62 x 1057

1 020
20

24 x10

«62 x 1019

1 020

20

024}{10

19

«62x10

watts

39,2
9,42
2,42

15.7
3.76
« 973

- Gallium
Arsenide

1.26

1,36
« 325
«084

Argon
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TABLE 2-8. CONDITIONS FOR CALCULATION ON GaAs SYSTEM

laser pulse length 100 nanosec
Wavelength 0.9

AN 021 (2004) N _
A f = 5 Megahertz : ' L
16 cube corners, 4 in2 area each

~ Atmospbheric transmission 0.1

© » ¢ = search scan angle = 10°

é max = 0,5 deg. sec, at acquisition

K.# 1.6 (dynode noise factor)
PD = 0,99 TFA = 100 sec.
Retréce factor 0.2
Overlap factor, parallel to scan 0.1
@ Overlap factor, normal to scan 0.2
Nb =8x 10-4 watt/cmz/ ster/u@ . 9u(blue sky)

Overlap factor of receiver aperture edge over transmitter beam

OF =0.17. This implies 40% sohdL overlap sirce (1. 17)

Gaussian approximation assumed
Cube corner transmittarce = 0.9
Cube corner beam spread = 4 sec

Scintillation factor = 0.5
Laser transmitter transmittance = 0.5

Receiver optics 3.2 in. dia.
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. performance, expressed as the

scaleulations will be a statcment of system

The result of these radiometric

worst-case atmosplieric transmission and

/

scintillation which will allow a system probability of detection, PD = 0.9, with a

time between false alarms, TBF = 100 seconds.
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2.7.5 Power Distribution in the Gaussian Beam. - By inspection of the Gaussian‘

distribution, the beam width at the half-power boints is 2.4 /4 = 0.6 of éhe beam width

: 2 . 1 . . ’
at 1/e” points, Skolmk's2 derivation for A(z} = c052 (T 2/2) is applicable to the

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

Let P, = the total power in the Gaussian beam,

t
¢t = angular diameter of the laser beam at the l/e ‘power dens1ty
points in radians, ‘ . .

- @ = coi ‘responding solid angle of the laser beam = = ¢t2/4’

.69 ¢ = angular diameter of the laser beam at the half-power points
in radians, and

.36\pt = corresponding solid angle of fhe half-power laser beam.

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

Skolnik is )
(667X P 5 3587 -1
. - = watt steradians "~ ,.
T l6g,)> 3.2
4 " t t

. 667 x Pt 1, 852Pt

.36{t ;t

watt steradians _1.

IT T Reference Data for Radio Engmeers fifth edition, pg 39-4, or fourth edition,
pg 988 .

2 . .
M.I. Skolnik, Intrcduction to Radar Systems, McGraw-Hill, 1962, pz 267
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Also, by inspection of the Gaussian distribution, at a diameter one-half that

at the l/e 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 scar. spot is

A}

.6 x1.852 Pt 1,111 Pt

s

/

oo %

watt steradian-1

»

Similarly, the peak power density at the center of the beam returned by the

. o<1
corner cube retroreflector array, in watts steradian » Will be

total power (watts) in the retror

1\'1,852 times the

) cr
eflected beam, Since the transit time of a laser

pulse from transmitter to retroreflector to receiver is much smaller than

receiver W111 b= at or near the center of the retroreflected beam,

2.7.6 Scintillation Effects. - The total transrni 5sion of radiant 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 transmissmn factor T

and (2) a fluctuating "eff iciency

" factor to account for atmosphemc scintillation effectg
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over the path, Ksc' It is unnecessary, here, to discuss the machanisms invelved
in producing these effects, othcr than to point out thac both factors are pure
numbers less than one. The worst-case minimum allowable value of the product

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, . DR

The signal current available at theITT F¥F4012 Vidissector tube photocathode,
in electrons per second, produced in the GBAA system, when the retrorefiector

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

is
1.111 PtTt TaKsc 1'.852 Ncr A'cr Tcr . Ta‘.Ksc JATTK, x1.6% 1019
"s = v " T . T 2 r fr AX
t R cr R
19 ‘ , 2 -1
3.292x 10 P N A A K T T T.T (T K ) electrons sec .
_ cr cr r A) "t er f' r'"a sc
‘I’t \I'cr R4

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

background within the receiver instantaneous field-of-view is

- 19 !
= : A\
"b 1.6x10 Nb Ar "r K,_\ " Ti Tr electrons sec ,

As shown in ITT Technical Proposal 301530, dated 27 October 1969, for this

system, the threshold photocathode current is
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- - A -
N K i logé E-E-Z—EL electrons sec 1,

t PMT b

t he total photocathode current,  , is the solution of the following quadratic

7

/
equation,

2 | . . R 2 _
o+ [w KPMT Of logev 4(1-PD) -2 "t'] + Lt =0,

T~

and the minimum signal current, required for system 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 from data furnished by

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

‘ fhe receiver filter and the Vidissector tube face, are assumed to have the OCLI HEA

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

mission factor is .997 per surface. The transmission of the filtér-, T_ = .45, includes

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

per surface. The receiver lens manufacturer quetes its transmission as 81%.

2-89



- o ——

Folding mirrors will have optimized interference-type reflection coatings, whose
reflection factor is 99. 5%. The beam deflector mirrors are assumed aluminized, with
reflecﬁon factor of 88%, each. The efﬁcnency of otal reflection, such as in the corner

retroflectors, is taken as 99. 9% per reﬂectwn. ‘Transmission through glass is taken

as 1% loss per 10 cm length of path.

The laser output_used in the calculations is t.he miéimum :)f 1.7 watts peak, stated
by the manufacturer. However, the manufacturer's measurements on the actual
laser furnished showed 2.1 watts for the .5145 micron TEMoo operation. Its

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 sensitivity is conservative, and cathodes are
consistently made with considerably higher sensitivities. Since the published data
for S-20 photocatiodes show 0.05 amperes watt-l, no difficulty is expected in

obtaining K, ; =0.065 amperes watt"1 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,

¢r and '\Pr’ a 10% allowance was made for electronic focusing of this aperture

at the photocathude, and scan spot . 0044 inches square was used.
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‘The value of N, , the radiance of a clear daytime sky at . 5145 microns is cited

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

page 1314 as approximately 3 x 10_3 watts c'm-z ster  micron .

/!
/

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

of paragraph 3.3, the following results are obtained.

'The available signal photocathode current is

L. = 4.584x 1010 (TaKsc)2 electrons sec-l. o .

The average background photocathode current is
i'b - 3.039 x 10° electrons sec”
The threshold photocathode current is
8 -1
Ly = 3.375 x 10 electrons sec .
The total photocathode current is

t = 3.468x 108 electrons sec-l.

-+ The'minimum required signal current is

Ty = L -E'b = 4,285 x 10" electrons sec™l.
Setting the available equal to the minimum required signal current,
4.285x 107 = 4.584x10°0 (T K )2
a sc

then the minimum product of atmospheric transmission and atmospheric scintil-
lation efficiency factor is

T.K = .031.
a sc
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If we assume

minimum T" = 0.1, then the minimum Ksc = 0.3

1 for

prohability of detection of 0.9 with average time between false alarms of 100

seconds.

The calculati

case conditio

1.
2.
3.
4,

5.

.
.
‘1
’
4
!

ons show that the system will operate satisfactorily
n, as foilows:
Probability of detection, 0, 9:

Average time hotweea false alarms, 100 seconds.

under a worst-

Retroreflector at the extreme corner of an acquisition scan spot.

Retroreflector at extreme range of 100,000 feet.

Atmospheric transmission and scintillation effects combined,

T K = 0.031. Thatis, for an atmospheric transmission, Ta’

a sc

as low as 0.1, the transmission can be degraded b

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

DEFINITION

Peak power in transmitted laser!beam
Number of corner z*-:etroreﬂecté;:s
Active area per corner retroreﬂectc;r )
Receiver optical collector area
Photocathode response at . 5145 microns

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

Receiver optical filter passband at . 5145 microns

Transmitter optical transmission

Corner retroreflector optical transmission
Receiver optimcal filter transmission

Receiver lens and tube face optigal transmission
Atmospheric optical transmission (one way)

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

Angular diameter of transmitted laser beam
at 1/e“ power density points

Solid angle subtended by ¢ ¢ '

Anguwar diameter of retroreflected laser
beam at 1/e2 power density points

Solid angle subtended by ¢cr

Angie of one side of square receiver
instantaneous field-of-view
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VALUE
1.7 watts
A = .33f1t. z
er er

. 053 ft.2 or 49.5 cm2

. 065 amperes watt !

3 x 10"3 watt cm-2 ster-lx
micron ™!

RIS

. 002 microns ‘
.749

.99

.45

.74

TBD

TBD

3. 86 milliradians

1.17 x 10_5 steradian

« 02 milliradian

2.95 x 10710 steradian

1.7 milliradians
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b
e
H
:
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PMT
TFA

SYMBOL

TABLE 2-9. DEFINITIONS AND VALUES (Continued)

DESCRIPTION

Solid angle of square receiver -
. instaataneous field-of-view

/

Maximum distance from transmitter and .
receiver to corner retroreflector -

Lajser wavelength (’I‘EM00 mode)
Irénsmitted pulse duration
Receiver system bandwidth

Pi

Photomultiplier dynode noise factor

Time between false alarms

‘ Pi'obability of detection

Signal photocathode current, electrons sec-1

Background photocathode current,
electrons sec”

* * Threshold photocathode current, electrons sec

Total photocathode current, electrons sec.1
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VALUE
2.96 X 10-6 steradians

105 feet

. 5145 micron

C15x 107 second

5x 104 Hertz

3.14159

1.6 ‘
100 seconds
0.9

TBD

TBD

TBD

TBD



2.7.10 Radiometric Equations. - The factors of interest are N, , the radiance of

b'

the background, Ta" the transmission of the’ air-path between the GBAA and the

’

‘ aircraft-mountec retroreflector, and Kscf’v an additional multiplying factor to acco?nt
for the minima rééched in energy transferred along this 'air path, dué to atmos-
pheric scintillation alone. The controllable factors of interest are the range, R,
the probability of detection, PD, the time be5ween false alarms, TFA, ’and the
charapteristics of the retro-reflector array, as represented by Ncr’ the number of

-

retroreflectors, Acr’ ‘the effective area of a single retroreflector, and Tcr’ the -

optical transmission of the retroreflector. The quantity, Ncr Acr Tcr’ is treated
as a single variable herein; diffraction of the retroreflector is a function of Acr'
and is considered constant.

“ .

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

constant are combined and designated Cl’ Cz, C3, and € 4
. : 2
) C1 Ncr Acr Tcr (Ta Ksc) -1
Available = y) electrons sec (1)
.. -8 R ,
- . -1 . . )
Ly = 02 Nb electrons sec . (2)
_ - 1/2 -1
B (03 Ly 1oge [C4 TFA j)  electrons sec (3)
2llce (log_ 4(1-PI) ) -2 ¢ ]+ 2=, (4)
3 e ot ‘t
Required E= L :b . . | (5)
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N A T (T. K )
cr cr cr a SC

Now, let G = 2 . (6)
R
. ’/‘ 4 ) » 7
_ Then ¢+ =C, 6. B Y A Y
Let Z=Cy [log, 4(1-PD) 1 -2 1. ®
=-Z + 22 -4 Ltz :
Then | = > .(Use positive root only). - (9)
Setting available Ly equal to required L
-t 3
G= —=2 | (10)
C1 ,

The fbur constants are evaluated as:

-

C, = 1.3932 x 1031 )
11 |

C,=1.013x10 ,

c,~'2.513 x10° |

cand C 4= 2,5 x 104. The appropriate units have been used in this evaluation.

- B

‘ Equations (2), (3), (8), (9), and (10) were entered into a computer, and
c:;omputations were made for various values of probability of detection and time
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
attached graphs, which show the probability of detection: versus the "G"' faétor
defined in equation (6). ' To aid in interpretation of the se results, the relations

between the factors comprising ""G'"" are plotted on sheet 2 of the figure.

-
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As an exarnple of the use 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)

: , 2
TN, A =0.338 .

cr . ¢C

T =0.99
cr

-Nb = 0,003 w cm-z ster-1 W

-1

at 0.5145 microns (blue sky)

= 0,31
sc

TFA = 100 seconds

Enter sheet 2 at 100, 000 ft. range., The curve for Ta
the normalized value G = 9, 61 x 10-24

reflector characteristics Ncr Ac T

G=3,14 x

cr

10-24

= 0.1 intersects this at

. This value must be multiplied by the retro-

= ;3267, resulting in

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

6peration 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 betwecn

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

of detaction greatly,
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It is pointed cut that the curves are calculated for the case where the

{1 scintillation factor is Ksc = 0,31, a rather pe_ssimistic value. This factor

is mathematically identical in effect to the atmospheric optical transmission
in equation (6), and will shift the curves of sheet 2 in-the same 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 been made in the previous work, as shown
;

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

cation for these parameters is not included herein. -

The purposes of the present work are to update the optical design of the laser

%

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

e

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

TABLE 2-10. GBAA SYST &M PARAMETERS

Transmitter
Laser, Britt Model 2000A Burst Argon Laser

TEMoo 0. 5145 rmicron wavelength

Pulse width: 15 microseconds
Repetition rate: 1000 Hertz )
Minimum peak power: 1,7 watts

Beam diameter at 1/ e2 intensity points: 0. 079 inch

Beam divergence (before deflector optics): 0. 75 milliradian
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TABLE 2-10. GBAA SYSTEM PARAMETERS (Continued)
Receiver
ITT F4012 Vidissector Tube with S-20 photocathode

Cathode minimum sensitivity (selebted) at 0. 5145 microns, KAA= . 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,
£/0.75, measured entrance pupil 3.125 inches diameter

System bandwidth, af = 5x 10* Hertz ’ g ',

Optical filter bandpass at 0. 5145 microns, Ax = 0.0020 microns
Retroreflector Array |
Glaés "corner reflectors,’ mounted on aircraft
Total effective area, A | = 6.33 ftz. o *
Beam spread after retroreflection, Pop = 4 arc sec included angle,

or 0.02 milliradian diameter or 2. 95; X 10‘-10 steradian solid angle

Opexjat'ing Parameters

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

Scan lines per raster: 128 = - "

Scan steps per scan li‘ne: 128

Scan fly-back time: 12.5% of line fime

Distance, transmitter and receiver to aircraft, 3 x 104 <R < 105 feet

2-102



OUTPUT SCANNING BEAM

SPREAD 3.86 MR DIAMETER S '
10° x 10° SQUARE \ - PULSED ARGON LASER

RASTER IN SPACE BRITT MODEL 20005
128 RESOLUTION UNITS 5145 A

PER SCANLINE QN
AN

INPUT '
SIMPLE LENS
" 19 MMEFL

£01-¢

OUTPUT LENS -

40 MM EFL
. (RAMSDEN TELESCOPIC

' - EYEPIECE)

A}

t TWO GT +E
' ~ PIEZO-ELECTRIC
g 300 MM "THROW" BEAM DEFLECTORS %?%JIE/ELLENS
) é FOR 2ND DEFLECTOR 40 SEC DE FLECTION 6‘ ,
L > : OBJECTIVE LENS
' 381 MM LENS

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

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

'tion of laser beam power across the beam follows tte Gaussxan curve, and the beam

diameter is defined as the diameter at which the power den51ty falls to 1/

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

Power Density

|

|
I
|
\ \’1

| Distance from Beam Center

A Figure 2-28. Gaussian Beam

Note that the beam diameter at the half-power -density points is approximately . 6
qf that at the l/e2 points, and that the power density corresponding to a diameter
of one hélf that at the 1/e2 points 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
on the Gaussian distribution. If atmosphere turbulence 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 10o X 100 raster contains 128 lines of 1.28 scan spots each, each scan
spot will be a square 0. 0781° or 1.364 milliradians on a side. (Note that both the
transmitter beam and the receiver instanta}neous field-of-view are la‘rger tha;n
this.) The diagonal of each individual sc;n 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
reasoqabl_e (but arbitrary) to decide that the power densﬁy at the spot corner

must be not less than 0.6 of the power density of the control rpaximum. As shown
above, this diameter is one-half the beam diame‘er at the l/e‘2 points, Thereforé,‘

the transmitter beam diameter shall be

2 x1.928 = 3.856 milliradian included angle

0t =
3 2 5
or ¥ = Z (3.856 x10 °) = 1,168 x 10 ~ steradian solid angle.

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

an associated optical system, has been furnished as Government-Furnished
A

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

—pif -~ ..F

B S i

Folding

Mirror -
. . Two-Axis

Beam Deflector

Figure 2-29. Beam Deflector Optics
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The output beam ceilection is determined by the beam deflector moveginent and
tﬁe ratio L/ £ T1e beam deflector mirrors move +20 arc minutes, and the laser
‘ 0

beam in the locatinn of "L moves 140 arc minutes. It is required that the output
/"/
beam deflect +5 degrees. Therefore,

fL = 2 2060 = 7.5, which determines the iccal length of the output
(Y R , ,
léns, fo’ other factors being set. .

NOTE: The two deflector mirrors are near each oher, but at different distances

"L'" on the opticél axis. Use the shorter "L" in the calculations. This implies
that slightly less drive voltage is required for the deflector having the‘ larger

4

distance, inversely as the ratio of the respective distances.

The optical system is essentially two telescopés‘, back-to-back, and the output
laser beam's diver gence, ¢ o’ will be the divergenze of the input beam, @ i

multiplied by the magnification of the system.

1 0

% =% F. "1

, 1 (o]
From construction, F, = 220mm -
F = 381 mm
)
L = 312 mm
Calculating, N
f = L = 312 = 41.6 mm

[+ 7.5 7.5
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Use a 40 mm Ramsden telescopé cycpicce for this leas, since it has less

aberrations than 2 Huygens eyepicee, and is recadily available. Therefore,
fo = 40 mm. . | //

From Table 1-1, ¢l = 0.75 p:illiradian, and from paragraph 2.1

¢° = ¢§ = 3.856 xp;llxxjadl@s.

-
.

_ 8.856x220x40 _'),0.00 .
: 4 0.75 x 381 T R

This lens <;an be a simple bi-convex lens, such' as Edmund Scientific Company

No. 94388, which has 114 mm focal length and 29 mm diameter. Only the central -
Q ) | 2-or 3 mm of this lens \\;ould be used. Note that the beam deflection scale factor |
' is set by the output lens, fo’ and that the beam diverg;ence is set by the input lens,

fi’ after the output lens has been selected.

v
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2.9 Additional Laser Candidate Consideration

The purpose of this discussion is to extend the vonsideration of candidate
lasers to include an analysis of the applicability of a neodymium doped yttrium
aluminum garnet (Nd:YAG).

The equations p_revio,usly developed will be utilized, The parameters of
optical system size, filter and atmospheric transmiséi'on, number of retroreflectors,

k4

etc. , remain the same. New parameter values are listed below:

4 watts

.. N =7x10 (Blue sky @ 1.06 1)

b cm - ster - M

2. A, = 0.002p (20 & bandpass filter)

3.' ‘ K

A 4x 10'-4 amp/watt (S-1 photocathode)

4, py = 0 (i. e., no overlap in y direction - overlap will be
provided by increasing the transmitted beam size, as

part of a trade-off, as discussed later).

Using equation (9) from the original report,

: o ’

g N= 142, From Eq. (6), AP = 'lfi‘;‘ = 0,0774 deg. Then, ( 13.9’))2 =
: ’ 2 -

! 5.99 x 103 deg or 1.825 x 10 6 steradians, From Eq. (19), Af=

5x 105 Hz, From Eq. (15), Ib =1,97x 105 electrons/sep. Substituting

7.

RPN

Eq. (20), i = 3.10 x 10° electrons/sec. From Eq. (21), i= 1.36 x 10
electrons/sec, and from Eq. (22), iS is equal to 1.34 x 107 electrons/sec,
Note that the background current is very small compared to the required
, - sighal current, Frcm Eq. (26), the required flux density at the ground
‘ 3 FDG=1.74 x 10" 2° watts/cniz, or 1.62 x 107" watts/ft2. Substituting
® in Eq. (31), using range R=10° ft, P= 4x 107 x 1020 x 1,825 x 10™° x
- 1.62x 107 = 11.8 watts. |
: ,
|
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The use of a commercially available Nd:YA(: laser in the Ground Based
Acquisition Aid is now discussed.

The Coherent Radiation Laboratories Model 60 Nd: YAG, with Model 460
Q-sthch is specified to preduce 400 watts (Peak) pulses of nominal 1 usec,
duration at 1000 pps. The price for the laser without the Q-switch is about
$10 000. The head is 8 in, wide, 6 in. high, and 30 in. long, and weighs 50 lbs."-

Considermg the results of the analysis above, 11, 8 watts pveak power were
required for the 1()5 ft. range. so 400 watts available from the Model 60 laser
gives a factor of 34 to trade-off. The number of cube corners could be reduced
to 4 from 16, requiring 4 times as much power. Also, the transmitter solid angle
conld be expanded 4 times to fa.c1htate tracking, i.e., permit "dithering' the ’
imnge dissector without requiring "dlthermcr" of the laser beam deflectors. This =
reducﬁon of excess poWer by 4X for fewer cube corners and 4 X for larger trans- '
mitter angle thus leaves an excess power factor of 34/16 or 2.1, This permits

operation under slightly lower atmosphenc transmission condltlons, or slightly

. Jower performance of any of the system compcaent.

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 dstectors.

Frequency doubling of the .1.06Ll radiation (to permit nperation where detectors
are much more sensitive) 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 Model 1000D Nd:YAG
laser with Acoustic Q-switch and L1 10, 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 (TE’VI ), and pulse length about 200 nanoseconds. Price is about $23, 000,
with delivery estimated at 120 days. The laser head 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 coui.ut

carrying tubing are attached to the head and may put excess torque on a telescope

mount designed for arc second tracking accuracy.
Cost and delivery schedule prevented use of this laser approach,

"‘
K
/
!
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3, AIRBORNE OPTICAL COMMUNICATIONS PACKAGE (AOCP)

3,1 General , '

‘

~ 3.1.1 Functional Description. - The :AOCP is a laser transceiver system
providing the capability of duplex communications and includes acquisition,
tracking, pointing, and atx}lospheric scintillation monitoring subsystems.
Figure 3-1 is the AQCP hardware tree showing the various system elements

( and their relationships. Included is a cescription of the TV acquisition aid

subsystem which utilizes an ITT owned TV cemera and tracking system.

pe S RECEUEDE RS

e M

- The AOCP design specifications were determined early in the pro-
gram as a reSuit of several planning meetings held at NASA/MSFC betweeg
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 opérational
environment becamse better defined.

Figure 3-2 shows the AOCP unit mounted 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 aloxllg g
thé line of sight and the position sensing is in the orthagonal y z plane. It
should be noted that the transmitter aperture is offsct from the center of the
:cassegranian receiver éollector and located in the center of the annulus. Thé

Q reason for this is to avoid a central obscuration in the transmitted beam.

s »
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’ TABLE 3=1 AOCP SUMMARY SPECIFICATIONS

COARSE ACQUISITION TV TRACKER - - :
1]

Acquisition Field-of-View
Linearity

| a Frame Rate
‘Probability of detection
Track accuracy

Detection Sensitivity

OPTIGAL APERTURE, AOCP

’ Detector Type
Spectral Response

Minimum Detectable PoWwer

Fine Acquisition FOV
Instantaneous FOV

Effective Focal Length
Ac(qui sition Frame Rate

Scan Format

3-2

50 x 7° (87..2 mr x 122 mr)
<10 perceht
60 per second

©>0.99

 <.1.5 mrad.

1 x.10°10 watt/cm?

3. 88 inch diameter (9. 85 cm)

RECEIVER-TRACK/COMMUNICATIONS

ITT 4012

S-20

1 x 10-12 watt at photocathbodelc
0.5 x 0.5 degree

(8. 7 mr x 8.7 mr)

18 x 18 arc sec

(87.3 zrad x 87. 3 prad)

"1.13 meters
1 Frame/sec,
. 128 x 128 element digital

raster

N
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TABLE 3-1 - (Cortinued)

Track Scan Type partial scan-cruciform
Track Scan Rate | . 16 kiloHertz .
Track Bandwidth / up to 1000 Hz

Tracking Accuracy ‘ 0.’A2 arc s’econds rms
Receiver Attenuation 30/1 variable
Cloxnmunications' Bandwidth 50 .kiloI-‘Iertz

Modulation Type 10. 7 MHz subcarrier FM
Optical Wavelength . 0. 48é micrometer
Optical Bandpass 1 1.0 nmeter

Tracker Signal Dynamic

Range . - 604db '
Tracker AGC Bandwidth 300 Hz
. Optical Transmission .15

RECEIVER-SCINTILLATION MONITOR
Detector Type Photomultiplier RCA 8644
Field of View © 0.5x 0.5 degree

(8. 7 mr x 8.7 mr)

rd

Dynamic Range 60 db
Bandwidth ‘ 5 kHz
t)utput:s 1. baseband linear

2. 10.7 MHz linear

3. 10.7 MHz log
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TABLE 3-1 - (Contir.ued)

Effective Aperture 3.8 inch diameter (9, 85 cm)
Ratio of Aperture Variation 100/; in area
Optical Bandwidth +} nmeter ' )

a"
s

Optical Wavelength 0.488 micrometer

Optical Transmission - 0. 2:

PBINTING SUBSYSTEM

Beam Steerer Type ~ " Torquer driven mirror-Flex

Pivot mounted

Bandwidth : 240 Hz
Steering Angle Range : * 0.5 degree two axes
Closed Loop Painting = 1] arc second peak-to-peak
o TRANSMITTER
Laser Type HeNe
Laser Power | 5 mw, TEMgq
; Wavelength - k . +0.6328 micrometer
; Beam Divergence : P 5to 120 arc seconds variable
z Modulator Typg Transverse field-electro-

optical KD*P

Modulation Format OOK

Modulation Index 75’ peréent-v-ariable operating
o point

Data Rate

30 Mega bits/second

167 pounds (excluding RER)

; @ - Weight

Power Con sumption 200 watts

— o 3-4



|
11 \ ™ Vv
o1 B3> « PR
pRO) ! ' :
N
o :
o e
(\l.‘* of
. ‘ A [—
nTwACE
w.:ﬂING ANt
Soe
BOSNG MARNESSES
}
N
- - 2 ; v .__—.—:-'.
ornes
. SUKSYSTIM
(COMMON)
. - /
r._——-—._,-_,
¢ AM e
- STHENNG TELESCOPE
. |
<
i b
i
!
. .
. !
&
"
1
N
nes COMMUNICATION
i ECTRONKCS
- rrIL NEUTIAL DENSITY FOLDING MNALRO W BAND APOLO
PUTTEL WAGING nuee MRS FILTER “‘8:‘"2? “N':":r::“ COMMAND =
UNS MECHANISM (&) WAGE DISHECTOR %E(O‘D“
-

FOLDOUT FRAME




!

!

- AOCP HARDWARE TREE

aocr =
ARBORNE OFTICAL .
COMMUNICATIONS .
PACKAGE . ‘
! 'n
™
T AcQUISITION ' L
B AL | i 3
? / ] )
o S5 s T l 1 4
; ' ™ e
| e = ALTER ormes AUTOMATIC X :
£ 1T OwniED) s ok ws - Vo' v
e — bl
! )
1 3
t \ T
! !
> J ’
s ety - e it -
¢ L] TRANSAMITTER s e e e e e gt
i SURSYSTEM SURSVSTEM v ‘.
§ 't
- i ’
t ] '
s L [ , :
v
A :
]
COMENEL ! s MOOUATION POWIR
OO : KBTS MORNITOR orncs
e i e ek |
: e 1 s I ]
* FOLOING
P AM SOUN SuNET MIRRORS
MODULATOR ouvee M'?:o'fl COMM Nt TOr roLAnZE .
e atiaiil
N \ l
KHNUATION "“:M d
1]
PONNTING
|
\
| I I l [ I ]
wAGE
wcrvie TACKEE Eam STEEUNG
oe HIGH YOLTAGE UGNAL DISHCION AGC
AreTUng PROCESSING GNAL LMODE CONTROL
CONTIOL PONER ey DETECTOR o PROCEUNG HECTIONICS
ALSEMALY
MR WD 0.7 Mu2 1 7 el
[y uneat 106

Figure 3-1.

AOCP Hardware Trec

1.§)¢




TV CAMERA PERISCOPE

LASER/MODULATOR.
COMPARTMENT —

e ) AND FILTER se_uacroa

VARIABLE
WAVE PLATE-—

; ion . §
' REfEIVE/COLLECTION
_AAPERTURE

H

Y PIRES
TV CAMERA ,
jFOLDING  MIRROR

Figure 3-2. AOCP Flight Package in Test Fixture

Dl ui;H.iTY OF JHE
R AL PAGE IS POOR

Ald

3-7

:AUTOMATIC IRIS CONTROL’

masa > Taif paniis




e ey

A more thorough analysis of this effect is given in a latter section of this

-

respot. o ‘
The operation of the AOCP can t;e"understood by reference to

Figure 3-3 which shows the system functional block diagram. Ca

- 3,1.2 Mechanicat Packaging of AOCP. - The Aircraft Optical Communica-

tions Package (AOCP) is subjected to operating in an environmeut that is

fﬁost hostile tc; precision electro/optiéalAcievicé's. "The alfifude, which causes
w{de pressure vaiations; temperature variations; and vibration are the thre.e
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 s}'fow the layout of components of the ’
AOCP.

The two basic assemblies most affected by the operating environment
are the Laser/Modulator package, and the basic optical package. The pack-
aging rationale for each of these shall be discussed in turn.

The AOCP mechanical structure is formed from a hogged-out ribbed
aiuminunl 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 desi‘gned so that a 15 pounci/squaxye inch

pressure loading would not deform the laser/modulator mounting plate and

~cause a boresight error between the transmitter and receiver. Figure 3-4

shows a view of the AOCP top level with the laser 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

compartment will be given in a later section of this report,

.

3.2.1 Laser/Modulator Paékage. - The 'iaser itself is a commercial unit
+ i . 7 .

adapted to the AOCP and as such is not designed to withstand any of the

 deformations caused by pressure variations. These pressure variations

1ntroduce mlsahgnment in the laser itself and severely degrafie performance.
To e11m1nate these deformatmns, as approach was necessary that would
maintain a stable environment for the laser.

’. The approach taken in the llaser lxnoc_lplator pa'.c'k'age is to have

the laser, the laser modulator, and associated optics all mounted on

a rigid baseplate, This baseplate has large openings machined’

through it and the bottom of the package is closed via a steel dia-
phragm. The remainder of the packageAis enclosed in an aluminum
con‘tainer which is ribbed to preserve its structural shépe and to
ensure that the O-ring sealing surfaces are not disto.rted. In opera-
1;ion, the entire package is pressurized at 1 atmosphere constantly,
Any Pressure var1at10ns are compenéate;i for by the dlaphragm. Thus
the volume of the Laser/Modulator package is constantly changlng as
a function of external Pressure changes causing the d1aphragm to flex
the net result is a constant pressure environment for these critical

components,

e e e . s > s



@ Since the temperature variations also cause pressure changes,

compensation for these tempeiature induced pressure variations are

-
[

i. élso éfompens:zted for by the diaphragm technique.
14

This entire package has been tested in a vagcuum environment ..
(l(j)-'5 TORR) znd has demonstrated the soundness of this approach.
3,2.2 Optical Package. - The optical package itself, to which the laser/

modulator paékage is affixed, is a complex and densely packaged unit,

The constraints of the program in terms of time and costs predicated a

»

"Buiiding Block'' approach to the de signf Rather than fabricate an
intricately machined housing with a multiplicity of integrated optical
déviées, a baseplate design was utilized which permitted all other

‘ @ devices to be fastened to it aé discrete components. This is a very
cost and time effective method of packaging an engineering type of
\;nit as it ‘permits concurrent discrete parts fabrication and also lends
itself well to the myriad modifications necessary 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, reasonably light

ba,zseplate or "Optical Bench'!, if you will, to which all other compo-

nents were attached. A wrought aluminum billet was procured for

the baseplate aad was extensively machined on both top and bottom.

-




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 that was not too difficult/t:o’ fabricate and yet had the high
‘ &egre»e of torsional rigidity so vital in any optical system. The billet was A

_rough machined, stress relieved, and then finish machined. This ensured

the long term stability required. The baseplate could have been fabricated

out of a wéldment of brazement but the fa.bﬂcation of the weldment

pieces, welding, heat-treating and subéequent finish maching and IR ;

stress relieving would constitude a 1onger fabrication cycle without the
dimensional stability inherent in a homogeneous billet.
Once the base plate was fabricated, all of the other elements

of the electro/optical 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. o

-

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 AOCD mechanical package configuration with

the outline dimensions and approximate cg location.

-3.2 Common Optics Subsystem

The common optics subsystem includes the cassegranian-catadioptric
objective lens, the collimating lens, the beam steerer mirror, and the

dichroic beam combiner. (See Figure 3-8.)
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The catadioptric objective lens serves as the systemi
"antenna.' This lens system was manufactured by Wiley Optical C(_)..
from a aesign ior NASA/GSFC. The fif;i;ial design speciﬁcations
were for a compact (short length) 0.2 degrgq.(d. 035 radians) field of
view with resolution defiqed by the Rayleigh criteria. of better than
2 arc éeconds (ld X 10-6 radian). The obJectlve lens focal length
is nominallf 25 inches (63.5 cm) and clear a.perture of 3 88 inch
(9. 85 cm), givirg 2 numerical aperture ratio of £/6. The objective
lens is a mod1f1ed Schmidt design shown schematically in Figure 3-9,

The total system length was "6 inches (15.24 cm) whlch made an

unusually compact design. The focal length was variable over a

considerable range by adjustment of the secondary mirror. Another
feature was the prime focus location 1n51de the primary mirror
\;Jhich permitted the collimating lens; to be mounted dlrectly into the
objective housing. This providés a substa.ntial‘ reduction in the sizé
of the AOCP common optics 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 performance was greatly improved. This latter lens

e et g 73 Ty
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system was installed in the field after the system had been delivered

to NASA/MSF'C.

The collimating lens is a multielement NIKON objective
having a focal length of 75 mm. An 'a.d'apter plate was made to
interface the collimating lens‘ to thé: 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

e B

exit pupil is located approximately 4.5 inches (1 1.4 cm) from the
vortex of the collimating lens rear element. This permits the pupil L,

to be located between the beam steerer mirror to minimize vignetting
A ]

due {9 mirror motion.

The beam steerer mirror size is determined 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
exit pupil is made as short as possible to reduce the mirror size and

improve its dynamic characteristics, The beam steerer mirror

»,

diameter, DM, normal to the optical axis is given by, -

~

= 8'
DM s De+ ZXM tan >

where

@' = (System field of view) x (afocal magnification)
XM = distance from exit pupil to mirror
Dé = Diameter of afocal system exit pupil,
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.For a 0.5 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 .
7
diameter projected onto the normal to'the optical axis is 0. 56 inch

(1.42 cm). To allow for a 45° mirror tilt and a +2 degree mirror

rotation, the mirror size was set at 1 inch (2. 54 cm).

The last element in the common optics train is the dichroic

“beam combiner. This element was designed for a nominal 40 degree

jncidence angle. The 0. 633 micrometer reflectance is 0.8 or greater

_ and the 0. 48§m.ic1.:omet‘er transmission is 0. 95 or greater. The
beam combiner is gimbal mounted with spring load.ed retention to
pe;rmit coarse mechanical boresighting of the transmitted and
 received paths. The precision boresight is achieved electronically

by offset tracking bias.

The first lens was manufactured to ITT wavefront deforma-
tion tolerances of better than \/20 but was broken in shipment. In

the interest of schedules, the lens was replaced by Wiley from stock

with a rework of the corrector plate.
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@ 3.3 Receiver Subsystem
The AOCP receiver section comprises the receiver optics, trackmg/

-

communications sensor, trackmg ele::tromcn, commumcatlone electronis,
scintillation monitcr, and the beam steering subsystem. Althcugh beam:-
steering is a common element with the transmitter, it is controlled by the
receiver tracker and will be described as a rece1ver subsystem. Location
of the various receiver elements to be dlscuesed in thxs Ssection can be
determmed by referring to the Figures 3-4, 3-5, and 3.6, .
The primary functions of the ACO? receiver subsystem are:'

a) Acquisition of a micrometer laser beacon within a

0.5 x 0.5 degree 0. 488 field of view. ) b

‘ @ b) Lock-on and auto track of the laser beacon with preci-

sion of a few microradians with a 1 kHz tracking band-
width; providing two-axis output signals 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 bandwidih,

3-25
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d) Monitor atmospherically induced signal fading over a
wide dynamic range both at baseband and at a 10, 7 MHz

suscarrier frequency with a bandwidth of 5 kHz.

_ e)  Detect modulation on the,ﬂp-link laser beam for com-

i

mand of the AOCP status and -

f) Provide electronic boresight correction between the

transmitter and receiver subsystems.

laser beam (0. 488 micron) from the ground station (or ground checkout

‘ 3.'1. 1 Receiver Subsystem. - A modulated (10. 7 MHz subcarrier) Argon

P
ek

equipment, GCE) is guided by the coarse gimballed mirror onto the relatively

wide-field-of-view TV acquistion aid. The TV acquisition aid subsystem
detects and tracks the poeitioe of the ground beacon within its 5% % 7°
field-of-view and provides pointing commands in two axes to control the
éimba.lled mirror to within the fiee acquisition field of view (0.5 x 0.5

degrees). The fine acquisition is accomplished by an all electronically

N

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 is 87 micro
radians wh1ch prov1des better than a 20 percent scan overlap. For the

fine tracking system to acqulre, the optical signal must exceed a threshold

level (approximately 1 x 10-12 watt) and be modulated with a 10. 7 MHz

signal. This latter condition prohibits false lock-on to bright objects in the

background.
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@ Upon identificatié)n of the beacon, the receiver tracker switches

into a track scan mode {the mode control functions and circuitry is

' .d‘escribed in the beam steering rsection c.?f"t'his report). The tracék scan

is of the cruciform type which effectiveiy displaces the optical image

" of the ineacon back and forth in two axes alternately about the detection
aperture as illustrated in th.e lower illustration of Figure 3_i2. This
action places a scan modulation on the detected ;ignal wlﬁch when
s‘iy"n‘cl;xronously 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,

@ o The tracker output is a measu're of the position of thg optical
beacon image on the detecfor photo cathode relative to the detectors
null axis. Tl';e oﬁtpu’c signals afe in rectilinear coordinatox; in the
YZ plane. |

Referring to the block diagram of Figure 3-3 and the photograph

of Figure 3-8, the re‘ceiver optical paﬁq can be traced and the physical
components identified. Laser radiation from the ground beacon is
collected by the 9. 85 cm diameter catadioptic objective and passes
thréugh the collimating lens, reflects frobm the Z-axi.s:’ beam steerer
onto th;a Y.axis beam steerer and through the dichroic beam combiner.

From the beam combiner, the received radiation passes through a

D | S '
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Bandpass filter centered about 0. 488 micrometers and is divided into
two paths by a neutral beam-splitter providing 80 percent of the energy
into ghe tracking receivef path and 29';ercent (less absorption lésse s),
into the scintillation monitor path. Conside ring the tracking receiver
first, the received radiation is reflected from the splitter passes
throuvgh the i?naging lens and receiver attenuator N. D. filter and is
folded onto the receiver ﬁarrow baﬁd optical fiiter and focused at the )
image dissector aetector photo-cathode. The path to the scintilla.tior}
monitor detector i§ from the splitter through a lens which forms an
image of the system entrance pupil; through an ap'grture stop located
in the pupil image plane, and folded onto the scintillation r—nonitor
photomultiplier detector. A detailed discussion and analysis of the
receiver optical system is pre sented 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 lé.rge measure of
spatial filtering of the background scene. The image dissector detec-
tor’construction is illustrated in Figure 3-13, An"c')ptica.l scene
imaged on the photocathode pr'oduces 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,
:-éorresponding to the opticai scene can })e'. .;,wept about the small

aperture. Only the photoelectrons passing through the sampling v ’
' apertufe enter the multipligr section of the detector and produce an

output. Consequently, 'the image dissector detector effectively scans

¢ A

a large scene with a small sensing elément all eleétronically.

Fig;z_re 3-14 ,defines the effective focal tength of the AOCP R

feceiver imaging system. The optical system comprises the 8,398
power afocal telescope and a 135 mm focal length Snyder lens result-
ing in an effective total system focal length of 1133.73 mm.- Figure 3-15
illustrates the total search field of view obtained by the 12, 7 mm
square search area on the image dissector photocathode. Similarly,
Figure 3-ié definss the angular size of the scan aperture corresponding
to the 0. 1 mm image dissector square aperture.

The image dissector tracker is caused to scan the search field
‘o‘f view in a seque:tially stepped raster cor;taining 128 x 128 elements with -
a 24 percent area overlap to insure complete field coverage. This mode
p‘rovides considerable spatial filtering of éhé uniform background level.-

Additional background suppression is obtained by narrow band optical

filtering centered around the 0.488 micrometer beacon wavelength.
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Figure 3-17 illustrates the narrow band optical filter
characteristics. Further background suppression is achieved by
looking for the beacon modulation or s’ig'h’aa.ls exceeding the detection
threshold. If é. éignal should exceed the deiizection th‘reshold, the
tracker would pause for a time at that elemeat and determine
whether or not it was due to the beacon by sensing the 10, 7 MHz sub-
carrier modulati;n presence. ‘If tﬁe mozlﬁlation was not present, the
acquisition search would cqntinue. 1t should be noted here that the
switching between search and track modes _is 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 ;utomatically switches to the
track scan mode. Sweep waveforms are generated by converting the outputs
of a 14 stage synchronous counter to analog current. The first seven bits
(ﬁighest frequency) are converted to generate the Y-axis staircase 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 givingva dwell time of 62.5 microseconds

per element and a frame time of 1 second.
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A step size of 14,1 arc seconds covers the 0. 590 dimension

| in 128 steps. With an IFOV of 18.5 arc¢ seconds, a 24 percent

7

overlap of elemental areas results tﬁroughout the scan.

In the acquisition mode, the IDT (immage dissector tracker) is’

essentially in an open loop configuration as compared to the track mode in

which the video information is processed for position. Offsets and/or drifts

that might affect the acquisition sweep are prevented by use of solid étate

*

switches on tke track loop and track sweep circuits.

Video from targets will be pulses of 62.5 microsecond
duration with amplitude dependent upon source br.ightnes s. Selection
of the uplink beam tafget is accompli.shed by detection of the iO. 7 MHz
modulatioﬁ on the beain. As shown in the block diagram of Figure 3-18
;:he image dissector output is amplified in amplifier tuned to 10. 7 MHz,
rectified and level detected. Within one step time, a digital level
hereafter referred to as VIDEO PRESENCE (VID PRES) is generated

ix;dicating 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 sig-
nal (henceforth called the video) by partially deflecting the photo-
electron image. out of the detection aperture in two axes. A partial

deflection scan implies that the photoelectronn image is not completely
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Q i swept out of the aperture. The partial scan is employed so that some
photoelectrons from the beacon image always enter the dete'ctor so
that continuous comrnunilca.tion is rn/aiizta‘ined. The amplitud.e modula-
tiozx thus produced is demodulated synchronously with the deflection
sweeps to defermine the precise location of the photc)electro;. image
centroid. A bias current is supplied to the deflection coils to exactly
center"the deflection sv&eep about the photoeléctron 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 "'1" state;

1) the clock input is removed from the acquisition sweep.

counter stopping the search scan.

2) the track sweep switches are cnabled 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 an 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 completely

® .

defiected off the aperture. Although the sweep amplitude is dependent
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on the optical image size, it is nominally 1ess than 1 IFOV for the

AOCP IDT. The scan causes a pulse width and pulse duration modu-

4
’

lation of the video signal. S

The track video signal shown typically ix; Figure 3-20 has a
frequency of 32 kHz (4 times the track scan frequency). The video
is amplified and litnited, thereby providing 2 position and duration
pulse train to the demodulator. A three stage AGC is employed by
the stages preceding limiting in ordér to minimize delays (phase
shi'ft)‘ which result in an unstable track lock due to cross talk at the
demodulator output. The AdC 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

thé output being an analog error signal proportianal to the distance
(the ahgle) between the center of the cross scan and the center of the
target. Itis 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 ave summed with the initial
cross scan position to move the cross scan such that it becomes

centered on the target ‘mage and the demodulator error voltage

’
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approaches zero. The centered video waveform is shown in Fig-

ure 3-20. The track mode is characterized by a Type-O control loop

 where any movement within the acquisition field of view results in an

automatic correction to the deflection coil current so that the cruci- e

form remains centered on the target image. The track loop band-

width is nominally 1 kHz. I .

While tracking, valid target position signals are generated by - = '
sampling the deflection coil currents. The target position signals, o R
having a transfer function of 0. 33 v/min. are applied to the.beam-
stegrers. The beamsteerers position the uplink target image to a
reference position and fine i)oint the down link beam based on this

reference,

Tracking is maintained as long as VID PRES is "1'", The
VID PRES status is relatively high bandwidth in that the status change
occurs within tens of microseconds of applying or removing a

10. 7 MHz signal at the preamp. Due to scintillation, signé.l fades of

100 milliseconds duration are cdmmon.l Therefore the VID PRES

changes states during these fadés. 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-
mately 180 milliseconds. The resultant digital level is refereed to as

TAR PRES and is the digital level used by the IDT to sequenge between
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acquisition and track. The return to acquirition occurs therefore, only

if the 10,7 MHz signal is lost for greater than 180 milliseconds,

-

Loss of TAR PRES returns the IDT to 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 lcop operation. The out-

puts are shorted momentarily upon return to acquisition to prevent

offset and drift of the acquisition scan,

The VID PRES signal is the primary AOCP mode control. A

timing diagram of the v'arious control signals derived from the VID PRES
signal is shown in Figure 3-21. |

Two_ofA the control levels, namely TAR PRES and DEMOD

e

SHORT are used internal to the IDT and were discussed in the pre-
viousigection. The BEAMSTEERER.RELAY level is delayed

120 milliseconds from the VID PRES signal, The BEAMSTEERER
RELAY "1" level represents the time during which the pointing is
under c.ontrol of the IDT, The SPEED LIMITED Ie}iel is derived
from the TAR PRES $i'gna1, and provides a 600 millisecond c'lela‘,y

during which the Beamsteerer Drive voltage is limited.
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3.3.2.1 Trark Loop Analysis. - The IDT is essentially a modification of.

The SCINT 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 dr1ft during times

of no signal are minimized, Of course if the fade interval eﬂcceeds
120 m1111seconds, the BEAMSTEERER RELAY becomes "O'" and

control of the loop is returned to the TV Tra.cker.

P 4
‘

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 backgfound were being encountered.

An important modification of the previous ITTG tracker design
. ' ' ’

was the extension of the tracking loop bandwidth to 1 kHz., A block

diagram of the loop components is shown in Figure 3-22.
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The closed loop gain of the loop is given by

So o KNy
% s+ ! TEKK,
Thé bandwidth is
- . , ) , 1+ K KK
. : W = 1772773

L s T 4

The IDT constants have the following nominal value

)

2 volts/sec

T = 2.2 sec

254 ma /volt

K

3 35 sec/ma

Using these values

w

L 8880 rad

f

L 1500 Hz

It is noted that the demodulator gain K1 is dependent on
the signal strength. The value stated would be the maximum attain-
able, As the signal strength decreases, the value of K1 decreases

and the loop bandwidth decreases proportionately,

&
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The maximum steady-state error would occur when initial acquisition

of the target vvas at a field edge. For this case
lf' '
. E _ 7 ei

8s K1K2K3

__ 30 min
T 17760

0.1 sec

§ .
s ¢

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 facilitate the handover '

f@ 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-

(W

lar modulation was traced to amplitude scintillation in the atmosphere

causing dynamic phase changes in the IDT video amplifier,

W
i i 4 -
2
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Two separate problems éxisting in the ID tracker contributed

to the tracking difficulties experienced in the initial field test. They

I3
.
s
-

were:
. /.
1. Excessive phase shift in the video signal over the input

signal dynamic range.
2. Inadequate AGC bandwidth.,

The phase shift problem existing in the video amplifier was a result
of the gain controlling device working against the reacta.nce’s of the
image dissector and the input to the 10.7 MHz communication ampli-
fier which is paralleled across the tube at this poiﬁt. The resulting

phase shift over the input dynamic range was in excess of 700,

The initial 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 effactive AGC bandwidth that could be incoiporated.

@

Modifications were made to the amplifier. These changes
brought about perforxhaﬁce improvement and corroborated the fact
that inability to track was due to the amplifier phase shift charac-
teristics. However, it becamerapparent that a new-amplifier design

was needed to supply the AGC dynamic range and bandwidth,
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Q ) A new amplifier was désigned and tested. It réplaced the

original amplifier of the IDT and successful operation of the AOCP

with Madkin Mountain was demonstriate::l on 2/10/72, The aﬁ'xplifief

t design is s}mqwn in Figure 3-23, Three attenuators are used to effect.

" a dynamic range of greater than 60 db. The initial gain control is
applied by the voltage divider of R1 and the FET attenuator No. 1.

As the signal increases the R _FET attenuator No. 2 is added. Each

2
divider is capable of 25 db attenuation. The bandwidth of the loop with

-

these two attenuators was measured to b‘q 120 Hz,

The input stage buffers the tube output from 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 control becomes operative only for hi_gh 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. Fundamental to the selection of this course of

s

design was the fact that little was known of the dynamics of tie atmosphere for \
which the beamsteerers were to correct. Much has been learned during the course
of the AVLOC ?rogx:am regarding beamsteering that could and would be

factored ihto later such design}s. Not\vith'standing the evolution of the beam-

%

steering subsystem during the program fhe final iteration showed marked ,
similarities to system originally shipped. The 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
dt;rmg the life of the program, The fmal configuration shown in Figure 3-25 is .
that used in the final successful test flights.

The design analysis presented herein will a;:comphsh the following
purposes:

1. Present the final bez;msfeering subsystem configuration

and brief operational description.
2. Define the characteristics and sources (_when aépropr.i;;te) ' -

of the elements making up the beamsteerer subsystem,

3. Present a complete servo block diagram of the subsystem

(y—loop}.
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4.

5.

6.

5implify the loop consiétent with the bandwidth of the
subsystem. ‘ ) . .
Develop a roof locus of the Isi"x'npliﬁed system, indentifying
the location of the closed loop poles and ze;'os (p-z) for the
é.ppropriate loop gain,

Present the results of a frequency response taken from the
p-2 configuration énd cc;mpéré the unalytical results with

test measurements.
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Operational Description. - One loop (or channel) of the beamsteerer subsystem is

shown in Figure 3-26. This figure dess:rib‘es the basic elements ffom a functional
viewpoint. The incoming laser beam is collected by a four-inch aperture afocali:, :
telescope. The beam emerging from the telescope is routed to beamsteelj.ing
mirrors, one for eagh channel (y and z ) then to another set of optics whose
purpose is to .focus the beam on the face of the fmage dissectbr tracker,

The trackexf develops three sets of outputs that are of further uzse
to the beamsteerer 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 pr»esent signal
control the mode of the beamsteerer subsystem. The error signals are

appropriately routed to the remainder of the subsystem as called for in each

inode.
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The Collecting Telescope. - The first functional block of Figure 3-26 is the

telescope. This device was purchased from Wiley Optical Corp. of
Florida. Its principal characteristic‘s’ .are:

| a.: 4" aperture A

b. 24" focal length

. Ce 2 arc second resolutmn

cer o RAD
d. Magnification of 8.4 RAD g

¢

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 Com.pa.ny and Bendix,
respectively. The mirror was manufa:ctured to tight tolerances with a
flatness of l.)etter than \/20, and was mounted with a girnbal 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 4the tabs was 0. 65 inches. The electronics associated with the pickoff
developed an output calibrated at 63 V/in over approximately 0. 050 inch

movements. The mirror and gimbal were mounted ta the optlcal baseplatn

through the Bendix flex pivot. A set of two flex pivots were used, one on

~ either side of the gimbal.

PR,

PO ST




£ M T kbt ok AN K

The flexpivots provided a no-power, return-tn-zero capability as well as

-precluding use of bearings.

- Torque wes supplied the assembly by"ttlsé of one Aeroflex Corp.. direct
/
drive brushless torquer TQ-10Y-35P, which was provided with a special order
low résistance winding. A photograph of the fine beam steering assembl& is
shbwn in Figure 3-27,

A summary of the characteristics of these devices ~

follows.

a. Mirror
e Flatness - /20
~ e Size - 25 mm diameter
- ' ® Angular gain - 2 rad/rad
b. Kaman Science Corp. Pickoff
o Gain 63 volts/inch (calibration curves on file)
T ‘e  Moment arm (effective 0. 65'")
c. Bendix Flexpivots
o 1/4" pivot 5008-600
e 13, 1 oz in/rad torque gradient
d. Teroflex torquer TQ-10Y-35P
® torque gradient 0. 885 oz in/amp
® resistance - 4,35Q
3

® inductance - 0,966 x 10 ~ h. -

e back EMF - 5,53 x 10> v/rad/sec. .
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e. Polar moment inertia of rotating assembly., The

rotating assembly includes

-
2
!

® mirror [

>

°® gimbal cell
[ rotor of torquer

) outer shell of flexpivot F . .
total polar moment of inertia
-5 . 2
yloop 19x10 ~ oz in sec
z loop 19x 10-5 0z in secz

Focusing Optics. - The focusing optics (Schneider, refractive) have

the following characteristics:

focal length — 135 mm (5. 31 in)

Transmission 75 percent

Image' Dissector (ID) Tracker. - The ID tracker was designed and fabri-
cated iay ITTG. It is described in detail elsewhere in this report, For
our ﬁurposas its principal functional characteristics are sufficient. The

output of the t.ra.c_ker is expressed as volts per inches of displacement of
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the focused image from the electrical center of the tracker at the photocathode.
In addition, the tracker has a nominal 1 KHz bancwidth., Summarizing:
Tracker output gradient:  25.6 volts/inch

Tracker bandwldth: 1000 Hz
.

Mode Control .' - The operating mode control is an important part of the acquisitioa

process if operation in a signal fade environment is required. The function of the
mode control subsystem is to provide switching signals to select the appropriate sensor

controlling the system operation. For exérﬁple, the mode control logic determix}es

. when the system should be in coarse or fine track, search or track, pointing ’

¢ o
P

systém angular rate limit, pointing angle hold, or fine track search raster reset,

Flgure 3-28 indicates the logic level condition for the control of the various modes
indicated and the time associated with the delay inte: “vals. The rate limit for
lnstance limits the velocity of the optical image at the image dissector detector.
This Is necessary because acguisition near the edge of the field-of-view would
cause the tracker to apply immediately a large rate command to zero the image
position to the beam steerer subsystem. Such a rate would otherwise exceed the
tracker's rate capacity. Othexz 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 the expected signal fade period,
the signal is not detected, the system reverts back to a fine acquisition search
and then into a coarse acquisition. | |

Qperationally the mode control aspects are critical, they however do not

enter 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 simplificz;tion is also accomplished in that switching is
not included. The circuit shown makes up the compensation block of ‘FigureA3—26.
The characteristics of each stage of the circuit are developed below and shown
adjacent to the appropriate part of the circuit in Figure 3-29.

Figure 3-30 is the éppropriate timing diagram for the modes.

These va"rious' modes 6f operation are necessary to allow the sub-
system to handle transient conditions associated with target lock on and loss,
and deep fades of the incoming laser signal.

When the beamsteerer sqbsyst'em is o;;;arating in its tracking mode,
the tracker error signal is supplied to the forward loop éompensation 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 (AIA)

. - Thi. is a simple feedback amplifier arrangement with

the error supplied to the inverting input. The gain of this stage is: -

error supplied to the inverting input, The gain of this stage is:

R

2nd Stage (AIB). - This is a similar configuration to 1st stage that has a

r

gain of unity.

3rd State. - This stage is merely a resistor divider that splits the signal

. . 10
in the ratio 127 = 0.0715,

4th State. - Stage 4 represents the first stage with frequency dependent

terms that help shape the response of the subsystem. The transfer

Z.
« function for this stage is found in the usual manner: i.e. Zt'
; ' in”
564 (is x 10735 + 1)
GH = 2.25 + 1 volts/volt
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5th Stage. - This circuit is the summing impedance which interfaces

| 7

with the sum:ning impedance trom the Feedback Path Compensation
circuits. The circuit impedance will be necessary when the summa-

tion is made, It is therefore shown below

_ 10x10°(0. 1x10”3541)

1. 1x10" 3541 s,

Clearly this circuit provides additional frequency dep‘endency

and hence contributes to the compensation.

K

Feedback Path Compénsation. - 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 feedback path compensation.

This will be handled as the forward path was.

Ist Stage (A3A). - This stage acts as an amplifier for the signal 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

369 | e
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also that while the transfer function developed has a frequency
dependent term, its influence is not felt in the region of interest to the
B/S subsystem. A simple gain is used when applying this stage to

latter uses. The transfer function is:

.16x10'9s+1

e

Z, +2Z,
KG = fb M. [ 1 ]volts/volt
2 5

¥

an'Stage. - This stage provides a portion of the feedback path com-

pensation by virtue of its input resistor /capacitor combination that

is effective in the B/S frequency range. Its transfer functions:

3 volt sec

S+1) (0. 03x10 s+1) Vol

0. 82x10°

KG = =
(5. 58x10

3rd Stage. - The 3rd stage of the feedback compensation is the summing

impedancé that interfaces with the forward path, Its electrical

characteristics are identical viz:

3 -3
7 = 10x107(0. 1x10 "S+1) volts Jvolt

1.1x10'3s+1

Summing Amplifier. - 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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@ ' ) ' Figure 3-32. Model of Sv:.lmming Amplifier
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e and e represent the conditioned signals from the
po

tracker and the pickoff. ZA is the summing impedances previously

derived. Using current summing at N’q,d‘e 0: Iey' + Ip.o' + Ifb =0.
- '

e' e ' e .
—1-+-2E’+-Zg-=o
Zp %A Zm

N

"fb . h
Ivi =t e | € e
giving. eo [y + o ] .

On this basis then we obtain:

Zy  0.51 (1. 1x107S+1) ,

Zpy - 0.1x107 3841

In this case the high frequéncy influence of the 520 pf capaci-
tor has already been removed from the expression.

_ Beam Steerer Torquer Drive Amplifier. - The Torque Systems Inc. PA201

is us;ed for torquer drive purposes. This amplifier has a bridge output
éonfigura.tion, and, as a result, even with the signal being delivered to the
apparently non- invertihg input, the gain for the device in the voltage mode

is: ‘
R 47.5K

K =Rin sl el 10 volts/volt

The Y and Z axis drive amplifier balance adjustménts and angle
kickoff output centering and gain controller are located on the underside of
the AOCP and shown in detail in Figure 3-33. This completes the subsirstem

description necessary before discussing the performance analysis.
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° Performance Anaivsis
All of the mforma.tmn (except for high frequency terms)

developed above is show;x in the block dxagram of Figure 3-34, In additicn

the figure is laid outina fashion to facilitate. afnalys‘is,‘ i’e., eachblock has the

transfer characteristic.a.s sociated with it, Our analysis will start

with the inner most loop - the gunba.l and flex p1vot loop - and con-

tinue expandmg until ar; expression for the complete system is

developed. Since earlier analyses have dealt with the relation ‘)
' Oe/Gi, we shall continue that approach, This means that the effect

of the collecting telescope never enters the analysis.,

N

1. Flex Pivot/Gimbal Cell Loop

-

Using the notation shown in Figure 3-34 we have

0o 0. 043

—_— ‘rad/oz in
T 7.25x10 6SZ-H.

As expected this is a margmally unstable loop because

of the undamped nature of the mass/sprmgs of the flex plvot/

gimbal cell,

2. Torguer/Gimbal Cell Back EMF Loop

“ e

Not a s1gn1t’1cant amount of damping is provided by the
back EMF of the torquer, but this loop is included since earlier

analysis considered it.
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% 0. 00883 rad/volt

L VT 1.61x10-9S3 + 7.2x10 682 + 0. 271x10 3S+1

when the denominator of this expression is investigated for roots, the

following is obtained:

(S'= 45x10)(S +7S+13x10)

5

The very small coefficient of the S term in the quadratics indicates that ‘

dampmg, although small, is afforded by the back EMF of the torquer.

'3. Gimbal Angle Pickoff/Compensation/Torque Drive Amplifier Loop

The characteristic squation-of the B/S subsystém becomes

more involved as more and more of the mechanism is encompassed

by the expression. Applying the proper rule of combination we have:

9% ___0.0883 (0. 1x10 3s+1)(o 03x10 3s+1)rad/vou

Vp. 4,85x10 885+0 232x10 1254+2 56x10 9S3+15 7x10 6S +0,410x10 3S+l

We note at this point that the DC gain is precisely 10 times that of

the previous loop., This is due to two factors: I) The torque drive

amplifier has a gain of 10, and 2) the DC gain of the feedback path ';

~ is zero as a result of the free S in the numsarator of the compensation
L = that cornes from the series capacitor in the feedback path, Clearly

@ then the feedback loop of concern at this point of the analysis is
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etfiective only so long as dynamics are in existance, i.e., when 0 is

not constant. Ccnsidering the very undamped nature of the gimbal/

]

. flexpivot situation, the kind of feedback ';;.rovided is quite to the
4

point; having its greatest effect in dynamic conditions.

4, Total Open Loop Expression GB/G‘e

At this point we're ready to look at the complete beam-steerer

subsystem. First the total open loop expression for GB/ee will be

written in the form of the previous relations to expose the D. C.

gain of the open loop expression. Following this, the expression

will be converted to the form used in Root Locus (R/L) work and

the analyses carried on from that point. The significant steps in

the following will be

(1
(2)

(3)

.4

(5)

Obtaining the total open loop exi:ression.

L]

Conversion of expression to R/L form.
Simplifying the expression on the basis of the pole
and zeros in the open loop.

Drawing a R/L, locating the pole locations at the point

called for by the existing loop gain values.

Us:’ng‘t};e pole locations from the R/L, develop the
closed loop expression for the ratio E)elf)i and plot

the poles and zeros of this relationship. -
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n“4w°f

(6) Perform a frequency response of the ee/ei and compare

it with the measurements taken on the system.

.J.
’
4
14

’

°s _ 7907(15x10‘3s+1x1.1x10‘3s+1xo.1x10‘3s+1xo.03x10'3s+1)rad/ra&’*

0, (0.159x10'3s+1x2.zs+1xo.1x10'3s+1x4.85x10'1855

_+o.23zx10712541

9s3

+15,7x107%6% -
-3
+0, 410x10°°S+1)
From this we see: 1) that the D. C. gain of the open loop is
7907 radians/radian, ané 2) a pole and zero at § = -lelO3 rad/sec

exists and hence cancel each other,

Continuing; the expression is now converted to R/L format.

2.32x1012(S+33.3xlO3NS+66.6HS+910)
3.,.5 3 4 6.3 9.2
(S+0.455)(S+6. 4x107)(S”"+47. 8x10°S +528x10°S~+3234x10°S° +...

+1658x10128-%-.?.(':63-:1015 )

Synthetic division is used to factor the 5th order term, giving:

95 2.32><1012(s-+33.3:<103)(s+-66.6)(54-910)

®%  (5+0.455)(S+6.4x 103)(S+202)({S+ 348)(S+ 35. 5x 103)

(s+i9x103+7x10%(s+&9x103-J7x10%
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- Note ihat two inore si_mpliﬁcations. are in order at fhié point: 1) Thé‘

' pcle at S = '-35. 5}:103 rad/sec is very close to the zero at S = -33.3x

. i03; we shall consi‘der thesé as cancel}h;g ea:ch other; 2) threé poles
are so far out from the area of interest that théir deletion would make =%,
but small change in the c‘on‘.tinuing ana.lysi.s. Figure 3-35 sl}éys the root
'l'oca.tions for total eB(ee. ' Since our concern focuses in the region of

0 -'3000 radians per second, a‘gooc.l‘ re";')r":esentationbf lthe system

can be achieved by eliminating the complex poles at S = -5, 9x103 £ g

_,7x103‘ radians per sec, and the real pole at.S = 6.4tx103 radians/sec, jx '

To properly eliminate these poles the ''gain'' value must also be

modified, Carrying out the proper operations results in: _ "3

Oy 4090(S + 910) (S + 66.6)

8, (S =0.455)(S + 202) (S + 348)

N
D’

This set of poles and-zeros is shown in Figure 3-36 alongA with
the locus of the pblés of the closed loop expression for ee/e.1 as the
open loop gain goes from 0 — 4090. ‘.Thle 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 . -
Oe _ 1 .1
0. 0o N°°
t 1+ -6?- 1+ 5
e
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Oe - D
.e-i- ~ poles location from Root Locus

. l.
s

| _ (S+0,455)(S+202)(S+348) N
S T (S+66. 6)(S+1020)(S+3540) N At

for which the DC value is 70==, close to the rec).procal of the DC gain

7887
of 7907 developed earlier, C

-

The pole/zero configuration of ee/ei is shown in Figure 3-37.
From 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 dgta and analysis ‘
of the Y loop agree quite well to the vicinity of 100 radian/sec. The
results diverge 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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3.3.4 Scintillation Monitor. - The §cinti11ation monitor subsystem was
added to the receiver later in the p‘;*‘ogram and as a result of a PI meetipg
held at NASA/MSFC. Thé purpose of the scintiliation monitor is tb‘
rjneasure atmospherically induced intensity fades in the received signal.

A functional block-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 trac'ki‘ng‘ and communica-
tions channel by the beam splitter shown in Figurer 3-8, The lens
that follows the beam splitter images the entrance pupil of the AOCP
afocal telescope onto an aperture stop and also serves as a field lens
to converge the received radiation onto the scintillation monitor photo-
multiplier detector. The field of view of the scintillation monitor
defector is approximately 0, 6 degree diameter which assures that

there is no vignetting edge modulation induced by the beam steerer
pointing noise.

The radiation detected by the scintillation monitor photo-

niult;iplier is modulated by a 10 MHz (approximately) subcarrier.

‘This subcarrier is amplitude modulated by variations in atmospheric

transmission of the uplink path. The output of the photomultiplier
passes through a matching network (bandpass filter) toa 10 MHz

AGC controlled amplifier. The amplifier output is rectifjed,
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fﬂltered to 10 MHz, and utilized as the AGC control for the amplifier.
A dc control voltage varying from +0‘_, 5 to +4. 5 volts supplie.s 80 db
of control range to the amplifier, ‘I"he circuit sensitivity is Athere-
fére 10 db/0.5 volt"‘, linear in db/volt thro‘ughout éhe range, Since -
tl"le AGC control loop bandwidth is 10 KHz, the; AQC voltage is a

direct logarithmic'indication of the uplink optical scintillation,

A linear amplifier coupled out of the matching network also_
operates in tie 10 MHz range, A manual gain cc;ntrol allows selection "
of a portion of the log amplifier range ax:d will be especially useful
ft;r selecting high level signals that are compres.sed in the logarithmic
output. A detector, filter, and amplifier after the linear amplifier
pérmits utilization of the maximum dynamic range for a 10 KHz

scintillation monitor bandwidth,

A third output is derived directly from the photomultiplier
detector and is linear with received optical power over a baseband

range (dc coupled) to 5 KHz.

Three calibratable signal outputs are provided in the scin-

tillation monitor as follows;

1. A signal linearily propo;-tional to the' total power

incident on the detector at baveband (0 to 5 KHz).
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2. A signal linearily proportional to the fluctuations in

power of the 10, 7 MHz subcarrier modulated onto the

¢
A

v

. ’
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 techniques data are given in the calibration

and test section of this report,
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3.4 Transmitter Subsystem

The transmltter subsystem consis{s of the hehum-neon laser,

optxcal modu lator, modulator drwer, optical compensator and polarxze

beam divergence control telescope, and laser power monitor,

The laser, modulator, gnd modulator dz:iver are housed 1n a
hermetically sealed compartmenf under ong atmosphere of dry nitro-
gen. The construction of the laser compartment is illustrated in
Figure3-40. ""he laséf, folding mirrors, and optical modulator are
mounted on a 0. 5 inch thick aluminum plate hermetically sealed to
the AOCP main frame, This mounting plate is pressure released to
avoid flexing in reduced pressure en:v/ironm‘ents. The c;m.pa.rtment

pressure seal is formed by a thin steel plate recessed into the AOCP

-main frame with hérmetic feedthroughs for electrical power and

modulator dr.ver signals.

The source of optical radiation is a CW helium-neon laéer,

’ operating in a single mode (TEMoé) at.0. 6328 micrometer wavelength

with an output power of approximately 5 mw., The laser beam is
directed through the opt1cal modulator by finely a.d_)ustable foldmg
mirrors providing both lateral and angular pos1txon1ng of the beam in

the modulator— apertﬁr e.

Further description of this laser has been provided in the

- O&M manual and will not be repeated in this report. It has been
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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 failel‘d 'to sturt. The specific problem
identified with this characteristic was low voltage f;'om the 110V power -
system on the £/C.

The tra.nsmi'tter path can be traced by referring to the Figure 3-41,
Beginning with -the. laser; the 0, 63285>mAi;:r'om,;ter' lasel; Eéam is foleded
twice and directed through the electro-optical modulator and out of the Iaserv
compartment through the cover seal window. From the window, the polariza:—k
tion modulated beam is passed through a variable phase retardation plate
(Soleil-Bobinet compensator), a polarizer and reflected from a folding mir;or
and directed into the lower level. Referring again to Figure 3-41, the
transmitter éath eﬁters the lower le';rel and is directed past a cut-off shutter
and through the beam divergence control telescope.

The transmitter beam emerges from the divergence control telescope
and impinges onto a beam samphng splitter which reflects less than 1 percent
of the power in the transmitted beam onto a power and modulation monitor
photomultiplier detector. The primary beam passes through the beam
saxnplmg splitter and is reflected from a path fold1;1g mirror onto the dichroic
beam combiner where the transmitted and received optical paths combme.

The transmitter and receiver paths are made parallel, i,e., boresighted
mechanically at the beam combiner and exits through the same path followecx

by the received beam, but offset to avoid the central obscuratmn of the

cassegranian telescope. '

&~
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When an electric field is applied to materials of this type, the

crystal's symmetry changes to bi-axial, making the crystal

K
'

birefringent. ’ o/

In cry"sta.ls of low symmetry, sucﬁ é.s KDP, the optical
dielectric property (or fefractive_ index) of the crystal varies with
.the magnitude and direction of an applied electric field, For the
case of the electric field applied along the crystal's optic axis, and
for light prop:z.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

' 1 3
B,Th T U TMpTe Mg Te3 g
where
' no = ordinary refractive index
n, = extraordinary refractive index
Teg = electro-optic coefficient in cm/volt
Ez = magnitude of the electric field applied in the z direction.

The signs.depend upon the sign of the applied electric field. For a crystal of
length L, a phase shift is induced bctween.the. two princfpai waves 5:1 ‘propagation
through the crystal,-which is ‘relatcd to the magnitude of the applied electric Ifie d. -
The time, t, that light takes to traverse the crystal in the y direction, depends upnn

the presence or absence of the electric f ield, as well as the plane of polarization,

-
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Transverse Field Electre-Optic Effect

Figure 3-42,
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The times of traversal of the two orthogonal polarizations directed along z and x,

respectively, are given by the following equaticns:

Ln’ Ln
, 2 r) v , e
and : .
. Ln Ln
t = x - x . *
X ‘e 72

where c is the speed of light in vacuum. The difference in the traversal time, 2t,

s

between the two waves at the crystal's output is

R ]
. .
I

- - L '

The phase difference, T, is related to the differential time by '

r 2'1'1/ it

2mvl,
e @, -n)

2;1' (nz - nx) radians,

Substituting equation (2-1) into equation (2-7) gives

27 L ) 7L, 3 '
y @ mg t (g Tgg B
The first term in the transverse fie'd equation represents the natural birefringence.
and the sccond term indicates ths field dependent retardation. One of the more
difficult problems with the transverse field modulator, arises from the field
independent term because of its sensitivity to environmental changes. It is

possible to construct a modulator which is thermally compensated by cancelling

o
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the natural birefringence terms. This is accomplished by arranging

the electro-optic crystals in suitably orie;nted pairs. .

v""
J

| ’Th‘e polarization state at the modulator's optput is, in genera.:l,

élliptica];,‘ with an ellipticity which depends upon the relative phase
difference, I', between the two normal field components. ‘By applying

. the correct electrical field magnitude, the output can be made either

_ néht or left circularly polarized. This occurs for an mduced phase
chfference of + /2 radians respectively. Thé voltage required to
change the output pola.nza.tmn from one orthogtma.l 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 éower in the transmitted beam,
it be.comes 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, having axes denoted Sl and Fl’ and produces a phase differ-

‘ence, I‘l, between polarization components directed in the S1 and
F1 axes, of amount
c - ﬂno r 63 L i .
1 A z'
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POLARIZATION MODULATION SYSTEM
 TRANSFER CHARACTERISTICS

4
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A

g

Figure 3-43. Optical Component Train in Polarization Modulation Mode
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and F_ rotated

Element number two is a phase plate having axes S2 2

énd

through an angle ¢ with respect to the reference direction Fl

which produces a phase retardation Fz‘ ‘between components along S2
and FZ' The Saleil-Babinet compensator is a preci'sely variable
phase retardation plé.te which permits a continuous adjustment of T

2

over several optical wavelengths, Element number three is thé
polariza.tionbprism which spatially separates the polarization compo-
nénﬁs having directions along Q and P. The pslarization prism has its
P axis rotated through an cngle p with respect to the reference direc-
tion Fl' | It can be shown by simple analysis that the transfer charac-
teristics of this series of elements are given by equations in Fig-

ure 3-44, where EP and EQ denote thé ‘electric field amplitudes of
the two spatially separated beams. - Either the EP or the EQ field can

.be, selected in an OOK communications system as gmployed in the-é,
ACCP. The trigonometric re;)resentation is‘ ﬁsed, rather than the
Jones calculus in this analysis because it readlly displays the cyclic
nafure of the component's ofientation. A lcomputer program has been
written which gives the ratio of the autput beam intensity to that at

the input to the optical modulator with: optical bias and component

tolerances and orientations as parameters.

- Figure 3-45 shows the transfer characteristics of the

train of components illustrated in Figure 3-43 for 4 of 0 and B of q/4

radians. The optimum operating point can be seen to occur ata
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[sw tot) 5w 6 sm 5 cos2 9-3 swo coseswzp)
+SIN (U£+13) (0056 COS 8 SIN? - 4 COS 6 SINZ SIN 24)
+SIN (VL+[3) (SIN @ SINB SIN*G +4 SING oS 2 siN2d)

+SIN (UL +[7+13)(COS 6 COS B COS> J+ 4008 & S A 3///z¢)]

£o=Es

6906=200

[SiN (w)(sin 6 cos 2 cos?g+ Lsine s Sinz4 )
-SIN(VL+17)(C0S G SINS SINP + /‘ 20086-C0S B SINZ ¢)
+SIN(DE+) (SING COS & SIN?f -Lsive sine sinz )
=SIN(VE+[;+[)(C0S 6 SINE CoS2@-4 cos 6 cosgs//vzcé):l

Figure 3-44. Polarization Modulation Transfer Equations
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modulator bias point of I

1= 0 radian. It can be seen by inspection

of equations of Figure 3-44 that the E_ and E_ amplitudes vary in .

0

P

quadrature with I‘l 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_rriplitudes‘.

The respective output photocurrents I, and I  are given by

P Q

2 .1
o=(1 -
IPaEP > (1 - cos I‘l)

2 1
IQaEQ 02(1+cos 1"1)

for

F, = n/2 radian

2
=0
B = n/4 radian.

A modulation depth parameter, M, can be defined as

1 r-1
M = peak 0 .
T
0

for each channel, where Ipeak is the peak intensity of the beam, and I0

is the average beam intensity for I‘l = 0 for the operating point shown

3-101
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0 ‘ in Flgure 3- 45 Note that, for this condition, the transfer charac-

e e+ & o e g —

teristics are symmetrical for the two outputs and the modulation

&

it e b IS it a1 v o i caes 5 e s

. depths in the two channels are equal. Flgure 3-46 shows a plot of modu-
3 .

lation index M for the optimum operating point, and 1nd1ca.tes the

o

nonlinear nature of the transfer characterist:‘cs of the system with

respect to phase retardation 1'.‘1 and the applied modulation voltage.

. I @
Another useful parameter for describing modulation in the i

.dynamic extinction ratio, i.e., the ratio of the ehergy in off state to

. that of the on-state. Figure 3-47 illustrates the modulated waveform

and gives the dynamic extinction ratio for various modulation waveform

use and fall times. ) :

: Il
Modulator Design ~ 1

Modulator Design. - The optical modulator is shown in Figure 3-48, with 'f
the crystals exposed. The modulator consists of four, 90 percent O

deuterated KDP crystals having dimensions 3.5 mm x 3.5 mm x o ‘ f

50. 8 mm. The cryémls are arranged in pairs to cancel the natural z
‘ o
birefringent terms. Two crystal orientations are employed in this it
construction as illustrated in Figure 3-49 (a} and (b), with the elec~
tric field applied along the crystallogruphic (001) axis in both ' 04‘,
&
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Figure 3-49. Crystal Orientation
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orientations. Figure 3-50 shows the arrargement of the crystal pairs

<

in the modulator. The cr'ystals are alternately rotated 90° and the

B

driving voltage polarity at each crystal is selected so that the elec-

trically induced birefringence terms are additive, and the field

_independent terms cancel.

(Dow Corning 550 Fluid) which provides both improved thermal sta- .

" bility and a gcod optical interface index matching.

The modul'a.tor is filled with a lightweight, silicone oil

- -
et .
T

-
e e %

The longitudinal half-wave voltage (i.e., voltage required to produce a

# radian phase difference between two orthogonal polarizations propagating along fhe

a :

_optical axis) has been measured for the deuterated KDP to be F

VX (ongitudinal) = 3.2 Kv.

The correspond.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:

o - " i
d ;
VA (transverse) = '28-" VA (longitudinal) ,
2 T 3 .
d = crystal dimension in direction of electric field -
= 3.5mm

= total crystal length

= +
SI+S2 83+S

= 203.2 mm.

4
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The computed V. | for the transverse mode is

P
2 3 (2x3.5 mm
Vl (transverse) = 3 2 x 107 volts { 203.2 mm )
2 4
, 5 /

110.2 volts. . PR

The meosured transverse mode half-wave voltage is within 2 percent

of the calculated value.

The modulator appears electrically as a parallel‘ plate capacitor of square

cross section with & capacitance given by w
C = K € ST ,
where '
ST = total modulator crystal length :
K = dielectric constant
= 50.
‘0 = free space permittivity ' .
= 8.854 x 10”22 farad/meter.

The computed modulator capacitance is

C

50(8.854 x 1012 farad/meter) (0.2023 meter)

82.95 x 10712 farad.

The measured capacitance is approximately 100 picoiarad.

The difficulty with a modulator of this type arises from its relatively high

capacitance and the concomitant problem of constructing a driver capable of providing

3-109 | ’
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the required charging currents for fast rise time pilse operation. It can be shown

that ihe capacitance, C, of the modulator is related to the half-wave voltage, V) , by

. " ‘E
=) 2y
v& = n 3 r ¢ C L
2 0 63
where
€' = permittivity' of the electro-optic material
= 442.7 coul /nt-m2 ‘
n, = ordinary index of 1efract10n
Tez = electro-optic coefficient )
). = laser wavelength ,' E

a = laser beam cross section diameter. : :

This equation shows simply that, for a given médulator, the half-wave

- voltage can be reduced only at the expense of increased modulatox‘ capacitance.

Tﬁe modulator/driver problem becomes one of effecting a suitable voltage/current
compromise for a desired performance which is compatible with available electio nic
components and to devise a driver circuit which is conservative of driver power.

The present system has a modulator crystal length of 20 cm 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

v 0 W garag .1 x10% volts)
i = CE' =

10 sec  ~

1.21 amperes.

This voltage/curreat requirement exceeds the rating of existing semiconductor
components capable of the fast switching speeds; consequently, some compromise
must be made. The present modulator/driver is capable of providing 50 v with .

the required rise time for a mocduliation depth of 63 percent.

3.110
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The input power required of the modulator driver is given

by:

"”l. '
P -1 (:‘:VZ (N) watts

max 2 A :

2
where
C = modulator capacitance = 170 pf.
VT/Z = modulator half-wave voltage = 55 volts (or voltage
applied to modulator)
N = number of »signal transitions per second

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,

14

Modulator Driver

e The modulator driver performs the function of interfacing

the A/D converter with the optical modulator. The driver accepts a

- b

nominal 0 and 1 volt digital sig;zal from a 75 ohm source and provides
a 0 and 50 volt output at the necessary impedance match to drive the
optical modulator. The driver employs an all solid state design and
consists of three pulse amplifiers, two emitter 'fbllowers'., and 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 received at the base of Q1. With a 1.0 volt input,

(he transistor is just turned on and yields little gain so the 6.8 K resistor was

added in the base circuit to prebias the base, thereby allowihg the input pulse to draw
ihis transistor into full conduction. The second transistor is an emitter-follower
which acts as a buffer for the f1rst amplifier. The following amplifiers, Q3 and
Q4 sharpen the pulse rise txme ‘and develop the power necessary to drive the output
stage. The emitter -follower Qo matches the pulse drwe to the input of the final

; stage which is a PT 2600 high frequency power transistor. Since this device 1s
capable of operatmg with amps oF collector current, it requires a good buse dmve
| to ‘deliver output power. To be an effective driver, the unit must operate at a

30 megabit rate which requires handling pulses of 33 nsec duration. The driver

mﬁSt deliver these high voltage pulses to a capacmve load of approximately 100 pf

(the crystal modulator). The capacitive load tends to store a charge. Unlike a
resistive load, it musthe caused to discharge rapidly eno{xgh to reproduce the

input pulse with reasonable accuracy. Dlscharomcr the load is relatively easy

as Q6 is caused to conduct by a positive pulse on its base, it forms a very low resistance
path to ground, rapidly discharging the load capac itor (the discharge time heing

12-14 nsec) .

1£ the required charge path for the capacitor was thr ough the 5 watt load

r‘esistors which total 140 ohms it would take, considering 5 time constants for full
charge, 70 nsec to charge the capacitor. Therefore, a different charge path is
requxred At the end oi the input pulse, ‘the negative g6ing edge is,'coupled capacitively
to Q7 causing Q7 to draw current during the negative transition and thereby charging
;he load capacitance in 18 nsec through the low esxstame path of the emitter to
(:ollector of Q7. The input to Q7 is delayed a few nsec to allow Q6 to begin turnmg

'off . If Q6 were not tulnmg off, it would supply a low rembtance short through its
collector to emitter ]unctxon which would draw a destructive current thlounh Q7.

Q7 is a relatively low current transistor compared to Q6. The unique push-pull
method described above is made necessary by the lack of high power, high

frequency PNP transistors on the market. The PT 2600 is.a 5 watt a‘mphfxer
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which has usceable gain at 250 mc; no PNP complement could be found
for this device. The PNP tran51stor, 2N2905, which is used dissi-

pates less than 1.0 wa.tt, but has the neces sary frequency response

for this circuit. In addition to the power and £requency requirements, - :

the transistors must be capable of ha.ndhng high collector-to-base.
voltages, the requirement here Being a minimum of 50 volts. This
nﬁa.de‘PNP‘ tljaneistors' even more :sce.ll'eé fe'r this api)lieation.

The modulator driver has been operated into dummy loads
of up to 200 pf capacitanée 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 psec pulse width and 15 MHz to 4 KHz pulse

repetition.rate.

-Figure 3-53 shows a comparison of the signal waveform at

the driver ingut to that at the output of a PMT detector. The sighal

waveform is derived from the 31 bit pseudorandom generator in the

’ RER. :

The longest pulses anticipateci in the nonreturn-to-zero
system is 667 nsec. No pulse stretching shoruld'occ(n'v for 'a“pulse of
this duration, However, transistors which have been s'a.‘turated' for
a considerable length of time tend to remain in a conduction state
due to (;he base sto’rage cha_rge. The driver will operate better with

digitized TV pictures of lower contract, i.e., no rapid transitions
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frj;om black to white, where there is the opportunity to generate long
pulses. This is not to con;:lude that it will not operaté with high

contrast, but the error rate measurf:d"is higher, althcugh piétur'e

q\EJ.ality appears good, For example, when the v"‘lc‘ii'c:r,;-v~ beam is tuQned .
d§wn so there is no picture, the A/D converter transmits a 1:2 on-off
ré.tio of 33 nsec pulse‘:‘::s at a 100 nsec repetition rate, The measured

error rate for this condition is much lower than for a high contrast

picture.

The construction and operation of the driver is relatively
simpie, | in that there are no variable components and, therefor;a, no
need for tuning or adjusting to become operational. The.unit is
reliable, even when handling high power, fast risé time pulse informa-
ﬁion;,no failures have been recorded throughout laboratory or field

testi- g,

3,4.3 Laser Power Monitor. - The function of the laser power monitor is to
measure the average modulated laser power and to monitor the noise on the
output laser beam within a 5 kHz bandwidth. The noise measurement is

made 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 filters

- are logcated in the power monitor path to reduce the laser power and

10

background powef on the detector to an acceptable level (~107 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 beam divergence control, i.e.,

without 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 (?;. 81 cm) output beam diameter to approximately 0.5 rﬁra.d.
The calibration data for this ciev-ice is pr‘esented in a later section.
This beam decollimation is achieved W%thout loss due to vignétting
and without substantial output beam diameter change in the design.

selected,

The beam divergence subsystem comprises a moveable

paritive focal length lens, L., and a fixed positive focal length relay

1

lens, L Lens, L, provides a twofold function, 1) it produces a

2* 1

point image of the laser input beam which is moveable relative
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to lens ]_,2 and 2) it permits a selection of the-appropriate telescope

power to control the exit beam diameter to ensure proper location and

_size of the transmitted beam in the primary optical system exit pupil.
B ‘ /

Figure 3-55 shows the optical schematic for the beam divergence

| telescope; The basic equation describing the beam divergence sub-

system operation are as follows:

v(a-fz)

Mi f

tan% =
172

or for small angles ' ' .

2y(a-£,)

~
-

) 0= ——%
| . ME £,

where 8 = beamwidth in object space from the system primary

. ' afocal telescope

y = radius of beam at input of beam divergence telescope

-

{at Ll)

a = distance between lens LZ and point image formed by

Ly

f. = focal length of lens I..1

f, = focal length of lens L

2 2 .
M = Magnification of primary afocal telescope *
3-120
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Figure 3-55, Beam Divergence Telescope Optical
Schematic
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Figure 3-56‘ sho'vs the mechanism that controls the beam
divergence. The actuator is a six posit‘ioﬁ stepper motor controlled |
by an eiectronic lbgic circuit, Lens L; is mounted in a honed piston/
cylinder for precise axial motion, The spring loade>d piston assem-
bly is driven by a precisiox:x cam and follower. The cam shape and
position on the steppex" motor shaft determines the rdange of the beam

divergence adjustment. Calibration of the beam divergence control

is' described in the test and calibration section of this report.
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3.5 TV Acquisition Aid

The TV coarse acquisition aid was adapted f:rom an ITT Electro-Optical

Sensor designed specifically for the Shori Range‘Missilé (SRM)

application. Some of the outstanding features of 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 inches of
space excluding power sources, converters and regulators, S
Acquisition times are between 10 to 150 millisecond after a target has been
detected. The initiai error outputs are available within 10 msec; however depending
on line of sight rates, target contrast and background clutter; the peak detector
requires one or more video fields to complete target selection.
Tracking rates are a function of gate size, target range and contra'st. _
Continuous tracking is maintained if contras't smear dx-xe to relative motion
be‘.zween target and senzor does not lower the video level below system threshold;
the target does not move out of the gated (window) area in a 10 msec field period; and the
target videq is found above threshold an a minimum of ow video lines in the fi eld of
view. Line of sighi rates on targeis of 100% contrast that fill 10% of the field of view
are in excess of 50 degrees per second if no pointing error corrcctions are made.
The azimuth and elevaiion error outputs are porportional to the position of the
center of the target in the fie)d of view accurate to within 5% over the entire ficld and
less than + 1% over the inner 40% of the field of view, |
Adnptivevgsttes wnich are a function of target size and shape help reduce huciiground .
clutter in the field of view by eliminating all video from the a.rc;a outside of the tracking
gates froim the signal vrocessing., The gates may Le set at any ratio pro;:ortibnal 10
target width and height and in this tracker have been sct to twice the target size 50

that the gates are 1/2 target dimension heyond each edge cf the tarp.ot.
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maen

n Ll . .

3

S ——



v
¥
H

R

The error outputs {azimuth and elevaticn) are accumulated at the camera field
mte whi_'c.‘x is 60 fields per second.  Since no smoothing is supplied in the sensor the
dﬁtn ra'z, 60 :amples per second, is equal to the camera field rate and twice the

frame rate (30 fraries per second).
The 5 x5° F 0. V. (field of view), minimum target size (9 feet) at 3 n. mi,

‘(nautical miles), a:quisition times of less than 200 msec and tracking rates of 30 degrees

per second were considered in arriving at the frams rate and number of television o
lines per field, These considerations include the minimum, number of lines to achieve
the required resolution, the MTF (modulation transfer function) of a 1/2" vidicon and

the ease of converting standard telc\ ision sweep and mterlace circuits. At a range

| of 18,000 feet the 87 25 x 87.25 milliradian FOV is 1572 ft . A9 ft2 target subtends

9/1572 1/175 of the FOV. To obtain one bit of video information the target must
subtend at least a portion of the width of a scanned ine, preferably a complete line, .
each time the FOV is scanned, If a 50 frame/second rate with interlace is used the
number of ficlds scanned is 100 per second and it is necessary to subtend a portion of *
the target on one line in each field to obtain X-Y infoermation at a 100 sample/second
rate. 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. Since 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 cameca is defined here as the vidicon und all peripheral components which
cause it to operate in such a manner so as: to produce usable electrical signals which are
sf.:atially referenced to the scene in time. It should be noted here that a standard 1-inch
vidicon camera having conventional raster scans and frame rates has been substituted for
the SRM camera for the AOCP application. The tracker consists of all circuits which are
requu'ed to suppress clutter and convert the target signature into error voltages which may i
bﬂ used by the missile guidance system to ultimately d1rect the missile to the target In |
addmon, 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 diayrams for the camera and tracker electronics are given in Figure 3.57

-

and 3-48,
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.se?nsor, a signal will be traced through ;he sigral processor and position

facilitate ease of drawing waveforms and explanation we will use the simple

It should be kept in mind that all of the operating principles described are :,

=T

Tracker Operation

To promote a better understanding of the TV acquisition aid

‘detector to show how error signals are derived from target information = ¥~ q.

imaged on the vidicon. It is assumed that the reader understands the : 1‘
operation of a television camera and it will only be necessary here to
establish a relationship between the target spatial position, time estahlished

by the sensor clock and the error voltage derived from these two. To - _' : v

target of Figure 3-59(A) with only 21 lines of video. This particular
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.

applicable to the actual SRM sensor shown in the Camera and Tracke;r
Block Diagrkams., (Figures 3-57 and 3-58.)

The vidicon target is scanneild by an electron beam which is deflected a
by the vertical and horizontal ramp funétions as shown in A of Figure 3-59.
For each elemental posiktion on the vidicon target there is a time and
voltage relationship with the system clock ‘and the ramp fu.ncti‘ons generated
by fixis clock, (see Figure 3-59). Therefore, if the signal processor and
position detector abtain th~eir re‘ference from the same source as ‘the vidicon
we can obtain a set of error voltages which indicate the .'sp'atial position

of the target center if it is anywhere within the field of view.

' ]
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" the béckground level which is due to the average scene brightness, the .

As the field of view is scanned line by line raw video is sequentially

rhade available to the signal detector. The waveforms for video lines 9

: through 15 are shown in B of Figure 3- 59 “The raw video has c'ertain

inherent information which is utilized in the signal processor. There is

target and clutter may be lighter or darker than tﬁe background and portionsv
éf the scene may have r’nore contrast than others whi;:h results in higher

peak levels in the video. The raw video is first amplified in an operational
amplifier. The amplified ouﬁput is integra.tedvta achieve a d.c. voltage '

proportional to the average scene brightness.. This integrator input is

opened by an analog switch during blanking time to eliminate 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
negati\f;e with respect': to ground depending on whe‘t,her it is brighter or
darker than the background. In addition, the d.c. genéfateél from the
background is added as a portion of the threshold voltage which will
ultn"nately determine if v1deo is target or clutter. A portxon of the back-
ground rgferenced operational a.rnplifiér output is further amplifiec‘ll in a
differential amplifier. This integrated amplifier has a gate cén’crolled
in;imt which is used to disable the amplifier during. callnera blanking.

Both vi;ieo polarities from the differential outputs are peak detected and

the peak amplitude voltage is held in a ;nemory circuit, The peak

e
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detector is active at all times in the absence of video input. After video

information is {irst detected a timing cir:cuit is energized whicl ‘.olds the
iaeak detector circuit at full gain for ap';:roximately 15 fields. During this
period the field of view is tested by the peak detector for the hig};est contrast.
. After this selection is made and the gates are set around the detected |

contrast area the timing circuit reduces the peak detector gain to allow

lower threshold control and consequently trackmg of the entire target
rather than the highest 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 duall compax:ator. The backgrdﬁnd
referenced video which contains positive and negative outputs is c0'mpa;red to positive
- and negative threshoid levels derived from the background level and peak detector.
Tﬁe 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

logxc level output (B of Figure 3-59). The comparator has a strobing input also used

to 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

loglé level pulses vhich are proportional in width to the video which is above

’ threshold.
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3,6 Down Link Communications Equipment

" 8,6.1 Information (‘oding. - The video A/D converter uses a form of the delta modu-

lation process whict. transmits, one bit at a time, the changes in the video analag sig‘nal.i
. ' ¢ .

: The changes in the analog input signal are determined by con{paring the input level with

the level of a previously sampled portion of the input by means of a digital feedback
lbop. The difference between the levels of‘the reconstructed analog and the input
video appears as an error signal from thercomparator whic}{ feeds a binary decision
éircuit. Ina con\rehtional linear ‘mtegratioh deitzi codér, ‘positive or negative pulses
are generated at the clock rate, depending upon whether or not the reconstructed o

output is greater or less than the input analog. The pulses generated are either

faosltive or regative at each clock period, and their amplitudes are constant regardless

of the magnitude of the error. The analog signal is reconstructed from the pulse
train by an integrator whose output decreases or increases a fixed amount, depending -

upon the polarity of the pulse and its input. The feedback from the i'ntegre.tor to kthe

comparator is degenerative, so that the reconstructed signal approaches the input

signal, as shown 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 A/D conversion employed in this equipment is a slight modification
of the conventional process in that a pulse train c;f only one polarity is used to drive
ghe integrator. A pulse either exists or does hot exist at each clock period. The

integrator circuit consists of an integrating capacitor and a resistor. The capacitor

Qharges one step of voltage when there is an input pulse, and discharg’es' ’through the

: x}esistor in the absence of a 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:i}n of the analog-to-digital converter.

The input analog video is amplified and compared with the reconstructed analog at’the
summing junction. The difference voltage is fed to the first binary decision circuit,

which samples the error signal at a rate determined by the system's clock generator,
| If the error voltage ‘exceeds a prescribed threshold, a pulse appears at the output of
the 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 the
magnitude of the error signal. To remove this sxgnal a second decision circuit is
used. The clock signal gating the second decxslon circuit is delayed slightly, so
: that it does not respond to the jittering edges on the pulses.from the first decision
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.
. is fed to the summing jurction, and to an output which permits monitoring of the
analog-to-digital conversion performance.’ The digital signal from the second decision
éircuit., which contains the video information, is of the return-to-zero form. The
reclocker circuit converts the output to a nonreturn-to-zero sig‘nai at a nominal

"0 and 1 volt level, which is accepted by the optical modulator’'s driver circuit.

A detailed description of the digita“l communications equipment has been

supplied to NASA in a separate report.
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, many adjacent bit intervals. A noise band telephone channel is an example.

3.6.2 Pseudo Kandom Generator. - A relativel y short, 31 bit pseudo random pattern

length, has been utilized in the communication experiment equipment for bit error rate

. measurement, This length is adequate for measuring error rate on the present wide-

band laser link, and at the same time permits scintillation ‘measurement by
use of convenient low center frequency filters at the ground station,

For some communication channels longer pattern lengths (on the

11 ’ P

_order of 27 to 2 ) are required to adequately measure error probability,

These channels are characterized by intersymbol interference extending over ”

Here the interference is caused by phase distortion due to one or more sharp
cutoff filters in tandem, In these cases, the error probability at a particular

bit time depends on the particular combination of a number of the adjacent bits,

Mqasurement of average error probability requires a sufficiently long pattern

LTS

to be sure all possible bit combinations are exer c1sed during the measurement, X

In the AVLOC system, however, the inherent channel bandwidth . .

(optical carrier) is much broader than the signal bandwidth, even at the highest

bit rate (30 mb/s). The intersymbol interference due to the channel is thus
negligible., The pattern length only has to be sufﬁciently large so as to ensure’ -
that all combinations of the two bits immediately adjacent to the current b1t

arg exercised. This could be ensured by a pattern as short as 15 bits. The
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cpmmunication detector is properly measured.

selected length, 31 bits, permits this filtering with convenient values of

S = i " & . i 8

ieason for considering the immediately adjacent bits is to ensure that any
intersymbol inierference caused by imperfectly matched filtering in the
Since the pattern is periodic, its épectraum consists of a number
of discrete spectral’lines, as shown in Figgfe 3-63 for tl;e 30 Mhz bit rate.
The scix'ltillatic;m measurement made with da_té, modulation can be achieved
by filfering out one of the spect:ral lines (greatest amplitude component)
and méas.uring its fluctuating amplitude, If the pattefn is too long,' the spacingi ]

between spectral lines will be too close to separate with simple filters, The .

center frequency. For example, extraction of the fundaipental spectral line

requires the following nominal center frequencies:

BIT RATE . FUNDAMENTAL FREQUENCY
30 kb/s - 970 Haz
< 1 mb/s 32 kHz
5 mb/s 160 kHz
30 mb/s 970 kHz

- .

For bit rates above 30 kb/;, extraction of the fundaméntal code
frequercy cozﬁponent readily enables measurement of scintillation within the
entire 0 - 5 kHz band. At the 30 kb/s rate, the first five code components fall |
within the 5 kHz band. Consequently, extraction of only the 970 Hz component
would limit the scintillation band to nominally 0 - 500 Hz. The PN spectrum

or any intensity modulation, poses poténtial problenis to the optical tracker., If
the code components fall in the spectral region of the scan modulation or tracker

bandwidth, erratic tracking or loss of track can result, .
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3.7 AOCP Calibration and Tgst

This section describes the calibration techniques for the various AOCP

‘ . 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 prior to shipment were not as extensive

as was desirable, Further, the dynamic environment was not defined and tests
in that environment were plannéd to be conducted at the integration contractor"s
facility. |

Calibration and acceptance test plans were preparcjzd and the NASA /MSFC
COTR witnessed tests prior to delivery. The primary fest instrument was the
GCE described in later sections.of this report. The f?llowing paragraphs

summarize the calibration tests performed at the time of acceptance.

3.7.1 Modulation Index. - Modulation index measurements were made using the
péeﬁdo random word input to the modulator driver. The modulation sensor in the
GCE provided an output (dc coupled) to. an oscilloscopia ijom whic;; the peak and
miﬁiﬁmm of thé detected modulation waveform could be :measured. Modulation
index as maximized by adjustment of the modulation transfer characteristic
oﬁerating point using the soleil -Babinet compensator as described in the
Mbdulator section of this report. Modulation index can be varied cver a range

from zoro to 75%. 'The voltage transfer characteristic for the modulator

are given in the Modulator section of this report.
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The AOCP modulation index can be readily and conveniently measured
using the GCE and is a routine preflight procedure.

3.7.2 Transmitted Beam Divergence, -,’fhe transmitted beam divergence waS

" " measured by projecting the beam onto a scenc at a long distance and determining .

the beam cross section diameter. Figure 3-64 illustrates the experimehtal
setup. The beam diameter is measured at the exit aperture of the afocal telescope

and at the screen at a distance of 36, 58m (1440 inches), The beam diameter.

thus determined corresponds {o approximately the lz intensity points. ‘
e

The beam divergence angle, 8, is given by

_B-A K
R

b =

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 a.féucal telescope corrector plate,
cbnsi(ierable transmitted beam distortion was present causing fringes to
apbear in the beam cross-section. Fi‘éure 3-65 shov's tracings of the beam
profile at the screen for the various beam divergence positions. Estimates
of t.hé effective beam diameter were made by averaging many readings taken
by several observers. Table summarizes the dian?ieter averages for a
givéﬁ beam divetgence cbntrol position and indizates the quivalent beam

‘divergence angle. This data is plotted as the original calibration data in

-
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TAELE  BEAM-DIVERGENCE CALIBRATION DATA

Stepper A B A LR 9
Motor Avg. Diameter |Avg, Diameter Beam | Beamwidth | Beamwidth
Position |Transmit Beam at Distance R + (u rad) (Arc Sec)
~ (cm) (cm)
1 1,91 236 | 664 13.7
2 1.60 165 16,48 3.4
3 2.29 2.74 123.6 25. 5
4 3.07 4.32 337 69.5
- 5 2,74 5.21 674 139
© 6 3.00 6.10 M8 175
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Figure 3-66. Note that the beam divergence 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 divergepcé ‘control was later adjusted at
MSFC and the calibration was repeated by both ITT, and NASA personnel. The
revised calibrations for these two sets of measurements are ple*ted in

Figure 3-67, with the original data, - s

3.7.3 Laser Pover Monitor, - The function of the laser power monitor is to meas-

ure the average modulated 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 obtained from the power monitor output., The measurement stand was
a precisely calibrated photo diode power detector and power leve} changes wére
made by inse;'ting 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 scintillation monitor, subsystem

utlhzed the GCE modulated beacon laser as a source and an NBS traceable vacuum
photo diode standard detector. Figure 3-69 illustrates the photo dtoae

radiometer construction. Because of a nonuniform beam intensity profile from
the GCE, a large area collector was used which simulat;ad the AOCi’ éntrancg
pupil in isize and shape including the central obscuration. The GCE modulatiot;
Index 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 total power at the AOCP

collection aperture rather than at the photo detector 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 scintillatlon monitor cnan be obtained

as a function of irradiance at the collection aperture for a uniformly illuminated

4

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 tc place the

AOCP tracker into the five track operation mode on the GCE beacon and precisely
deflect 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 0utpt_1t voltage. The data taken was plotted on a

'six-foot graph and linearity and orthogonality was determined to be better than

d,.5 per cent., A summary of this data is given in Figure 3-72, The tracker
transfer characteristic gain is determined by the slopes of the z-axis and y~axis

plots and are indicated on the graph.
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Data was taken at various light levels covéring a dynamic range of
greater than 30 db in voltage. Figure 3—73 shows the optical image shape at
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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3.7.6 Boresight Stability - The AOCP transmitter/receiver bore-

sight alignment stability was measured at reduced pressure to demon-

strate the integrity of the preyssurizred’transmitter compartment and

/
its ability to withstand the forces produced.on the compartment. R
Fig‘ure 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
b e mbnitéi‘ea or the pressure was reduced. . The syst‘efn was pumped
down to 10~% torr and held for 8 hours, No beam wander was obseived
nor was the pressure in the compartment reduced as a resualt of this
test. Beam position was continually monitored during pump down by
observing the position of the laser beam directly' from the transmitf .

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 progré.m, some problems occurred from high

voltage breakdown at reduced pressure. This is believed to have

‘been caused by the frecuent subjection to moisture condensation
resulting from faulty air conditioning during the flight tests, The

problem was fixed by potting and additional high voltage ins‘\.ﬂation‘

in the high voltage areas.
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4, REMOTE EQUIPMENT RACK (RER)

The remote equipment rack (RER) hardware tree is illus-
treated in Figure 4-1. This unit com’;;rises a connector panel for power
distribution and housing the AOCP laser power supply, an ITT owned
TV signal processer and tracker, and an analog-to-digital converter

and pseudorandom word generator,

The power and connector panel shown in Figure 4-2 is typical

mechaniczliy of the three panels.

Figure 4-3 is a block diagram of the RER identifying the

connector locations and listing the various inputs and outputs.

" Detailed descriptions of the RER units are covered in the O &M

manuals and elsewhere in this report.
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J14 ——= BER CLOCK.
JI5 (TO GCE)
J421
13 f&——T1V VIDEO
(FROM AOCP TV CAMERA)
P RACKER
7 J2——= TV TRACKER ERRCR & BEACON PRESENCE
(TO CCSD)
J3p—» VIDEO OUTPUT
J412 (TO CCSD)
1413

g——— TV CAMER SYNC & BLANKING
~ (TO TV TRACKER PROCESSCR)

@——— DOWNLINK MODULATION
(FROM CCSD)

= DIGITAL MODULATION

Jig

DISTRIBUTION
&

He Ne LASER POWER  j;

(TO AOCP LASER MOD DRIVER)

l——p» He Ne LASER POWER

(TO AOCP LASER)

Figure 4-3, Remote Equipment Rack (RER) Block Diagram
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5. CUBE CORNER ASSEMBLY

The function of the cube corner ldssembly is to retro-reflect
the GBAA laser rad.ar energy at the";ircra,ft and 'thereby greatly
enhance the aircraft's apparent optical cross-section. The cube
corner assembly comprises the optical element a;ld its mechanical
mount as indicated in tvhe hardware tree of Figure 5-1, Two mechani~
cal mount designs were made, The initial design was a three-point
mount illustrated in the photograph of Figure 5-2, At the request of
the integration contractor, the mechanical mount design was modi-

fied to a four-point mount as shown in the detaiied drawing of

Figure 5-3,

The optics were GFE items although the design was specified
and acceptance tested by ITTG. The cube cc:rner‘ optical elements
wé{'e pxoc_ured from Precision Optical Company, Costa Mesa,
California and’pxcved to be of excellent quality near diffraction

limited for the 2. 75 inch usable aperture. The cube corner material

. was specified as fused silica so that the optical q'ua].ity would be

maintained over a large temperature range. Since the cube corner
assemblies were to be mounted externally to the aircraft, they
wéuld experience the extremes of temperature variation .froﬁl as
high as +120°F on the ground to as low as '-8_0°F at the higher

altitudes,
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Retro-Reflection Efficiency Factor - The radiometric analysis

presented in the GBAA section of this report defined a factor:

. N_A T (T )
cr cr cr'a sc
G = ) ‘ , s
R . ) Fs
We now define a new factor . :
NcrAchcr
F s e ; v

L%‘(:1'

Using the definitions and values defined in the 8-6-70 report,

F = 1.1075 x 109 ftz ster'l.

» 2

The quantity, "pcr’ 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: Assuming 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 retrc':frlekctors. ‘The

“

effective area, in turn, is a E:ompl_icated function of the angle of

incidence of the incoming beam from the GBAA transmitter. (The‘

-
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incident angle is measured from the perpendicular to the retroflector's

entrance _exit surface.) A s1mp11£y1ng and ""safe' assumption is that

' the effective area is the equivalent- area circle, with diameter, D.

The beam angular divergence (diameter) is, then,

L = 2'44X, radian.
cr.

'

For \= 0.5}45 micron, and beoyr = 4 a_rcseconds, Dxni‘n = 2.55 inches,

This divergence corresponds to Y. = 2.95 x 10'10 steradian, used

in the previous calculations, referenced above.

Pyramidal Error: In the absence (assumed, but impossible)
of diffraction effects,  a beam from an infinit:ly-distant point source,
ﬁiling the entrance-exit aperture of the cubecorner retroflector, will
emerge from the _retroflector in six distinct bea.ms, of various shapes
dépending upon the angle of incidence. If.pyramidal error exists,
these emerging beams will not be exactly parallel to the entering
lfeam nor to each other. For conveniehce, we define pyramidal
error to be the angle between the incident beam and the worst-case
-emergmg beam. As a consequence of a lar.ge enough pyrarnldal

error, it is possible for all six sections of the returnmg beam to

' miss the GBAA receiver. The allowable pyrarmdal error must be

specified for the cornercubes.
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Pyramidal Error and Diffraction in Combination: In general,

each of the six emerglng (reflected) beams resulting from pyramidal

K I
/

__error will have its own re spective. dlffractlon pattern, its exact form

determined by the ‘shape and size of its associated effective aperture,:
aé indicated above. These diffraction patterns, of course, increase

tﬁe angular "'diameter' of their respective beams, and, if the diffrac-

. tion angular semi-diameter is greater than the pyramidal error, the -

*

six retroflected beams will merge into a single pattern, essentially’

centered on the incident beam. The resulting pattern will be of

more or less uniform intensity, depending upor'l_ 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

di{fraction angular diameters of the six retroﬂocted GBAA beams
are each to be 4 arcseconds, ,th'en a pyramidal error of 2 arc secopds
could theoretically result in zero intensity at the center of the com-
posite retroflected beam pattern, and the total beamwidth could be

8 arcseconds. To'assure"better ovérlap, specify retroflectors with

1 arcsecond maximum pyramidal error; in this case, the total

beamwidth could be as large as 6 arcseconds.
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Retro:lector Design:

ih_ép_é} Two common shapes are used for the cubecorner
retroflecfors. One is like a cube, cu't,:’through on a diagonal between
the opposite corners of three adjacent cube sides. 'Th"e other is addi-
t;ionally cut to remove the three corners of the triangular diagonal
face produced in the first shape, so:thaf, the diagonal face is then a
l;egular hexagon. (These last 3 cuts are fnade perpendic‘ular to the
diagonal face,) This hexagorial‘ 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 comp;licated function of the angle of incidence and the index of

refraction of the cubecorner material (glass). The graph of Figure 5-4

shows the relationships for a triangular cornercube, for indices of
refraction of 1. 000 (trihedral @irror - not glass), 1.517 (Boro-
silicate glass-BSC2), and 1. 798 (Schott Glass SF11 at 0. 5145 microns
w;velength). It ri‘s notea that the effective area drops off to 80 percen.t
at incident angle of about 239, for BSC2 glass. This angle rises to
about 26° fvor, the SF11 glass. The curves are unsymmetrical about ‘1

zero incidence angle, in the plane for which calculations were made.

‘The curve for fused silica (n = 1.45) lies intermediate to the curves

forr = 1.0andn = 1,517, There are three planes, at 120 degrees

-
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initervals, where the same results are obtained. At all intermediate

planes, the results are between those shown in‘the curves.

s
4

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 calcu- '

lation, until the exact glass to be used is known.

The Fresnel loss at the entrance-exit surface, with proper

<

énti-reﬂection coatings, will be between 0, 5 percent and 1 percent, S

1:>er pass through the surface. Use 1 percent in this calculation. A

- good silvered reflective surface, required in cornercube retroflectors

. k4
v

\;vhen the incideace angle is large 'en6u>gh 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

T = (1-0.02% 73

2 3
e x (1-0.01)% x (1-0.1)° = 0.624

Summary: As shown above, the design criteria are

expressed in the equation

N A T
cricrer
L

(< o

= 1.1075 x 107 % ster-1.

- 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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- attached graphs, to obtain the effective area for a given case. For

It can be shown that, where S is the length of a long side of

the triangular cornercube in inches, the maximum effective area (at

s

normal incidence angle) is A’
. /"‘

0.28868 S% .2

Acr - ——-—izz—-—- fto ’ and that - v
Tcr = (1- 0. 02)1 633045 (1-0.01)2){ (1-0. 1)3;
and that | C ‘t
2 et
o« [(s.1518 | 57" SR
b, = T [( =+ 0.9696) x 10 ] |  ,

Note that A_, must be multiplied by the factor obtained from the

the GBAA, this must be correlat'ed with the flight plan of the aircraft,

to determine the geometry involved. Combining the above factors,

- ' ! -‘ ‘ 2
(8. 15518 + 0. 96'96)
NC? x (Factor from G’raphs) = 60,73 15330485

s? x (0.98)"

-

The results of this calculation are presented in the graph, shown in
Figure 5-5,

Although the tnangular shape cube cotfner aperture prov1des
the greater collection area with larger incidence angles, the c1rcu1ar .

cross-section was selected for convenience of mounting. The loss

-
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_ assembly drawing to avoid abrasion of the coated surfaces that might

enclosure to zttain the ambient pressure. .

in collection efficiency was offset by the increase in the number of

reflectors used in the arrays., The corner reflector arrays are

+

separated oa the aircraft to minimize the effects of atmospheric _
4

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 and SiOZ over-

coated to maximize the reflection efficiency over large angles. The

s ™
RUNTREY . ORI et .

technique of assembly of the optical element into the mechanical mount ) i

shown in Figure 5-3, is to secure the glass into the aluminum cylin-

o -
e TN

der with a flexible rolithane potting compound mixed to retain resil-

A ARESSS

iency at the low temperatures so that the optical element is not : :

stressed.” The potting is used only in the region indicated in the s}

Yo

be produced with expansion and contraction due to temperature

changes. A small air bleed hold is placed in the cover to permit the

e
e eIy

The individual cube corner assemblies are mounted in five

arrays of six assemblies each for attachment to the aircraft skin by

o

the integration contractor. One 91 the six element arrays is shown -

mounted on the underside of the RB57 wing in Figure 5-6, -
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Q - 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 detérmined to have resulted from
e

- moisture condensation produced by returniné to a very humid environ- .,
menf from the extremely cold high altitude environment. This l
moisture collected around the coating surface and probably froze on

- subséquerit .ﬁights causing mechanical abrasions to the coatings.

Onée a fracture was produced ir; the hard overcoat, moisture could .

attack thg aluminum coating producing the observed defect. The

effect of this damage is to rreduce the reflection efficiency of the .

affected unit by an amount proportional to the ratio of the damaged

- A

| @ 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 amount.
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Cube Corner Assembly Showing Coating Damage
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6. GROUND CHECKOUT EQUIPMENT (GCE)

- The function of the GCE is to test the Airborne Optical

""Communications Package (AOCP), {:ermit accurate optical alignment,

~and simulate the ground based portion of the optical communications

linl. The GCE also is c‘apable of exercising the ancillary equipment
(gimbal mirror, co'mputer) furnished by the integrating contractor,

GCE capabilities include:

-t

- self-checking of alignment, focusing, and optical

modulator operation

- tests static and dynamic alignment of AOCP, - with
visual and electronic readout of alignment/tracking

perfcrmance

-  checks tracking capabilities o. Image Dissector Tracker,

Beamsteerers, and CCSD Gimbal Mirror

- Checks operation of Helium Neon laser and modulator

on AOCP.

- Checks command deceder and command execution.

Y

Figure 6-1 presents the GCE hardware tree showing the

various subsvstem relationships,

6-1
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The GCE consists of two units, the Control Panel and the

Optical Unit, which are 11nked by cables (not shown). The optica.l

. unit is mounted on 2 low-profile dolly, .50 that it can be positioned

under the fusela.ge of the RB 57 A1rcra.ft in wh1ch t:he AOQOCP is
installed, Figure 6-2.is a photograph of the GCE equipment showing
the cover open. The GCE control console is a rack of electromc

equipment mounted on a four- wheel dolly shown in Flgure 6-3 and

consists of the £olloWing items;

(1) Tone Generator (GFE), for controlling the modulation
impressed on the Laser Modulator in the GCE Optical

.

Unit.

(2) ngh Frequency osc1lloscope (Tektronix R454, GFE)

for observing the modula.tmn 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 opﬁcal
Head, provides meter readout of the Yi—Z Positio’_n"
sensors, controls flip mirror‘and shufter sol;anoids,,
and accepts BER clock and Video signals from the |

-

Aircraft mounted equipment.
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GROUND CHECKOUT EQUIPMENT HARDWARE TREE

GCE
GROUND
CHECKOUT
EQUIPMENT
[ A
CONTROL & MECH ELECTRO
. DISPLAY CONFIGURATION OPTICAL
CONSOLE & DESIGN UNIT

| ! ! ] I 1 I =
LASER POWER GCE CONTROL DISPLAY SIGNAL COMMON COMMUNICATIONS .’L‘?ﬂ'i‘fﬁ:’f MACON
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(4) Power Supply for RCA LD 2108 Argon Laser, which is
mounted on the GCE optical Head, (Later repla.cc;d by

' ,~'
Spectra Physics Model 162 laser,) . NYSC
Also included ir the rack are two drawers for storage of cables.

A small remote control box, which connects by cable to

the Control Panel, is px;ovided to permit actuation of the motorized

potentiometers ‘n the AOCP for adjustment oI electronic boresight, ‘)

The GCE Optical Unit is an assembly of optical and elec- .
tronic components and subsystems on an aluminum baseplate,
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 (deﬁsity zero, three, five,
‘énd infinity), mounted on a rotary holder, and con-
trolled by a 1mo§ on the bulkhead adja’cent to the' optical ‘
Viewer. Thes‘e; attenu‘ators control the lasex; beam

posrer,

ce
r

(3) An electro-optical modulator (Lasermetrics EOM-704) ;

and a modulator driver.
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, (4)

(5)

(6)

(7)
S g (8)

9

(10)

o]

A 28 power laser beam expander (Spectra Physics).

An 8. 3 power beam expander (4 inch diameter exit

" beam), with three "fold'ing" mirrors, for projecting the

collimated Argon laser beam, and for receiving the

Helium-Neon laser beam from the AQOCP.

Various beamsplitters, mirrors, and a cubecorner,

for directing the beams to desired locations.

A Viewer (telescope), for visually observing the Argon

and Helium-Neon laser beams and their mutual align-

‘ment, as well as for testing optical collimation.

A two-axis position sensor, with associated optics
and nulling mirror, for electronic readout of boresight

and tracking misalignment.

A photomultiplier detector and amplifier, for detecting
the modulation on each of the laser beams,. and pro-
vidirig signals for display on the oscilloscope in the

GCE Control Panel.

A 6-inch diameter flat mirror, mounted in an adjustable
holder on the shaft of a variable-speed motor, for

providing a nutation of the projected argon laser beam

6-7
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through various angles (nominally zero to six degrees)

and at various rates, .
.‘,‘ . ..
1"
(11) A rectangular mirror mounted in an adjustable holder
which rides on a track, for directing the projected beam

upward into the Aircraft window at a variety of angles.,

Figure 6-4 is a functional block diagram of the optiéal unit
and Figure 6.5 shows the physical layout of this unit for easier

identification of the components.

The beacon section includes an Argon laser operating at

0. 488 micrometer followed by a neutral density filter wheel for

~ controlling the 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 was short lived and replaced

three times under warranty. The Argon laser was then replaced

with a newly developed Spectra Physics model 162 which has

démonst‘rated excellent stability and life characteristics and greatly
improved the performance of the system. The laser is followed by
an electro-optical modulator which piaces a 10,7 MHz rf sgbcaz"‘rier
on the optiéai beam simula.tihg the communications channel of the

operational ground station. The 10,7 MHz subcarrier is M modu-

lated with the up-link command information to e::fcrcise the AOCP
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receiver system, A beam expander telescope (28X) expands the laser
beam to fill the entrance pupil (0, 48 inch diameter) of the output

telescope. M.ost of the laser energy .reflects from the beam splitter,
!

shown in the funct1c;na1 block diagram, and exits the system through
the afocal telescope (8. 3X), rotating mirror and the adjustable folding
mirror. The rotatmg mirror is included for the purpose of conically
scanning the output beam direction through'.an 'a.djustable cone angle
and at an adjustable angular rate.. This is accomplished by a dual

wedge mirror mounting assembly which can be differentially rotated

to provide deflection angle magnituder from zero to approximately

>10 degrees. The larger scan angles, which are be’yond the field of

view 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 simulating different acquisition approach flight paths.

Flgure 6-6 shows the orientation of the GCE beneath the RB57 ajr-

cr‘a.ft for checkout in two different ground station approaches, In

a.ddltmn to the beam coarse direction control the a.d_]usta.ble folding

rd

- mirror provides a fine adjustment of the beam dlrectlon for quant1ta-

tlve calibration of the AOCP acquisition field a.nd error signal rrams.
ThlS mirror can also be positioned so as to autocollimate the GCE

afocal telescope in its self alignment and calibration mode. (The
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: returns the energy from the 0.488 micrometer laser to the beam

ﬁse of the GCE in its various calibration, alignment and test modes

has been described in the O&M manual prcvided previously under

.

this contract. ) ' /-’

!

A portion of the GCE laser energy: passes through the
adjustable beam splitter (coated to reflect 0. 488 micrometer radia-

tioh and transmit 0, 6328 micrometer 'ra.ciiation) and impinges on the

corner reflector when the shutter is opened. The corner reflector

sphtter where it is reflected intc the receiver portion of the optical

unit for pointing direction reference and 10. 7 MHz modulation index

' monitoring 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

for display on the control console oscilloscope. This permits

monitoring and control of the modulation depth of the laser subcarrier.

When the flip-mirror (controlled from the console) is
removed from the optical path, the beam from the retro reflector

continues onto the beam splitter element which reflects a portion of

the energy into the alignment telescope to obtain a visual reference of

the beam position and quality. The main part of the beam passes

. through the bgé,m splitter and is imaged onco an X-Y position detector.

6-13
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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 iz

- used 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 wifh the received béams position from the AQCP,
This thken determmes the ma.gmtude and d1rec\.1oxi of any boresigh

error within the £ OCP system. AOCP boresight correction is
accomplished b 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 operation, 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. 6328 micrometer beam back tow;.rd the
GCE unit, The AOCP transmitted beam enters the GCE afocal tele-
%cope after reflection from the folding and roté.ti‘ng 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 -
photomu1t1pher detector for AOCP modulation index measurement,
Removal of the fh.p-mirror(permits the AOCP laser beam to be imagéd
onto the X-Y position sensor. Since the X-Y position sensor has
Previcusly been nulled with the GCE laser, the Position read from

the X-Y sensor from the AOCP beam is a measure of koresight

6-14
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error between the AOCP recei\,;er and ACCP transmitter. Whe;l the
rotating mirror is operated, causing the GCE beam to be deflected
dynamically, the AOCP‘tracker willl.'éetect the inpgt angle change
anfl correct for this deflection by closed loop pointing of the beam
stee;er mirfors. Cons_equently, the AOCP transmitted beam direc-
tion exactly compensates for the GCE rotating mirrors deflection and
the irﬁage on the X-Y sénsor rerr};;.in still, As the ro'tationa.l rate of
the GCE mirror is increased, the AOCP cont1:01 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 mitroradian.

Figure 6-7 is the electrical block diagram for the GCE. 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 GCE control panel shown in Figure 6-8.

. -
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7. GRdUND BASED ACQUISITION AID (GBAA)

The GBAA portion of the High Altitude Optical Commumca.txon
System is a l.aser Radar and Rangmg System for acqu151t1on and trackmg
of high altitude aircraft. (See Figure 7-1.)

Design, development and preliminary tes'ting of the cc;mplete_ L
system was accomplished in a time span oi approximately two years.
The majority of the sys.tem design was straightforward, utilizing ITT's
vast knowledge in the field of star and vehiﬂcle trackers. Portions of the
éystem, due to uniqueness of application, emﬁloyed the use of ei,ther'
state-of-the-art equipment, or required unique modification of standérd
equipment. I'inal system performance dramatically demonstrated the “
worthiness of this extend.:d design effort, Figure 7-2 shows the GBAA

hardware tree to be discussed in this section.

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 will be acquired at a slant range of from 30, 000 feet

- to 100, 000 fe=t while traveling at an angular velocity <0. 5°/second.

Target acquisition will be accomplished by the interception of the

aircraft's retroreflectors by the GBAA search scan., (See Figure 7-3.)

' The search or fence scan is one in wh1ch 2 10° x 0. 09° solid angle is

scanned in the far field, simultaneously, by both transmitter and receiver.
The 10° fence is scanned in 128 overlapping steps. As the aircraft passes

through the search scan, a transmitter beam reflection from the cube

. c:orner's retroreflectors will be sensed by the GBAA receiver sensor. The

Iaser radar will then automatically switch to TRACK mode. A cruciform
track scan will be generated, continuously centered about the target

¥

aircraft by the receiver tracker. Declination and hour angle error outputs

P,
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will b

position relative to
. RANGE will also be output in both digi

equal to or better than * 100 meters.

infinitely distant point sou

radar and the ootical communications telescope.

;

rce for mutual alignment of the GBAA laser
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The GBAA operating parameters are listed in Tabl

e available at the target tracker control unit to determine the target
the GBAA boresight axis, accurate to £208ec. Target

tal ané analog form with an accuracy

A star tracking mode has also been provided to affect an
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1.0
1.1
1.2

2.0
2.1
2‘_02
2.3
2.4
3.0
3.1
3,2

4.0

4.1

5.0

'5-1.

5.2

TABLE 7-1. GROUND BASED ACQUISITION AID
SYSTEM PARAMETERS

EQUIPMENT DESIGN SPEC.

Receiver Optics Assembly
Leas: De Old Delft, 65mm £.1., £/0.75, 21°E.0.V.

Band Pass Optical Filter; JEeT . RE
Maximum on-axis transmittancy wavelength .5145 microns Tl
Operating field of view 159 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

Diametexr 3.0" ; -

Receiver Sensor

»

Tube: ITTL F-4012, S-20 Photocathode, 4 mil square aperture,.

nom. gain =1 x 100, -
Deflection: Magnetic h y
Focus: Magnetic
Dynode-High Voltage Power Supply: DC to DC Converter.
Transmitter Beam Deflector & Power briver

Deflector type - G.T. & E PBM-5G, Deflection angle = 740 min
(Optical magnification to 159 squatre field deflection)

Power Driver: *2.5v input for full drive output.
.

Laser Transmitter

Type: Pulsed Argen Ionm, nominal gperating freq. = 1lKHz, wavelungth.

at maximum output = .5145 micron, single color, multimode,

Electronic Target Tracker and Ranging System

Angle tracker: ,

F.0.V. = 10° elevation x 10° azimuth, I.F.0.V. = .09°
Acquisition Scan = Singleline, 128 step, I50,

Track Scan = 116 step cruciform = fone I.F.O0.V.
Scan step rate = lKHz.

Line Scan time = 150 millisec.

Tracking rate = .5%/sec.

L#ser Trigger:
P.R.F. = 1Kz

Ampl.= 2.5V e
P.W.= 2 usec. Pulsewidth ' ..
Rise time= 150 . SIS :
E, 1memm*. n sec Y Eﬂ}ﬂfﬁBFLYPY'OF‘qv{E
7-6 Wiy PR T -
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TABLE 7-1., GROUND BASED ACQUISITION AID

5.3

5.5

6.0

6.1

7.0

7.1

7.2

- Range outputs - Analog, Digital, Visual Display - >33 KM ,,“:;‘

SYSTEM PARAMETERS (cont'd)

Beam deflector drive
+2.5v for full deflection output

Angle error output: : . .
1v/dg into 100 ohm load; source impedance 10 ochms max.
Ranging system: 2 ’

i

Power Supply Panel - | e

Input 125VAC - 60 Hz .
output - DC Volts ='+5, *15, +28, 1500

s

Control & Display Panel .

e
L U
<

—
S
—

leadouts e
i'lev. & Azim. Angle Error - Metered ‘ ’
Target Presence - Indicator Lamp

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

Input: 125VAC, 50-60 Hz, 15A

Error Output:

Angle Error output (elevation & Azimuth)
12.5V max into 100 load.

Crossover Gradient = 0.5 % ,05 Volt/deg

Gradient to be contained within ttwo assymptotic boundaries
with 10% slope differences. The boundaries shall intercept
the origin of the gradient plot. The gradient curve shall
be smooth & monotonic.

Search-Track, Re Acq, Status Indicator
Analogue or Visual (As Required)
Fange Output: [

kilometers/volt
kilometers/volt

7-7
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”pulse is transmittéci—'inmtlle same angular direction. The second pulse is

7.1.1 Modes of Operation. - To acquire and track a target, four basic modes.of

. operation are required. These are: SEARCH, 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 in small overlapping step increments to form a spatial "line of illumination"

with which to intercept the approaching aircraft. Ina similar 1ashion, the receiver:

- t

e
Ty

sensors instantaneous field-of-view (IFOV; is scanned across the sensor Lo

s F &
}
,l

¥

phbtocathode in overlapping steps such as to be surroundeid by the line being
,sctanned by the transmitter in the far field. Once the trax.lsmitter beam has
been intercepted by the aircraft, illuminatipn of the retroreflectqr 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

used to verify that the return signal was indeed energy returned by the target
as opposed to "Noise," 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

— o~

scan is éontinued until two 's-uccessive return pulses are detected blf the
receiver. Once the target has been acquired it i:s neces:sary to deter;nine
it's; cxact position, velocity, and direction of travel. ."I‘o accomplish this, a
crgciform tracking scan is generafed. ‘Target positions which deviate from -
thé center of the tracking scan cause correction voltiges to be generz;ted
which result in a repositipning of the track scan about the target, The

absolute position of the track scan deflection is read out as an error vbltage

7-8

-

D
,..-\e

g A s e 2 < b8 L,

-

g b T

o



- - .»u——-u-am;axm -

¥
1
!
i
i

o

" pattern covering a field of approximately . 6.50 square. The first return

representing the + deviation from center of the receiver field. The center
lieing referred to as Boresight, The error signal is used by the telescope
gimbal system to precisely align the tel‘esc’o'pe to the target. The tfacking

/
scan is continued so long as return pulses are pbeing received by the receiver .
sensor. If return pulses should terminate due to scintillation for example,
the miniscan mode of operation is initiated. In MINISCAN a small raster
t‘&pe field is scanned in order to relocate the target. It consists of a search
pulse received while in miniscan resets the mode control to the track mode.
and target tracking continues, If no return is received within twelve
minifield scans, the mode covntrol is recycled to the s.earch m.ode where the

field is once again searched in the original 100 line scan, or a 109 X 10o

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 10° angle,
The fence scan can be positioned anywhere in a 10° x 1.0° total ‘field -of-view
(FOV).
The control unit provides selectable search scan option;; that will:
1.  Search the total 10° x 10° FOV - Raster Svcan.. |
: 2. | ‘Search a single 10° line - Fence Sc;an.
A 3.j Search é specific 10o line - Offset.

4, Search a 10° fence at elevation boresight - Position Scan.

5~
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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 2 maximum c’ouht of 128 and back to zero. This

| 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 éearch line the scan is rapid retraced at a rate of
8 KHz. The fence scan i's positioned at a zero-elevation angle by momentary
dejpression of the POSITION SCAN button on the control unit. It may also be
i)qsitioqed to an elevation angle of -3. 75° by slection of OFFSET. These two con- l
dlitions are attained as the elevation acquisition c;unter is set to either logic #64
i or logic #16, respectively. When in the FENCE mode, the elevation acquisition
. cc;unter is held static subsquo position selection.
P
Raster Scan. - When RASTE{% is selected, the azimuth counter continues generating
ﬁe 128 step fence scan. At the end of each azimukth line the elevation
acquisition counter is advanced one count resulting in an elevation deflection
) of ,08°. This genarates a RASTER type scan which searches the total
10° x 10° FOV. At the end of each field scan the elevation counter is rapidly

down éounted to count #0. This produces an elevation sawtooth scan wave-

form of 128 steps "vhich repeats at a rate of 16 sec/~ (See Figure 7-4,)
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Figur: 7-4. GBAA : (Sheet 1 of 2)
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Horizontal: Voltage at Azimuth coil current sampling resistor

2-11 : p11 ITY OF THE



- o i i B

Yo

e AL A Rl B e e —-1:‘,‘
Figure 7-4 GBAA (Sheet 2 of 2) ~

TARGET TRACKER SCAN WAVEFORMS

G

rlw L O ﬂ e e
i 5 - < 4
: :
oty l :
N = & 1 (<1
RN :
53
S
\1
b R
& = =

Search Fence Track Scan
128 Step - 10° Azimuth Scan + 16 Step - . 005%/Step

————

B
ey
'/ s bl
- ;
- i
e 4 i
3 K - 4 =
PR . ; ’
B+ Sealiws.: -y : . 3 '
R o 1 '
Tl B e X &
AN e 0.4 he - :
“ L s e A v .
> S ',’h v -4 w1 1 3
et Nl s b £ : =
$4 e TS B i °
' ' Lbamd et » -
- ‘ )“l’ b
.y - N Pyl ) ’ 1
o ‘
3 ) L
g d ’ ; 1
Xy : b
oY 4 - ~ -
(‘{ o ’ ‘e T
v 2 i _
‘- R £
=8
: : ‘ [+
gl forens s s R3S L QIO T -
0’ B L o s ' e
Pt aabeition, PR
'

Mini-Search =
8 Step Elev. & Azim. - .08 /Step °

NOTE

Signals applied to oscilloscope inputs )
Vertical: Voltaze at coil current sampling resistor =
Horizontal: Internal Sweep .

.3

and & UULN



If, at any time during the RASTER scan, the FENCE mode is

selected, the elevation drive will cease and the scan will continue in azxmuth

at that point in the FOV. In this maxmer, the TFENCE scan can be posiuoned

‘anywhere in the 10° x 10° FOV by selection at the control unit.

Acquisition Mode. - When the first target return pulse is detected, the operating

mode switches frein SEARCH to ACQUISITION. In acquisition mode the clock
pulsé drive to all deflection scan generators is inhibited and a second pulse is

fransmitted. If the initial pulse was a false alarm (noise pulse) the mode auto-

¢t

matically returns to search and the fence scan continues. When two successive

return pulses are detected the mode switches from ACQUISITION 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 16 steps. Each step
equals 0. 005°. The track scén alternately deflects in elevation and azimuth
to'produce the =, 08’0‘ cruciform pattern. The track waveform initially positions
the transmitter and receiver on the target and scans off the target. In this
manner, the on target time (above. and below an,d.to the right ;nd left) is
weighed to determine tt;e actual target position.

As previously mentioned, there are +13 track steps of 0. 005° each .

which results in a total deflection equivalent to +1 acquisition step. This

7-13




deflection is obtained by preceding each acquisition counter with a 4 bit

ti‘ack counter, Sixteen track step increments are therefore necessary to

advance the acquisition counters one step. "The step rate remains at 1 kHz P

pi'bducing a complete cruciform scan at 15~~/sec. Subsequent to track

scanning off the target the track scan is rapid retraced in 250microseconds

_ ag it is driven with a"54 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.

Mini Searzh Scan. - The MINI SEARCH SCAN generator produces the pattern shown

in Figure 7-4. It covers a far field area of 0. 64° x 0. 640. Typical elevation
and azimuth miniscan waveforms are also shown in Figure 7-4. The azimuth
8 step scan and retrace sawtcoth waveform has a cyclé rate of 120 Hz.

The eleyation scan cycles at 15 Hz, The 8 x 8 abq. 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 u'ar}smitter beam deflector 'and receiver,
is generated in sixteen . 005° increments. The finer stepping granularity

reduces the beam deflector's tendency toward overshoot and ringing which

might be encountered when using larger step increments.

7-14
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The “elevation and azirauth step sequencing is controlled by a flip
flop with control counter synchronization as shown in the schematic diagram #4,
The first target return pulse received when‘ in the miniscan mode switches

! .
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 Mode. - With slight modification the GBAA may be used for tracking
stars. The change-over requires only two simple steps. First, the nptical
fil;er attached to the receiver sensor, must be removed. This is accomplished

by loosening the three set screws in the periphery of the filter adapter. Itis

advisable to mark the filter adaptor alignment relativé to the sensor housing for

future register when re-installing the filter. The 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
réluctance is to be expected during filter removal. Care must be taken when
re-installing the filter to attain the same orientaiion as that prior to removal.
After removing the filter, caution shbuld 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 x?hich’ is located inside the
electronics chassis. This is a small single‘ pole double-throw switch mounted
on an adaptor socket (#4G) inside tﬁe fracker elec_tronic’s chassis and may be |

located by removal of the chassis top cover. This switch may be relocated at a

7-15
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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

i will now operate in the conventional manner.

7.2 Transmitter Subsystem

Fxgure 7-5 shows an overall block dxag—ram of the GBAA system with the
transmitter subsystem indicated by the hea.vy block outhnes The transmitter
subsystem comprises the following elements:

5 Laser System

° | Beamsteerers

e Optics
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7.2.2 Laser Performance Test. - To best unders:and the laser performance

characteristics, a history of events which qovérs in-house testtng and final
eyetems operation, will be described. l

N In-house testing of the laser radar system required horizontal
orientation of the tr,ansmittex.' test bed. A ground-based target was used for
testing its pointing and tracking accuracy. The target consisted of ;1 cube
corner array positioned at a nominal renge of 2 miles. The transmitter test
bed was mounted atop a Leitz rotary table. The rotary table was used to vary
the elevatlon and azimuth aitxtude of the test bed for testing the acquisition

and tracking of the laser radar throughout its 10° x 10° 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
facihty. Subsequent to mounting the GBAA to the gimballed telescope mount,
rigorous tests were made to determine the transmitter's absolute pointing

. accuracy while operating over 360° of angular freedom.

¥

A target was aff1xed to the end of the GBAA test bed for determining

the transm1tter § pointing stability while the entire test bed was subjected
to nominal 360° of angula.r rotation, Dynamic testing revealed two serious
problems, Both beam motion and intensity variations occurred while equip-
ment attitude angle was varied. Laser transmitter power was observed to

change from maximum rated power output to near extinction for certain



i
H
1

¢

angular attitude orientations of the radar test bed. Test results including

both beam motion and power changes were subiritted to Britt Electronics,

[l
’

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 necessity of a laser

mirror cavity structure redesign. (See Appendix C, Beam Motion Study - Final

Réport PO #29407, Noveinber 1971, and Appendix D, Investigation of Electro-

kS

optical Techniques for Controlling the Direction of a Laser Beam.) Following

the redesign, two new laser tubes were fabricated, one of which wés installed
in the test bed laser. Laser operation subsequently proved excellent although
further testing revealed beam motion contribution from sources other than the

laser transmitter and are described in the Optics section,
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7.2.1 Laser Description. - A pulsed Argon Ion laser is used as the primary

light source in the laser radar transmitter /system., The Britt Model 2000 pulsed

laser wés selected on the basis of size, weight, and peak power output consistenﬁ

wlth single unit packaging. The laser is internally cooled and therefore requires
' no auxlhary plumbing. The Britt laser is pictured in Figure 7-6.

Laser operating specifications are (élso see Figure 7-7):

1. DPeak power output: 1.7 w (nominal) L ; ,

2. Wavelength at maximum ’ '
power output: . 5145 microns .

3 TEM__, single color: (5145 ?\) "‘

) 4, Pulse repe'tition rate: . 1 kHz » adjustable
5. Pulse width: ié us .
6. Trigger mode: Sélectable, Internal/.External
. '» 7. Operat)ng posmon Any ‘

The laser used is a model 2000 AN. Slight modlﬁca’clons were initially
made to facilitate the specific requi_rements of the GBAA system.

The 6utput pulSe width and trigger rate, was changed from
50 microseconds @ 270 pps to 15 microseconds @ 1000 pps. A modiﬁ‘cation
of the laser plasma tube was made to facilitate the vertlcal orientation
operatix{g requirement, A conical shaped particle r'ieﬂector was installed in

the plasma tube to prevent contamination of the mirror reflectors.
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THE MODEL 2000 ARGON LASER is a particu-
lar embodiment of the Burst Laser concept which is
designed specifically for applications involving holo-
graphy and other relatively high average power
exposures. The Burst Laser concept is described in
Bulletin N®. 1. Other features which are common to
all Britt ion lasers are described in Bulletin No. 2.

General Description

The Model 2000 is a high-duty (large percentage
on’”’ time) repetitively pulsed ion laser which
features unusually high average power output for a
laser of its cost, size, and weight. Power specifica-
tions, selling price and physical characteristics are
shown on the reverse of this sheet. Power supply and
air cooling are included within the laser head and it
operates frcm 115 Volt AC power. Other con-
veniences include internal m'wing and shuttering of
exposures and interchangeable, permanently aligned
mirror cells

Functional Cescription

The Model 2000 laser offers two modes of
operation. A continuous output beam of high average
power consists of 50 microsecond pulses whose

s 4+ o st i, v i Al s Bl il S el P S P .. s it s L g

MODEL 2000
BURST ARGON LASER

Figure 7-6,

repetition rate can be varied from 20 to 270 pulses
per second. The Burst mode of operation produces
timed bursts of puises but at repetition rates over
1000 pps for .25 to 8 seconds, or over 1500 pps for
.12 to 4 seconds. The burst is initiated by a hand -hel 4
pushbutton,, which also disables the cooling fan to
eliminate vibration during the burst. The burst
duration is internally timed and is selected in half-
stop increments (\/—2-) by means of a rotary selector
switch on the control panel.

Guarantee

The Model 2000 laser carries an unlimited gas fill
life guarantee. See Bulletin No. 2 for detailed
description. All other aspects of the laser are war-
ranted for the first year against failures due to defects
in material or workmanship.

Accessories

For holographic work the Model 2000 is oifered
with a Littrow prism wavflength selector and an
internal etalon device for providing increased co-
herence. These accessories are described in Bulletin
No. 2 but priced on the reverse of this sheet.
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SUMMARY OF TENTATIVE SPECIFICATIONS
BRITT MODEL 2000 BURST ARGON LASER

FUNCTICN Continuous Burst Short Burst
BURST DURATION Continuous .25 to 8 sec .12 sec to 4 sec
Minimum Average Power Output
TEMgg-Etalon (5145A) ! 16mW 50mwW 90mwW
with Littrow and Etalon ;
TEMgg. Single Color (5145A)1 25mwW 80mwW 120mW
with Littrow and Aperture '
Multimode, Single color (5145A)1 30mw 100mW 160mwW
with Littrow only
Multimode, Multicolor 80mwW 250mwW I7pmW
Standard Mirrors g
Description of Operation . P\
Burst Duration Continuous uﬁ .12 to 4 sec
Burst Duty Cycle 100% % 25%
Pulse Repetition Rate " 20-270 e 0 pps 1650 pps
Pulse Width 60, D? 50u sec 50u sec
Pulse Amplitude Ripple < <10% <20%
Minimum Peak Power f
TEMgo, Single Color (5145A) 20W 1.8W 1.5W
Multimode, Multicolor 5.0w 4.5W 37w
Power Input
Voltage Input - 115 Volts AC 60H2 ey
Current !nput § amperes 14 amperes 20 amperes

Optical Characteristics, TEMpg
Coherence length with etalon > 1 meter (see Bulletin No. 2)

Beam Diameter spprox. 2 mm (at 1/62 points)
Beam Divergence (uncorrected mirror blank) .75 mrad approx.
Selling Price :
Standard Mirrors $4,250
Wavelength Selector $4,600*
Selector and Etalon $4950*

*These prices apply when the wavelength selector and etslon are substituted for standard mirrors. Extra standard mirror cells are
priced at $300 each. Prices subject to change without notics.

1Power in other lines can be estimated by multiplying the 5145A power by the following factors:

: 5017A 4965A 4880A = 4765A 4579A
TEMoo 18 30 68 31 18
Multimode 18 31 72 33 .20

Weight: 62 pounds R =

1"—32 Thread

38% "

Figure 7-7.
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~ to the original hour.

The laser was initially equipped with an internal, closed loop, gas-
replenishing system which required liquid pitrogen cooling d‘ur‘ing ‘t}}e refill
opération. An improved system as later "installed which virtually eliminated
the nitrogea cooling requirement, | The new system, called 'BURP refil
cycling, requires equipment down time in the order of minutes as opposed

.The laser is equipped witl; a Lit:row Prism wavelength selector,
All principal visible Argqn lines are seleétable by knob control attached to
the Littrow Prism. One revolution of the knob encompasses selection of alll
of the visible lines,

Total laser control is provided by the CONTROL UNIT, One
power and two signal cables interconnect the laser to the control qnit. dne
signal cable carries the 1 kHz laser triggering signal while the remaining
sigual cable contains the SENSED laser transmit pulse used by the ranging
system, The 115 VAC laser primary power is suppliéd by the control unit

through the remaining cable.
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7.2.3 Beamsteerérs. - The G. T, E. model PBM-3G dual axis, piezoelectric

beamsteerers are packaged in a box structur’e.' Six 1/4" plates form the four
Sides and the top and bqttom'covers. The t;vo 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 opticai aligmné;lt. Align-
ment of the dual axis beamsteerers was i)erformed #t ITT Gilfillan prior to system
shipment and requires no further adjustment. Reaiignment of the beamsteering

assembly should only be necessary if the deflector adjustments have been changed

or if the beamsteerers have been removed for replacement.

7.2.4 Electronic Control. - The two-axis beamsteerer ‘control amplifier is shown
- in the photograph of Figure 7-8. The rear end of the GBAA main frame chanﬂel
acts as an integral portion of the drive rémplifier housi;ig. The amplifier has been
'designeg to be a portable, self-contained unit, capable c:f being removed from the
transmitter main frame and remotely mounted, if desired. All cable connections
and controls are located at the amplifier fpont panel. “ConheX subminiature

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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) LASER APERTURE
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MIRROR
s
TRANSMITTER

Figure 7-8. Ground Based Acquisition Aid (GBAA)

Trans.- -ter and Receiver (Rear View)
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carry the amplifier low voltage powef and switchir;g functions from the rack
mounted CONTROL unit to the amplifier and beamsteerer units.

Fine trim BORESIGHTING contlfol's’ are safety mounted behind the
front panel and are adjusted through front panel access holes. Deflection
éensitivity ponu'ols are also provided on the amplifier chas'sis. Chassis
removal is required for deflection gain control access.

" Dual axis beam deflection amplifier circuitry is mounted on a
single circuit board. The y axis amplifier is mounted on the top of the board
while the bottom of the board contains the x axis a.mpliﬁer. Both amplifiers
are eiectrically similar although not jdentical. The x axis amplifier has an
addiﬁonal unity gain phase inverter amplifier which corr;acts the beam-

steerer's x axis deflection phase to that of the receiver Sensor.

Major circuits contained in the beamsteerer drive amplifier are:

() Summing preamplifier
'+ ¢  Lowpass filter> ..
o Power drive amplifier
° Strain gauge sensor a;mpliﬁer ) )

° Differential amplifier

® Temperature compensation amplifier

7-26
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Signal processing amplifiers are TO-5 can-type integrated circuit
amplifiers. Beamsteerer signal amplification and drive is provided by

v

fra.nsistor amplifiers. An operational d,es'cript'aon of the beamsteefing drive
amplification is asv follows: 7
" A beamsteering deflection drive signal voltage, at a transfer ratio
of »one volt per degree, ié applied to the summing preamplifier. The pre-
" amplifier is driven iay two sources, the input drive sigﬁal and the output of a
summmg differential amplifier. The differential amplifier's main function
is to provide an additional transient drive voltage used to improve the
arxiplifiers - step response - characteristics.. Both input drive voltage and : | :
mi;ror position strain gauge voltages are applied to the differential amplifier.

The differential amplifier senses a difference between the input drive voltage -

and the mirror position as sensed by the strain gauges. During the period of

L we..

imbalance between a change in input voltage and mirror position response,

the differential amplifier adds a voltage to the preamplifier which augments the ‘

initial drive signal. The combined effect is to increase the beamsteerer's
transient or step function response. The bandpass characteristics of both the
pf’aampliﬁer 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 piezoelectxlic effective . 25 mfd

load between voltage limits of +500 volts. The resulting mirror motion is
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sénsed by attached strain gé.uges, amplified and applied to the differential

amplifier as aforementioned. When the input drive voltage is balanced by the‘
strain gauge voltage (at the differential an{plii;er_ input), transient drivé
voltage diminishes to zero and the mirror position becomes static. 3

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 sﬁbsequently cofrected for by the addition of
t_emperature-compensation cirguitry. Drive, strain gauge, temperature com-
pensation, and beam positioning voltages are all summed at the diff erential -
amplifier's input terminals. Auxiliary beam positioning controls are also mounted

in the beamsteerer housing.
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7.2.5 Transmitter Optics. - Thé transmitter optical system is rigidly
moﬁnted to the beamsteerer housing to ;orm a2 compact modular optical
unit.b The optical p;th is folded ’1 80° to facilitate pa;ckaging compactness.
é;ce]‘.léx-it m;—c_ﬁ;nical rigidity is obtained by the use of cylindrical |
supporting arms used to attach the input and output optics to the beam
steerer imousing. During system testing however, a transmitter beam
motion was observed., As the GBAA was being operated in a static o
(non-"tra'.cking) boresighted mode‘, the transmitter beam Qas positioned

on a target fixed to the transmitter mainframe. The gimballed tele-

scope mount was then driven to impart a conical rotation of the trans-

- .

mitter assembly of app.roximately 30° off verticle. A plot of the
transmitter beam position was recorded on the afixed targef, at

various angular positions. A transmitter beam wander of approxi-

v .

mately two beam diameters (0. 1°) was noted (see Figur.‘e 7:-10, Trans-
'mitter Beam Stability test), A program was henceforth ipitiated to
rigidize the eni.re transmitter as se;nbly c’onsisting cf the laser,

beam steerer, receiver sensor and mounting plate mainframe. Sub-
se‘quie,n.t tests revealed a reduction in beé.m motion, however, the
primary r;notion source was later found to be a loo‘se optics supporting
- cylinder within the input optics arm. The lcose assembly was that

of a cylindrical lens assembly, threaded for optical adjustment,

-
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mounted inside the optics support arm. The motion involved was

that of 2 cylindé:f rolling within a cylinder. A single set screw had

’

_apparently been jarred loose or left loose from a previous lens

/ .

adjustment. A second set screw was installed at right angles to the
original and botl. screws tightened to preclude further mechanical
shift, ’ T

Future tests revealed excellent pointing and tracking
stability of the tiransmitter and receiver sensor during actual air-

craft tracking operation.

‘ 4 ’?I"he',tfghsmitter beam steering and optics package is,shown in

Fig‘lre 7-11. ’ : ) "’ . ."A « 5 Y L4
R T EAR LA s ot ot A
R AN S - VAR .
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OUTPUT SCANNING BEAM

SPREAD 3.86 MR DIAMETER
10° x 10° SQUARE PULSED ARGON LASER

RASTER IN SPACE BRITT MODEL 20005
128 RESOLUTION UNITS 5145 A

N
PER SCAN LINE /,/ﬂl b /

F’ AN
INPUT

VS SIMPLE LENS
" 119 MM EFL

st-l

OUTPUT LENS
40 MM EFL

(RAMSDEN TELESCOPIC
EYEPIECE)

Al

FOLDING MIRROR
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PIEZO-ELECTRIC
§ 300 MM "THROW" BEAM DEFLECTORS L %%JECTIVE LENS
3 FOR 2ND DEFLECTOR + 40 SEC DEFLECTION \ é\ MM EFL
2 OBJECTIVE LENS
381 MM LENS

Figure 7-11. GBAA Transmitter Optics
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é Q . 7.3 Receiver Subsystem

- The general system block diagram is again used to indicate
' the relationship of the receiver subsystem to the other elements in

»

Figure 7-12,
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Figure 7-12.
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‘useful photocathode area diagonal dimension of 0. 7".

7.3.1 Receiver Sensor 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. ,

s o , ,
£/0.75. The lens 21 total field-of-view more than adequately covers the GBAA

L

o . .
10 FOV requirement. The image size produced at the image dissector tube photo-

reqﬁirement. The image size produced at the image dissector tube photo-
cathode is determined by the~angu1ar éield coverage and the lens focal length.
With a lens foCaf length of 65 mm and a sensor field-of-view coverage of
10° square, the maximum image size as projected onto the photocathode of

the image dissector tube is 0.448" square, with a maximum diagonal

C '
dimension of 0.634''. This image size fits well within the image dissectors

The len's only mechanical constra.int is that’its back focal length
is adequate to provide clearancé between the rear element support and
tl;e 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
t.a‘r.get image that falls within the image dissector's instantaneous photocathode

dimension of 0.004'" square. A modulation transfer function plot of the De

-

Old Delft lens is shown in Figure 7-13. . - P

Attached to the front of the lens is a 3.5'" spectral trimming filter

designed for maximum transmittance at the Argon Ton laser wavelength of
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. 5145 microns. The on axis 3 db banciwidth is . 002 microns., The maximum
transmittance of 55% peaks at 5148. 94 Ang. as shewn in the spéctral trans-

mission curve of Figure ,";_14‘. ' The filteir xs fabricated in the form o‘f a

glacs sandwicl..® Due‘i:o the cementing process, absolute flatness is no longer
jnaintained. Local filter thickness vériations result in minute optical

ébberations. This condition requires that the filter rotation as mounted to the

lens, be maintained consistent with thai whici; occurfed during sensor fielq

mapping. Removal of the filter is made necessarz due to the addition of a

star tracking capability which is used to check the alignment and tracking | o

-~ 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

photo detector. ITT image dissector photo‘se'nsox s 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 remote processed image dissector

tube, containing an S-20 photocathode, a 4 mil square internal limiting
aperture and a nominal‘ gain of 1 x 106. '1“he’image dissector tube is used to
analyze the total field-of-view (FOV) fér the existence of a target, i.e.,
{1lumination of sensor by light reflected from the aircraft's cube corners.
The ﬁnique characteristic of the ir_nagek dissecto;‘ tube is its capability of
electro-optically sampling a very small area in its total‘F()V. Photon
energy contained in the far field is optically focused onto the image dissector's
photocathode. FPhoto current leaving the photocathode is magnetically focused
and deflected past the dissector's internal limiting aperture. For any given

" deflection angle, only those eleetrons leaving a specific area of the photocathode‘

. will find their way through the limiting aperture, This area is defined by

thg projection of the limiting aperture ontb the photocathode and is referred

toi as the instantaneous photocathode dimension (IPD). The IPD as projected

by the optical S"s‘tém into the £ field is referred to as the instantaneous

ﬁéld-of--view (IFOV). The IFOV, as producedrby the 4 mil limiting aperture

il

and the optical cystem, subtends a solid angle of (‘».09o squai'e. The IFOV is
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m#gnetically deflected by the receiver electronics in a fan or fence pattern
to search the 100 FOV. An pverlapping step pattern is used to preclude
missing the ta-get. When the target is detécted, the IFOV is defle;cted abou‘t
the target in'very small increments. T;ﬁs 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
tairget"s angular posit.ion 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 aircraft,

Electrical and mechanical specifications of the image dissector used

in the GBAA receiver sensor are shown in Appendix E, vidissector-Image

Dissector Test Data.

7-41



7.3.3 Sun Shutter. - Direct viewing of the sun or any other extremely bright
gource within the angular field of the receiver will damage its image dissector
/

photosensor. To prevent this, a sun sensor and shutter 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.,

- . 0

; The thin metallic sun shutter is interposed when required between the lens
and the tube face by the action of a small rotary solenoid. The tube is shielded
from magnetic effects of the solenoid. The system is designed to be fail-safe. The
shutte.r is spring-loaded to be norrpally in the closed position when the solenoid is ‘ 3
not epergized. 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 axis. 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 | 0

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 Q

300 of the optical axis. 'The shatter activation is latching and must be manually

reset at the control unit for resumption of normal operation. The mechanical v
’ ‘ Lt ' 4 )
construction of the sun sensor is shown in Figure 7-15. b

ety i Thee W
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7.3.4 ‘Ranging System. -~ The ranging system herein described is an add-on to

]
4

- - the original contractual requirement of NAS8-20629. This inclusion of a ranging

capability further enhances the versatility and usefulness of the GBAA as a data

source. Both analog and digital range outphts provide aircraft position deter-

mination as a function of time, thereby aiding in the evaluation and correlation

of atmosi:heric turbulance data.

1, Ranging granularity:
2. Ranging accuracy:

3. Range:

4, P.R.F.: ~

5.  Transmit pulse width:
6. Range smoothixig:

(A Range averaging time:

8. Range output:

Ranging characteristics are as follows:

10 meters

Better than 100 meters
>100, 000 ft.

1 kHz

15 micreseconds

32 samples

128 mﬁliéeconds

Visual display in kilometers

9. Range output for reCOrdiﬂg: Analog and Digital/Binary (12 bits)

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 1s also used to optimize

- return signal characteristics. (See Figure 7-16.\
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Range is determined as a function of elapsed time between the center
of the transmit pulse and the center of the r"eturn pulse. The pulse centers
(iﬁ time) are determined by digitally measuring the width ;>f each pulse and
halving the resuli. Range measurement is therefore unaffected by laser pulse
startmg time or w1dth variation, It is ‘likewise unaffected by return pulse
width vanatlons due to scintillation but W111 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. .

Major system circuits are:
1. Dual frequency clock
2.  Transmit pulse sensor
3. Return signal discriminator/gate
4. R'ange counter |

~5. Range smodthing counter
6. Range accumulator

4 1. Storage register

- 8. Sample count;t

9. Range digital to analog converter

10, Range readout
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A typical ranging sequence is as follov's:
The dual frequency clock pulse genera'or drives the range counter
at a 15 mHz rate between the trailing edge of the transmit pulse and‘ the lead -~

ing edge of the return signal. The 15 mHz clock produces the basic 10 meter

1 .

i range granularity, The 7.5 mHz clock drives the range counter during the
i .

transmit and return pulse durations. This results in a range equivalent of

L one-half the transmit pulse plus one-half the return pulse. The total clock

N wcbunt 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/DN counter used to store individual
~ range samples, It is driven by 'the aforexbnyentioned dual frequency clock for
| tﬁe period between transmit and return pulses, Itis then DOWN counted
as the Range Accumulator is simultaneously driven to accumulate 1/32 of
thé individual sample. The 5 bit smoothing counter is driven ahead of the
range accumulator counter to provide the 32 sa:nple smoothing., After 32
range sampies have been accumulated, the count in the range accumulator
is parallel transferred to a storage register. 7he register stores the binary
equivalent range for each 32 sample period. The register outputs are
connected to a 12 bit digital to énalog converter. The converter output
provides the voltage drive to the range buffer amplifiers. Two outputs are
available with voltage to range transfer fﬁnctions 6f 10 l;ilométérs per volt

- and 4 kilometers per volt. The outptits are uséd to input both the external
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éomputer and the visual dispiay 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
those four, only those exceeding the return pulse discriminator threshold
level are proéessed. v _ Lo

. The range counter is cycled up and down at each transmit pulse.
In the absence of a return pulse t hé range smoothing counter is ,inhii)ited
for that range sample period. 'When a remrn pulse is sensed, the smoothing
counter is enabled and drives the range accumulator as the range counter

is being down counted.
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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 controls and status monitors -

ére mounted on the 7" x 19" front panel. Considerable design effort was
éxercised in producing a L;nit having a high de‘gree of operational and testing
ﬂexibility while maix;taining a basic simplicity for avoidanée of o-perational
error. Red/Green Go/no Go visual warning is incorporated in the control
switching system to alert the operator of any coatrol combinati'on 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 éelected, the Power AC indicator will switch
to GPERATE 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
SHUTTER CLOSED push button. Conditions which allow norr;;al tracking and
ranging 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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) B -
5§ Readout Selector at RANGE .
6 Scan selector -~ RASTER or FENCE, OFFSET or CEN:IER . ¢ .
7.  Laser in OPERATE A '
.....  Operating and test readout device;s include: ’ | . . s °
1. A digital volt meter which provides readout of Target Range -
o in kilometers; elevation and azimuth errors - in degrees and
: tiacker/ranging threshold levels - in volts. ' : " ol
2. A laser running time meter. | . I ;
3. Declination and hour angle analog voltzx;eteré 2

The declination and hour angle voltmeters are particularly useful

-

Sl I e ’
during the transmitter-receiver aligning phase. Automatic meter ‘s_ensitivity
ot . . eiptae g 2O o o, . .
switching provides full scale sensitivitiesof 5 , 0.5, 0.05 full scale with
a minimum (low scale) resolution of . 002° per division. The automatic -

switching provides the operator with - hands off - monitoring during the critical

alignment phase.

The laser running time meter accumulé.teé actuai laser trigger time
(aé opposed to standby) and can be used as an aid in reference to a laser gas ° ”
‘reﬁlli cycle schedule.
: Dynamic operating mode status is indicated by'three galliﬁm' phosphide
lig;—emitting diodes positioned adjacent to the mode selector switch. Modeé ®
{ndicated are SEARCH, TRACK, and MINI SCAN.
®
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Referring to the photograph of the GBAA control unit, Figure 7-17 , the
left hahd row of push button switches are used to energize specific iaser radar
éubsystems. The POWER AC switch i; first energized. This operation
Qistributes <AC power to the +5 volts and +15 VDC power supplies as well as the -
iaser transmlttc_ar and the Acooling fan. The upper TRACKER pushbutton is next
energized to dlstribu'te the low voltage DC power to the TARGET-TRACKER
and RANGING electronics. Operatio;x of the BEAMSTEERER pushbutton energizes
the +500 VDC supplies used to drive the piezoelectric beamsteerers. The SENéOR
phéhbutton applies high voltage (2 KV) to the receiver sensor image dissector tube.
The SHUTTER OPEN switch has a momentary closurel action and is normally
energi_zed 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,

v Two rotary selector switches are‘locateg to the right and left of

the center panel digital volt meter. The left hand switch selects the normal i

dy.né.mic mode of operation when in the OPERATE position, gtaﬁc mode,
scan pattern tests are generated when TRACK or MINISCAN are selected.
The READOUT SEL, switch provide’s a visual irdication of TARGET RANGE
(in kilometers) Elevation and Azimuth Angle Error outputs (in degrees) as

well as sensor and ranging threshold voltages whén in TEST,
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The TARGET to BORESIGHT analog meters readout tracking to v
boresight angle errors along the declination and hour angle axes. The meters
have three scales of sensitivity - AUTOMATICALLY -switched between
- +5°, +.5° and +,05° full scale;. '
The‘ LASER switch is operated in the red STANDBY mode awaiting‘ :

approach of the target aircraft, Energizing the laser switch results in a

green OPERATE mode coincident with triggering of the laser transmitter.

A small running time meter is located immediately below the digital volt

meater and is ased 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

0 adjacent visual false alarm indicators. '
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7.4.1 Signal Processing. - All signals for tax:get iracking and ranging are pro-

!
cessed within the control unit. All circuits are mounted in Augat type 8136-P

integrated circuit chassis located at the bottom of the control anit. (See Figure 7-18.)

Piano hinge mounting at the c‘enter of the control box provides accessibility to both
wiring and component sides of the circuit boards. All socket interconnections are
hard wired. Plug-in dual in line integrated circuit logic components are used
throughout to facilitate ease of component test and replacement. Analog integrated
circuif amplifiers and associated components are mounted on plug-in adapter
sockets. Circuit board component and wiring sides are s'hown in the accompanying
photographs.

Additional 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.

Deutsch DM9600 series connectors are uséd to carry the sensor and beamsteerer
deflection signals. Angle error and ranging ‘signall outputs terminate in dual ELCO
connectors. Powcr connections are made in standard 3 prong poiarized cannon
receptacles. An indicating type master fu se block is'mour;ted immediately above

.

the primary AC power connector. (See Figure 7-13.)
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Wiring Side

Figu.e 7-18. Target Tracker
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proceed as follows:

’ 7.5 GBAA Laser Radar Target Tracker

7.5.1 Start-Up and Operating Procedure. - To operate the tracker.

!

Operate the A.C. POWER switch., This eneréizes all dc power supplies
and indicator lamps.

Operate the TRACKER switch., The TRACKER switch applies +5V and

+15 Vdc to tracker logic, ranging system‘and transmitter and recciver

*

amplifiers. , ' P

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 cygle will repeat any time the ac power is
interrupted. ''Caution' is advised any time the laser is in operation.
"NEVER'" look Airectly into the laser beam.' Refer to the laser manual

for proper laser operation and maintenance.

All tracker functions should now be operable and individually selectable

by the MODE SELECTOR switch. Cables may be tee connected to the
beam deflector drive 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 proper

operation of the mode selected. Proper operation of all drive fnodes

'should be obtained prior to application of power to the BEAM DEFLECTOR

amplifier. A "first time'' precaution can be obtained by selecting

757
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boresight track scan mode. Tﬁis is obtained by first selectin‘g TRACK-
MODE then beam position center by mome ntarily depressing the CENTER
pushbutton then the: POSITION SCAN buttoa (in and out). This set-up
should produce 2 track scan centered at bore51ght By attaching the . .-
removable metal targe.t to the end of the laser bed, (mounted with a
single 1/4 - 20 screw) 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 decired for viewing éase.

Pressing the LASER OPERATE button should 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 nornial 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 miniscan should produce a mini-field pattern 8
steps wide by 9 steps hig}; (=~ .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° x 16° field.(~ 6" $q. ).

After all mcedes and scan Patterns have been obtained, mutual alignment

of the transmitter and receivar 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

approximately 15 minutes. The laser transmitter and beam steering
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7.

.the beani in the target box.

" Following the beam centering, the target may be removed. Full

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 boresight controls on the front of the beam

deflector amplifier chassis. ‘First, -the Britt laser wavelength

- gelector X-Y controls should be adjusted to yield the brightest

spot. Then, the boresight controls should be adjusted to center

¢

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 range, to prevent receiver sensor
overdrive. With SENSOR depres‘sed and SHUTTER OPEN, the
receiver is readied for norm‘al. operati.on. By depressing the
RASTER SCAN button and selecting OPEERATE, normal tracker
operating mode should be indi;ated by all red lights out. Any

red push button indicator remaining would indicate the equipment
in the test mode only. With all grec;,n lighté indicating system <O,
t;he mode should indicate SEARCH until the target is encounte;.reid
at which time an automatic switch to track will occur. I thev |

tracker threshold (front panel rt. hand pot) is set too sensitive,

acquisition on noise pulses may occur. Normal adjustment is

-
oy on TED
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9.

made by cw rotation of theshold adjustment until acquisition just
occurs on noise then backed off just slighﬂy..

For ciaylight‘ tracking, compensation’ for high background brightness
may be desired. This is accompli/shed by adjustment of the left
hand, front panel threshold control. This control varies the
receiver preamplifier >attem-xation (manual gain control). Its
voltage level can be read on the DVM by p;)sitioning.thé oi)erate
sjelector in the straight down (6 o'clock) position. Attenuation
ﬁtarts at about the 1 volt level. 1.25 volts produces a nominal

20 dB attenuation. This is usually adequate for horizon type

daylight tracking. The DVM monitoring position one-step cw

of the aforementinned position is'used for all voltage test measure-

ments which can be facilitated by use of the Q ball probe attached

to the underside of the electronics chassis.

. Té&st jacks have also been provided on the underside of the

electronis chassis for monitoring tracker video, scope sync

- =,

(track mode only) and discriminated range return.
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7.6 Mechanical Configuration .

The ground based acquisition aid is packaged in two separate

units interconnected by power and control cables. Mounted as 2 unit

on the optical communications 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 described in the

receiver subsystem section,

A single "U' shaped channel mainframe is used as the main
p'ac'kaging'platform. The receiver and beamesteering assemblies 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 same 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.

-
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Modifications were made to the mainframe structure subsequent

to preliminary testing. Early testing revealed a beam positioning

instability coincident with a change in test bed platform orientation.
/' .
To eliminate any possible contribution of beam motion due to .

S

mechanical instability, the test bed mainframe was reinforced with

a box type structure underglrdmg the entire U frame channel,
Additional supporting brackets were added to rigidize the transm1tter
input and output optics and the receiver sensor as sembly. A brief

description of the structural modifications is as follows.

7.6.1 Transmitter Test Bed - Structural Support Design, - The design approach

was based on the fact that several units, laser beamsteerer, 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. o
B

o

Consequently, the strﬁctural mechanical mount was configured to
proﬁde ;‘igidit,y; 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 e.zs follows.
. The basic structure is a 9" wide, 6'' deep by 53" long ?ox 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 fcr flatness and parallelism. A second structural member,

a 9" x 53" long channel machined flat is attached to the box beam and contams
the appropriate attach bracketry for mounting and alignment of the laser
unit, This channel is fasténed to the box beam in such & manner as to obtain

an overall box beam - channel composite structure. Next, two angle bracket

structural units ore intertied to the box beam ~charinel assembly at required

locations to provide the necessary beamsteerer and receiver mount surfaces.
Inter related alignment set screws and bracket-saddle-strappmg are provided
to stabilize the beamsteerer telescopic tube structure and the receiver container
for required alignment and overall unit stiffness.

Thg overall structural mechanic;al assembly is relatively simple in

concept but is of sufficient size structurally and configured mechanically to

achieve the required mounting configuration and overall laser optical align-

ments.,
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7.6.2 Telescope Interface. - The GBAA transmitter/receiver package is

mounted to the 24" comndunications telescope main barrel. The telescope‘
mounting surface consists of three ;ai;ed pads or bosses. The bosses
are located in a triangular arranger;lent. The bosrs at the apex of thé
triangle formation acts as the pivot point, about which, hour angle
adjustment is made. The adjustment is made by use of a slotted
interface bra.cléet which couples the GBAA to the two '.rema.;ning bosses
and declination adjustment is made by shimrhing the adjustable mounting

bracket. Figure 7-21 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 v

The step-by-step procedure.used to mutually align the GBAA
transmitter and receiver is as foll"ows:
Transmitter-Receiver BORESIGHT alignment setup - GBAA ON,

Position Scan, beam steerer ON, beam at BORESIGHT.

1.7 Attach the target plate to the GBAA test bed, This is
used as a visual aid in -aligning the transmitter beam to “4 ,

the té st bed.

2. Mechanically position the laser such that its output beam -
enters the center of the beam steerer input optics. :
. : g

.3.  Align laser to obtain beam at output optics, parallel to
laser housing or to previously established target i
position if available. ;
NOTE: Laser horizontal adjustment moves output ) 4

-—ys

beam vertically and vertical adjustment
. moves the output beam horizontally - due to

inversion through the beam steerer,

4. Release POSITION SCAN and sglect RASTER. Observe
t‘he 109 x 10° full field raster‘scan to assure clearance

of test bed.
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5. Disconnect and terminate (100 2 ) the beam steerer

. : — .
input terminals, This is needed to immobilize the
transmitter beam as positioned on a far field taréet,
. g
while allowing the receiver sensor to search. , P

6. ©Position a reflective target, i.e., cube corner, at a
S TN L )
convenient range (2 to 5 miles) and manually position

N - . . . PR .
5

the undeflected transmitter beam to the tai‘get.

N NOTE: Night time alignment opei-ation vastly aids in

.5

the visual identification of the laser return beam.

. -
P W )

7. Allow the receiver sensor to ACQUIRE and TRACK

P A

’ 0 the target. The Declination and Hour Angle error out-

i ‘puts now indicate the misalignment between transmitter -

and receiver,

T R R

8. While tracking-the target, adjust the receiver sensor in

, el.%evation and azimuth to re‘du'ce to zero, the declination i

a.ﬁd héur aﬂgle errozx-' re;douts. Accomi)li shing the above
will result in the mutual, or boresight alignment of the

transmitter and receiver,

9. Reconnect the Beam Steerer input drives and lock the
sensor adjusting screws. While monitoring the track

e

e ‘video output signal, adjust the beam steerer Fine
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’ . . Centering adjustments to obtain a balanced, elevation

and azimuth track scan output,
7 ’

NOI‘E During alignment procedures the return
sxgnal amphtude should be attenuated such '

that signal peaks can be observed. . o i€

TS e 'ﬁransmitter-i{ecéiver ROLL Alignment. - Roll alignment is checked

in the‘AUTO,:"I"RACK mode. The return signal is attenuated such that )

-t

the track video peaks can be monitored.

1. Rotate the GBAA test bed along one axis (plus and minus a .‘ by

frorn boresight), to produce an effective target motion

- o ‘ in declination or hour angle while monitoring the track

video 'sign'al. A degradation of the track video signal -

occurs when misalignment exists in either ROLL or

deflection sensitivity between transmitter and receiver.

Roll alignment is most easily checked by nudging the

- , transmitter output optics'in a directiqn to obtain a signal
_improvement. When an improvemenf in signal return :
: - - -
is observed the sensor’is then adjusted in roll to opti- "
mize the signal return. :
2. After each roll adjustment of the receiver sensor, i

-

alignment should be rechecked at boresight.

. e..__.~
.
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* ” per degree.

7.7.1 Deflection Sensitivity Adjust. - The receiver deflection sensitivity
ig electronically set during fabrication and is therefore nonadjustable.

The beam deflactor sensifivity is therefore adjusted to producé far field

‘tracking between transmitter and receiver. . ’ , :

1. Generate effective target zﬁotiOn above and below and/or
to the right and leff of the target as described in the
1;'{501.;L aliénment. Wh;:n v‘ideo I.;igr;al degr‘adation is
o'oserveci, vary the beam steerer gain of the appropriate

axis. Increase or decrease the gain until signal ampli-

tude is restored.
2. Check opposite angle from boresight and reédju‘st.

3. Repeat 1 and 2 above to optimize transmitter and
receiver alignment over the 100 x 109 field of view,

Transmitter and receiver alignment is now complete.

_‘7. 7.2 Calibration Test. - Declina;tion and Hour angle outputs were

.‘.cavlibra'.t‘ed using a LIETZ rotary table with which to generate very
pregise target angles (+1 arc sec.)., Final deflection and readout
sensitivities are adjusted to the corresponding LEJITZ tabié angular
'settiné while target tracking in the AUTO TRACK mode. ‘Both analog

and digital angie error outputs are adjusted to a gradient of 1.0 volt

REPRODUC‘JBXLEY OF THE

B IS POOR(

&



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 rnade"prior to equipment delivery,
’

N ’

s
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8. ' SYSTEM INTEGRATION AND TEST

8.1 Introduction

The purpose of this section is to describe the interface between
rfTG-delivered equipmex.xt and other (}FE iteras, and to discuss tl;é ITTG |
participators 'in the flight operations. ITTG technical personhel have been
ciosely associated with the flight and ground equipment operations throughout
the program, including equipment integ}'ation and test, field support of flight
oﬁefation, and data rev‘iew. | - | |
8.2 Interface

Detailed interface data (mechanical, electrical, cabling, etc.i

and flight checkout operation procedures will not be incorpcrated in this

final report, The interface data appears in the previously submitted

interface control document prepared jointly by ITTG and CCSD. However,
the locations of the interface connector plate with identifying connector
numbers is shown in Figure 8-1.

The AOCP may i;e operated without being connected to the other
Aircraft Equipment (power sﬁpplies, gomputer, etc.) by using a laboratory-
tybe 28 VDC power supply, and a 117 VAC source, A power cable is supplied
with the AOCP for this purpose so that lgb test evaluation can vbe carried out
independent of cher equipment. Additional test cables have been provided
to permit measurement and display of tracking signals, status signals, ete.
Usually, for most tests, the Ground Checkout équipment (GFE) is used with
the AOCP, Operatior; of the GCE with the AOCP is described in the GCE

Operation and Maintenance Manual,

T s L LT P
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‘ For actual flight tests and preflight checks, the AOCP is inter-
connected with the CCSD Aircraft and Grourd Support Equipment (GSE),

fncluding the computer, data recorders, ete,

s

8.2.1 AOCP Interface with CCSD Platform..- The initial integration of the ACCP

integration contractor facility (NASA/Mischoud Facility, Louisiana). This initial

ihtegration went extremely smooth bv virtue of a very detailed IDC. After initial static

*

alignment and functional tests werz made on the integrated system with only '
mmor adjustments in the control loop interface gams, ete.,, the dynamic ‘ R
tests began. The dynamic tests involved shaking of the AOCP and support
frame containing the coarse steermg‘mu'ror in an.attempt to simulate
(a yet undefined) aircraft environment. These dynamic tests uncovered
several prob_lems involving the tracking rate of the AOCP and various coarse
gi;nballed.mirror and support frame resonances. At this point, the two

o
contractors (ITTG and CCSD) approached their equipment pi'c)blems
separately to improve performance in kvthe dynamic environtnent. Detailed
reports are avallable on this phase of the program and will not be repeated
herein Suffice it to say that substant1a1 improvements were made in both
ITTG and CCSD equlpments and further quantitative tests of the mtegrated

system in 2 raore accurately simulated flight environment resﬁlted in

acceptable dynamic performance.



S e e o —

8.3 MSEFC Field Tests

This section presénts some d.'a.f'é.’ taken on the integrated
AVLOC system at NASA/MSFC with the Madkin Mountain Ground
Station. Some extensive tests were made of the AOCP controls
sub.system at MSFC to improve the performance of the tracking and
peinting i'eqtiir;ad as a result of expe}iéhcing gciﬁtillation .ef'fects in

the real atmospheric euvironment and obtaining a better knowledge

“of the aircraft platform vibration environment.

The MSFC field test range, illustrated in Figure 8-2, is
between the Artrionics Laboratory (Bldg. 4487) and the Madkin

Mountain Ground Station complex., During early tests over this

range, the AOCP unit had difficulty maintaining lock-on with the

ground terminal beacon and particularly when the atmospheric
scintillation 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 modulation was experienced
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
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.video amplifier.

in the atmosphere causing dynamic phase changes in the ID tracker

.

rd
’

o
’

Two separate problems existi'ﬁg in the ID tracker contri-
buted to the tracking difficulties experienced in the initial field test,

They were:

T 1) Excessive phase shift in the ' video signal over the input

‘signal aynamic rauge.
2) Inadequate AGC bandwidth.

A field modification inéorporated between 2/7/72 and
2/10/72 corrected the probiems listed above. This modification
resulted in successful operation of the AOCP with Madkin Mountain
in a field test conducted 2/‘1.0/72. Data from thi; test was submitted
'to J. Randall. It is believed that further if;;proverx}énts are pos sible
and a redesigh is presently' in.process to replace the modified video

X

amplifier in the ID tracker.

The phase shift problem existing in the video amplifier was

a result of the gain controlling device working against the reactances

of the ID photomultiplier tube and the input to the 10. 7 MHz communi-

cation amplifier which is paralleled across the tube at this point,
The resulting phase shift over the input dynamic range was in

excess of 70°, The design modification isolated the tube output -

8-6
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reactance frora the gain control device. This isolation amplifier

converted the current output from the ID tube to a voltage. The gain

-

~ controlling device (field effect trans%si':or') was then allowed to operate

‘against a resistive source as a voltage controlled attenuator, The

resulting phase shift over the dynamic fange was less than 2.5°.
Phase data taken with an oscilloscope is difficult to determine

e

accurately to small phase angles. -

The AGC kba.ndwidth was approximately 10 Hz which is belo'w
the normal freqﬁency 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 amplifier the low fre-
quency cutoff was moved to 1.5 KHz., The AGC control circuit was

redesigned anc. the AGC bandwidth increased to 120 Hz.

T}.e above modifications resulted in redesign of the video

amplifier input stages, gain controlling circuits and the AGC ampli-

fier. The proposed new design will replace the complete video

amplifier resulting in increased dynamic range, "AGC bandwidth,

_with the addition of adjustable gain and threshold controls to facilitate

optimizing the tracker during field test between Madkin Mountain and

the Astrionics Laboratory.

-
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Figure 8-3 summarizes the before and after performance of

the AGC amplifier. The AGC bandwidth was increased and the video
bandwidth was narrowed to avoid overlép and central system

instabilities. $ome samples of the pointing performance are shown

in Figures 8-4, 8-5 andA 8-6 which are -strip chart recordings of the
tracker outputs. Each of these data show a region in time during
which the beam steerers are turned .off. When the beam steerers

are off, the tracker outputs, Ex and Ey’ indica.té the amount of
angular fluctuation of the arriving beacon laser., The angular
fluctua.tions observed are partlir due to atmospheric steering and
partly due to system vibration (AOCP mount, gimballed mirror, etc.).

The beam steerers are then 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 closed loop point d

Precisiun at this point can be seen to be between 1.4 and 1.8 arc recorder

peak-to-peak iii the presence of severe turbulence which corresponds
to an rms accuracy of slightly over 1x107° radian,

Figure 8-7 shows a correlation of the received power fluctu-

ations (lower trace), as determined from the linear baseband

scintillation monitor output, and the closed-loop pointing accuracy

of the AOCP in the upper trace,

8-8
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AIRBORNE OPTICAL COMMUNICATIONS PACKAGE (AOCP)
POINTING PERFORMANCE
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9.0 FLIGHT OPERATIONS
The purpose of this section is to describe the flight system as

it ts installed in the aircraft and to show the lacations of the vanous equlp—

ments as used in the preflight and postflight tests. ITTG personnel were e

- responsible for the operation of the AOCP and GCE in these tests, and

participated in‘the overall flight readiness program. The tasks required

inj this field support were: a) routiﬁe mai;ltenance of the hardware, including

répair and cleaning, and b) incorporate systen modifications resulting ffom“

ﬂight operation experience. Examples of these modifications are provisioﬁs

fdr aircraft backseat operator to control the coarse g?mbal steering, fine

beam steering (on/off) control, and remote in-flight boresight adjustment.
The initial AVLOC equipment interface with the RBS7 aircréft ’

tc;ok place at Kirtland Air Force Base in Albuquerque, New Mexico.

Figure 9-1 shows a view of the RB57 belly in which tﬁe 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

n6h<vperating test flights were conducted from Kirtland AFB to test the
compatibility of the system with the aircraft environment.y A ﬁumber of
pioblems were identified during this test phase - the most major being the
temperature control of the expériment encldsure;lt high altitudes. The

temperature control problem continued to plague the program throughout

9-1
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Figure 9-1. AOCP Installed in Aircraft Blue Frame
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most of the flight series. The basic problem was the inability to raise the

enclosure temperature which affected the AOCP performance and caused

considerable moisture condensation throughout the system upon return to
7

th,é higher temperature, high humidity ground environment. The transmitter

péwer monitor beam splitter was cracked during an early checkout flight,
px;obably because of extr‘eme temperatures. Overall, the initial checkout
phase went smoothly with only minor problems occurring at the interface.
Thé operational f1~ight series waS flown from Ellington Air For(;e ,,
B}ase, ﬁouston, Texas. The preflight and postflight tests will be discussed
l;rieﬁy below. Details of the ground support of the flight tests are given in
the AVLOC Aircraft Operations Plan, dated June 19’;'2.
Preflight and postilight tes-ts are conducted for e.ach [li‘ght.
The puréose of these tests was to determine the ﬂighi readiness of the
system and to perform last minute caiibration and alignmeut checks, and

tb 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

wheels by the lifting jacks so that it becomes a stable platform., The GCE

ié capable of completely exercising and calibrating the flight system, includ-
ing.the coarse acquisition and tracking subsystem. In operating seq‘uenc;e,
the GCE illuminatesvthe flight system coarse gi'mballed mirror with a

wide angle scanning beam. The coarse acquisition subsystem TV tracker

" T T
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detects and acquires the scanning beacon and causes the coarse gimballed
mirror to dynamically slew to null the TV tracker outputs. Figur e 9-3

shows a display of the TV tracker output on a monitor located on the GCE

éontrol console. The bright spot in the center of the é’rey square is the e

GCE beacon image. The TV tracker searches a field-of-view of approxi-
mately 5 de.grqes by 7 degrees and upon acquiring fhé beacon, establishes
tracking éates, k(indicated by the gre:y réctangfe) about the target thereby
marking the scene outside of the tracking gates from the signal ’processor.

Tms reduces the probab1hty of track error produced by sun glints and other

brignt objects that migh appear in the scene af.er beacon acquisition. The

TV display is calibrated and serves as a measure of the magnitude of the

input beam scan when the coarse pointing gimbal is deactivated.
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 track sweep amplitude,

uécker noise, and errors are recorded for the closed loop system at this

point. Figure 9-4 shows the monitoring 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

graphs for a tracking/pointing dynamic test for preflight and postflight

-
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on flight numbe:: 14. Appendix B of this report is a preflight checklist ” Qe
and data summary for flight number 14 as an example of the type test

/.'
performed.
In addition to the tracking and poisting tests, boresight align- T | (¢ ]
ment accuracy and modulation index are also set. The boresight alignment
pi'ocedure is .describéd in detail in the AVLOC Flight Operations Manual
‘ . (¢
and will not be repeated here. Modulation index is monitored by the GCE . :
sensor and displayed on the control console oscilloscope. Adjustments R ’
in the modulator operating point is made by adjﬁsting the optical compensator . @
on the AOCP. This requires' the opening of the equipment enclosure cover .
as shown in Figure 9-7, This photograph alsc shows clearly the enclosure ' p
i
window and coarse mirror locations. = '
@
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Figure 9-7. AOCP Mounted in Experiment Enclcsure
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ABSTRACT AND SUMMARY

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, A significant loss is predicted due to scintil=-
lation of the corner reflector array. It is shown that by sepa-
rating the elements of the array by about l.5-m between corner

reflectors, this loss, which would approximately 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
aperture _averaging almost a factor of 4.0 power would be required

for a 45° 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 turbulence, the factor
of 1.35 increases to 1.75. This, together with the factor of
1.25 for scintillation of the dispersed array, just 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. INTRODUCTION

+

As part of a much larger program under Contract

- NAS8-20629, we are concerned with the performance of a Ground

Based Acquisition Aid (GBAA) which will function as a ground

~Pased pulsed laser-radar to detect a corner reflector array -

mounted on the underside of a high altitude aircraft. The
basic laser power, 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 propagation losses other than simple attenuation for
which a worst case (round trip) factor of 10 has_been allowed
and some sort of atmospheric turbulence induced loss, for which’
a (round trip) factor of 2 has been allowed. It is the objective
of this paper to more accurately evaluate the propagation loss .
factors other than the simple attenuation. ' -
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2., EQUIPMENT DESCRIPTIOHN

For the purposes of this analysis, the critical

',” features of the equipment are the following. The GBAA utilizes

a pulsed ionized Argon laser operat%ng at 0.5145 microns. The
pulses have a duration of 1.5 x 10~° se:onds. The laseg beam

is transmitted with a beam spread half-angle 1l.74 x 10~2 radians.
The target aircraft will be flying at an altitude of between 10%.
and 3 x 104 meters. It carries, on its underside, an array of -
8 (3") 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%) 0.072 m diameter aperture and g field-of-view half-angle of

807 x 107 radians.

probability of 10-
vhen the target is in the GBAA field-of--view, of 0.9, for a
single 'laser pulse. ‘ - .

The design objectives for the GBAA are a false alarm
per pulse and a taryet detection probability,

B
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3, TYPES OF LOSS FACTORS

We are concerned with three distinct mechanisms by
which propagation loss factors could be generated. The first of
Eas to do with angular resolution and beam spread. The
second derives from the variability of the effective cross—-section
of the corner reflector array. The third loss factor originates
in atmospheric turbulence induced scintillation on both the up

Alink and the down link.

ANGULAR RESOLUTION/BEAM SPREAD -- Angular resolution and
beam spread sre opposite sides of the_same coin, deriving from the
same mechanism and having the same value over equivalent paths, as
is shown in reference (1). If the atmospheric 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 receiver

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
gresently contemplated, neither aspect of effect of angular reso-
ution/bean spread will introduce any loss factor worth noting.

CORNER REFIECTOR 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 which will interfere with
each other differently -- for each aspect, the interference pattern
being differeat. The existence of this variable interference pat-
tern is due to the fact that when the array 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
continucus basis with slowly changing viewing geometry, the cross-
section of the 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 allowance for the possibility that when we take the
sample, the cross-section will be below average value. To counter-
act this, we have to send out more laser power in each pulse than
the nominal case would seem to require, in order to maintain the
dgsired detection probability. This increase in required trans-
mitter 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 shall present the

* gtatistics of this fluctuation and show that the scintillation

can have a very substantial effect. We shall then show how, by

_ changing the array from the initially contemplated compact pattern
to a fairly widely spaced configuration, the effect of array scin-
~ tillation can be suppressed for the GBAA.

TURBULENCE SCINTILLATION -- It'is well known that atmos-
pheric turbulence will introduce intensity variations into a laser
beam so that what otherwise would appear to te a uniform intensity

- beam would 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 amount of laser energy reaching

the corner reflector array will vary, and on the down-link, as a
result of which the fraction of the energy retrodirected by the
array that reaches a point on the ground will vary -- quite in-
dependently of the corner reflector array scintillation referred
to before. 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, which is more than conventional photoelectric 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
GBAJ, 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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L. ANGULAR RESOLUTION/BEAM SPREAD

o To evaluate the effects of angular resolution and
.. ..beam spread cn the loss factor, we shall make the simplifying
assumption that the target aircraft is well above the atmosphere,
. gufficiently so that it is valid %o use angular resolution data
~-associated with stellar observation. Our justification for making
this assumption is that on the one hand, 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
3 see that even with this pessimistic estimate of atmospheric limits
A on resolution, the effect on transmitter or receiver performance
will be negligible. : : .

i o In order to see that placing the object well above the
R atmosphere instead of just above or well inside the atmosphere
will yield smaller atmospheric turbulence induced beam spread,

we consider the expression . c

[ : ’ >

§ V2 S .
50 =(vm) /kr | (1)
,;‘ where $8 is a measure of the beam spread, k is the optical
' *  wave-number (i.e., 2™/x ), and r, 1is a measure of the coherence

- distance for an optical wavefront after propagation over the path

in question. The value of r  1is giverd by the expression

-3/
(2)

R
r, <1.675 k-‘/fsec’/fe [‘(Jh_c,f(h)]
. o

Here, ® is the zenith angle of the line-of-sight between the

GBAA and the farget object, 2 is the altitude of the target
object, and Cff (h) is a quantity called the refractive-index
structure constant, which measures the optical strength of tur-
bulence at an altitude h . A graph giving average values of CN »
taken from reference (2), is presented in Fig. 1.

: The point that we want to make is that obviously the
larger the value of the integral in Eq. .(2), the -smaller r,., will
be and the larger ©& will be. By considering the target Sltitude

, to be.at an infinite altitude, instead of at the finite altitude

e y ] , we are making the value of the integral latger and so

-
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making our estimate 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

~_ yalues 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, or even from 10 km to in-

finity. Obviously, the degree of pessimism in the value of &8
we will come up with is not very significant.) .

In order to evaluate 88 , we could use Eq.'s (1)
and (2) and the data of Fig. l. However, now that we are con-
gsidering the integral with its limit at infinity, we can get
equivalent results by using astronomical observations of stars
to give_us 86 . Good quantitative data has been obtained
by Hoag”? and oy Minel%, who measured the angular width of a
pair of slits required to pass 68% of the available energy of
a star's image. In Fig. 2, we show a cumulative probability
distribution for Hoag's results. Minel's results are in sub-
stantial 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 results calculated from Fig. l. Ve, however,
shall concern ourselves with the 990 value ‘'of about 4.0 arc
seconds, with the assurance that almost never will the seeing
be worse than this. Assuming a gaussian shape fér 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 459 zenith
angle, in accordance WiB?SEq"S (1) and (2), we introduce a
factor of [sec (45°) 7 = 1.,23. This gives us, as a very
conservative upper (péssimistic) bound on ¥8 (the 2-standard
deviatiog width of the atmospheric blur) 4.9 arc seconds, i.e.)
24 x 107° radianse.

L The effect of this spread on the shape of the trans-
mitted beam shape will be to smear out the edges of what other-
wise would be a perfectly sharply define beam. Nominally, if
the target is anywhere in the 1l.74 x 107 radian half-angle cone,
jt will receive full illumination. Because of the smear induced
by turbulence, this half-angle should be reduced to about

1.72 x 1072 radians for assurance that the €arget receives nearly
full illumination. This is a sufficiently small correction that

it can be ignored.

Similarly, in considering the receiver half-angle

~field-of-view of 8.7 x 107% radians, it is only if the image
© gets within two standard deviations of the edge of the nominal
field~of-view that there will be as much as a few percent loss

in received signal due to spill-over. This reduces the effective
receiver field-of-view to a half-angle of about 8.5 x 107% radians,
which is obviously a negligible correction. :
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Within these slightly reduced fiel
ficiency of the

intensity of the transmitted b
receiver may be considered to be unchanged by the existence
of atmospheri: turbulence induced blur., Th

"""factor correction required for this effect.

K
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and the intensity will be

5. CORNER REFLECTOR ARRAY SCINTILLATION

‘ When the corner reflector array is assembled, it is
‘impossible to position the corner reflectors so that they have
any common reference 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 length will be small,.

i.e., probably less than a millimeter, but many wavelengths. This -

means that the return from the elements in the array will have a
random phase relation to each other. As a consequence, the return
signal 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 ¢, (R =1,2,,..,N), then the observed wave will be

W= £¢xr(i¢,) | - ‘(1).

’
L=t

. . N N . _'
I=dufu e3> 3 exlitg.4)] (2)
llll'l:l

The éVerage intensity will be

N W
{1)= -'i Sz <ex,’[i(¢‘- ¢£,)]>_ (3)
Lze L's, )
since  Lexp[ ¢ ( ¢,- ¢, )]) =0, unless = by deeu,

unless & =2’ , (because the random phase &, (and &,. ) is

~distributed more or less uniformly over 27 ), it follows that

-

{I)= "2—N,, , ' , | (&)
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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 detection. However, this average
Hoe value is not the value we expect to observe at any instant. The

‘ instantaneous intensity will fluctuate due to the changing values
of the ¢ s . The normalized variance of the intensity will be

!
rg

~,

ge . ST KDY (xny

gy <) L (5)

‘ and

: » v oy N
(N3 2L 2

l.l 'e'llx"oz b

(el Choter st (o

-

: o -
! .

The average of the exponential will vann‘:sh unless either £°=.2
and £%z0” ‘', or g's g but g%=¢’ and %= g « Thus

T

‘ <rt> "6'2” f -+ ZA,'ﬁl)

Les VAt ) L8y

- ».

| v .
; -{;E(N+A/-/) =tV (2n-y)

A Y N R o

*The interrelationsnilp of the ¢,”’# will change as the angle batween
the line of sight to the array and the nominal surface normal of
the array change. For the kinds of geobmetries and aircraft speeds
we are considering, this charge will be very rapid.
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‘ .Combining this with Eq. (5), we get

o

AT S ()

| Apparently then, there is nearly 100% modulation associated with

the corner reflector array seintillation. This raises a serious
concern that at the instant a detection pulse sample is taken,
the corner reflector array return may be substantially below the

‘nominal average and the target may be missed.

To calculate exactly how serious the effect of this
scintillation will be on target detection, we 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 (intensity) which is distributed accorging
to a Rayleigh distribution. (In this regard, see Middleton o)
The Rayleigh probability density (for intensity rather than
amplitude) is ’

exp (-x/E) dT/F , o0sT<oe, (9)

]

P (x)dI
Rey
) = 0O T< O

The mean value of I 1is

[ -]
] . (10)
<I>¢~r ) _[I P“»(I) 41 VI y .
and the second moment is
N -
Tt = I:‘P ()4 - 2?.2 : .
< i >R~y o e . : (ll)
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This yiélda a normalized variance of

. .

s

!

ot <E

I :
“" .é Ray - < RL. - |

<r>..'2 >

which, when compared with the results in Eq. (8), indicate that
even with as few as eight corner reflectors in the array, the
central limit theorem required to develop the Rayleigh distri-
bution is quite accurate, yielding no more than a 12.5% error in

With the' Rayleigh distribution in hand, we are in a
position to calculate the target detection probability, consider-

- P L
B bcaattas - o i it LD o
i g

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, '
@ . , -V ra ! 2.
| : $(x) = (2m fexp(-zx ) dx
' X
A = m" fexp(-iix‘)ax ,
: K . (13)
' we shall make use of the error-function
x o
. ’ Y . .
e . cr{(x) = (q/‘r) ! eKP ('x )dx) . (ll&)

o

in ourécalculations. We note that according to Abramowitz and
Stegun®, ) :

g0 = g [rerfbvl, gy

|
i

A "'] 3 . A P S IRACEA sl 40 0 o
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Q2)

the variance. :
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and that to a very good approximation (error € 1.5 x 10"7)
for x o

erf (3= |- enp(-x) X a, ™ | (16)
. mxy B

L3

where

. k= (/*fx)-'

p = .3275911, él = .254829592, a, ==284496736,
a3 = 1421413741, a, =-1.453152027, ag = 1.061405429. (18)

7
*

Since

T erf(-x) = -evf (), (29)

for X60 , it is a very good approximation (error € 1.5 x 10"7)
to write '

2 S5
erf(x)= -l + exp (-%x*) T a, «

”<
may .

’ - (16')

where

N e

and the values cf p, a)s a2y e+ « «, ag are as given in-Eq. (18),

L A=14




In order to achieve a false alarm probability of
1107 per pulse, the detection threshold will have to be set at
about 7 O , where T = L.26, ang < denotes the rms
* noise in the system. If the signal return is I , then the
probability due to noise of missing the target when there is
a return is |

4
/

r‘;"r
— ] oy
- g . ‘

‘ra;;-z ‘ S
- §(_—a;. ) (20)

To achieve a 90% detection probability, we require that
(7on - )/on = -1.28, since $ (=1.28) = C.l. This
means that if I = 5.5L & , we will have our 90% detection
probability. '

. However, because of the scintillation of the corner
. peflector, 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 I Thus the target miss
probability, given that I follows a Rayleigh distribution
" with mean value I , is .

L o

Fu = !Pn,..'.;"(l') A (r)dL

- LA

. !d{%) exp(-Tz) f(rgj‘-ff) (21)

Substituting in Eq. (15), we get

4

£, > fd{r/f) ex;(.-l'/f) ;"[_/+ er-f(-'—f—;z_:—%)]
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’ : . f Tz 7o, ’ . f . .
o . | .
-2 !J(r/f) "‘F(‘r/f) [I-I- erf(-——-—-f; :_:_ )]
t [d(%2) exe 2/ [0 erf (22)]] o
REETI L (e2) o

-4

¥

We note that in the first integral, i.e., the one whose bounds
are 0 to 705 , the argument of the error functica is negative,
so that we can replace the error function by its approximation
in BEq. (16'). For the second integral, where the argument of
the error function is positive, we use Eq. (16). We get

AR I T

Ze ro:‘ . .
T

£ J40%0) e t502) [ 1210 anp . trad

T
n

®

mu/

s . - -
X 2 amw ] +fd(z/f) exp (-%/z)

LeTos,

T=27o;, ;

. o0
e vfd(r/i) E"/’("r/f) *é[ji(r/.,i) exp (- r/f)

r:ra;‘ ' g -

(- -]

I . . . . (I-ra-,).‘? <y m
- X&rp[ T ]nz"a,.‘u- - /d(z/i)
- ) o Z‘.ra;. .

| | -T/z (T )ty S m)
' . X &I‘P( /I) Exp .__é_r;‘z__]él am £ }
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where |
-, |
z -7 o,
we/l-p 2 .7
[ ( vz on ) R (241)
/ﬁ : , ‘
and ‘ | o S
r- -y 24
&> [/* P n.)] ( )
We note that : ) _ R
fd(‘/::) exp (—r/r.) = - exp(-"'/-)( <
::Td’n
TeTo,
= exp (—T"w/i).
| (25)
To dvaluate the two integrals in Eq. (23) inside the curly
’ L 3
brackets, -we nnte that the dependence cn exp -gégi;;ij ]
sus x
is dominant, To & good approximation, exff‘rli) oan be considered to
be constant with the value exp (-7 °%/z)  If we write, |
o
(26)

e Lrw AEEEN T

‘then we see that
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P, = e FTR/2) *x [fd/:/z—) exp (~T"/F)

- (T-Ton)t s n =S

.

[/ e Toao,,

X expl-Ton/z) exp)m (F-ToR), -
.r’) 5 zont ]E,a"” }.‘

(27)

Because we will consider only values for I for which
, . ,

exp[— (£-T % ] «1l, for I < 0, we can extend the lower
A a-n.l . '

limit of the first integral from O to - €0 & Doing this, it

is now apparent that since the two integrands are identical and

-

symmetric about I =T 03, , the two integrals cancel, and

; P, = €xP (‘r"'»/i‘);” - " (28)

This is a very discouraging result, since it says that to
achieve a 90% detection probability, we require that

exp(-T o /I) = .1 , which means that we would require that
I=2,30 Ton ® 9.81 on . If our approximation in evaluating
Pn . had considered the variation in exp[-I/I) instead of hold-
ing it constant, the two integrals would not have exactly can-

celled and there would have been an additional term in the answer
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which would require about angther 0.1 ©w in the value of I *,
giving a required value of I = 9.90,. Compared with the value
of 5.54 oa that we would need if there were no corner reflector
array scintillation, we see that there is a loss factor of l.79:1.
This uses up almost all of the allowed design factor of 2:1 in-
tended for turbulence losses, without leaving anything for the

turbulence effects themselves.

To avoid the effects of this corner reflector array
scintillation, we can modify the design of the array from the
compact pattern originally intended to an extended pattern with
wide spacing between the elements. This will result in a very
fine grained corner reflector array scintillation pattern at the
GBAA collector, and in a reasonable amount of averaging. In fact,
since the interference pattern between any two corner reflectors
will vary sinusoidally, by making the aperture diameter several
times the sinusoidal period, the averaging will be certain rather
than statistical. If the diameter to sinusoidal period ratio is
: , then the variance will be down by e* . The fact that
there will be many interfering pairs of corner reflectors will
confuse the pattern, but will not affect the averaging.

To compute € , we need to know the period of the
interference pattern. In Fig, 3, we show a very simplified (and
distorted scale) version of the geometry associated with the gen-
eration of the interference pattern. We considen the two corner
reflectors denoted CRq and CR, located at position vy, and y2
in the nominal plane of the corner reflector array, wi%h position-
ing errors A: and Az normal to the plane. The corner reflec-

- tors are located a height H above the GBAA, whose collector

agerture plane contains the measurement points at X3 ard X,
The line of sight between the GBAA and the array makeés an angie
o with the normal to the nominal plane of the array. (In our

¥ The Missing term in the r.n.s. of Eqe-(<8) 1s approximately

o Vien ¢ (L (p-Touty £
A w A-TOn =) V2T L(Z-TTn)
| aw erp(-T%/z) ) fd(i)e"P[ (-—{;.;';';-"_]_‘Z"*-.”‘"(r-ra-_)/ﬁa-n

I'f". '(*l)
Since ) - .
4 - 7 -
%"an - | (»2)

p = exp (72 )2 (B [UESE) or [(FEVT (R55) £, =

w esp-To)2) (5] [axdx enptes)i (F) €x0 (T7/2). (a3)

Since (9»/% ) = Q.1, the correction is about 1% in Py and so

also about 1% in I,
-
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analysis, we shall use 4. and & to denote not only the
geometric positioning error of the corner reflector, but also
" a path length correction from the laser illuminator to the
corner reflector, rather than to the center of the array. This, i
then, permits us to treat the corner reflectors as sources with

the 27 4/ treated as the phasing of the source.) The path
length between x; and Y5 is

R‘ . = [(llsecﬂv‘)’j-"" 8) « (X.-*'.V,; ¢°‘9)‘]

-.J

T v,
,yjs/ue 1,(.2

L
; €os @
T Hseco +3 Y <o

L *-{ ! e -—x:y.! co‘e
H stc o N3l 2 Yo, H seco (29)

The phase difference observed between the return from the two '
corner reflectors, observed at Xy 1is '

“ - (RL114,) - (R,z+a,)

=2 [
ae, P g (30a) |
and at X5, it is |
ab,eaw (Ruvad (v *
i A ~ (30b)

Mence

) ” cos § ’ ' ’ , !
A¢.- Aq:z, = (22 ) (h‘ Jtca)‘('x"'l+x|yz"‘xz’o-xlyl>

= 3’.:_") (“:’9) (x=%2) (-7, = (3'\‘)
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The period of the sihusoidal interference pattern will be the
value of (x3 - x5) for which Ad -ad, = 2w . This occurs
when (x3 - x5) equals

. s

A= P2/ costs -0y

-

Under worst case con%itions, H=3x10m and ¢ = 450, Since
A = 5,145 x 10/ m, we see Bhat the period, A is always
less than'or equal to 3.0 x 10~ /(yo - Y1) -meters. If we choose
a l.5 m separation between corner re%lectors, then the period of
the interference pattern will be 2 cm or less. With a 7.6 cm
diameter collector for the GBAA, we get =kP = 3.8 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 intensity are now impossible., e 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. ~

x S%nce there are many interlerence patterns, (one Ior each of the
N< « N pairs of corner reflectors), we would expect_a further
reduction ¢f the variance by not just 16, but 16(N° - N)

A=21 Lo
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6., TURBULENCE SCINTILLATION

Just as scintillation of the corner reflector array
could cause the target to be missed because at the instant
when a strong return ought to have been observed, it was in a
scintillation fade condition, likewise scintillation induced by
atmospheric turbulence can cause a target to be missed. It, toO,.
can result in an increase in the required transmitter power 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 will be log-normal and that loss factor has been
calculated in reference T?). It should be noted that the fact
that the statistics are log-normal is a consequence not onlv of
the log-normal nature of the basic propagation process, as rirsg
pointed  out by Tatarski®, but also depends on Mitchell's result
that the sum of log-normals is log-normal. We require this last
fact since there is a substantial amount of aperture averaging,
i.e., summation in making up the received signal. :

Co ,our first task is to evaluate the log-amplitude vari-
ances1 ot for the up~link and for the down-link. It can be

showni0 that for a point source, such as we can consider either
the GBAA transmitter or the individual corner reflectors to be,

z _ ' s/¢ :
Ot e= fds ci(s [{_E_";_’l__f] . - (1)

"Here 2 1is the length.of the propagation path, s 1is position
along the path, and Cﬁ(s) is the refractive-index structure
constant at s . The first important thing to note abBut Eq. (1)
is that when we consider the altitude dependence of Cy , as
shown in Fig. 1, and match it to the behavior of [(&-9 5/ e3¢ ,
we see that the value of the integral is almost independent of

2 for values of .2 = 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 ©x* for 2 approaching

infinity. This justifies our intended use of measured stellar
scintillation values. .

o The sescond important thing to note about Eq. (1) is
that because of the symmetry of [(#-s) s/z1%%, we get the
same result whether we take the ground level to correspond to
s =0 ortos==2% . This means that &2° is the same for
the up-link and the down-link. A good measured value for o3°
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is provided by Burkell, who obtained = value of /R-0511 at 0.55
microns, measured near the zegi§g. Using a k correction for
wavelength and noting the sec 9 dependence on zenith angle®,
we gut as the nominal value we chall use

z - ”/‘ ) ". ’
a:e = 0,055Y s5¢ec 6. . o (2)

If this were the scintillation on a one-way pathilygen in the

round trip we would expect a value of 0.1108 sec © « Referring
to the results of reference (7), even at the zenith we would ex-
perience a loss factor of about 8 dB, or a laser power require-
ment increase of 2.5, while at @ = 45, the log-amplitude variance
would be 0.209 and the loss factor would be about 12 dB, or a
laser power factor of 4.0, certainly more than was allowed for.,

‘ Fortunately, these calculated scintillation values-do
not apply because of averaging. First, the total amount of energy
collected by the corner reflector array represents an average.

- According to whether we consider a compact array, or a widely

'spaced array as shown in Fig. 4, we may expect different averag-

~ing factors. For the 30 km altitude at the 450 zenith angle,

which constitutes the worst case, the scintillatign correlation
distance for illumination on the array is (4 ®/k) = 12 cn.

- If we are dealing with the compact array, then from the results

of reference (12), 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

@G =%% | (3)

while if the ar-ray is dispersed, we get a factor of 0.60 for the .
individual corner reflector, and factor of 0.125 for the eight

. separate units., This gives an aperture averaging factor of

@co = (o,‘o)(b./z.s')go.ams" . ‘ - (‘3') )
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‘ The log-—amplitude variance after averaging can be written as

”
Il

S st lnf1eBfLoriva)-1]] ()

According to whether or not the array is dispersed, we get
for the worst case up-link (i.e., 2z = 30 km, @ = 45 )»

(a:et)up;cn,c =00¥2s ) (5)
~7 - ' o . (51) *
) (O:L wp;CR,O ~ 0.0234 . -7 .

On the down-link, to determine the aperture averaging
factor, we have to consider two separate factors. The first has
to do with the angular range over which scintillation from sepa-
rate sources may be considered to be coherent. The correlation
angle has, been found in reference (13) to be (4/ z k)2 , which
in terms of the source plane corresponds:to the up-link scintil-~
lation correlation distance 24/ z k)2 = (42 /k)® . This
suggests that we 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 hy sec 6/k )=, Here h,

corresponds to the nominal scale height of turbulence and is
about 3 x 103 m. Taking & = 45°, we get for the correlation
dlstgnce, 3,7 cm. The aperture averaging factor is found to be

@G& = o0.24 | , X ’ o ' (6)
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for 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

5.t - = 0 /0 ' ' ’
(a‘.‘ )Jou-;, cR,c Qod/o2 > s : ('” ’
o~ ' - ) B R " ‘ .
(»o:c.),(,_..;cl,ﬂ T 00056 (71)

We get for the total up-link plus down-link scintillation

| ‘ o (8)

(a:“)l".*./"C‘,C = oosa7 ) ~
~ ‘ =" ) ' 1
("}.’)f.f./, cr,o 40830 -, (8')
This gives rise to loss factors of
(L)ec = 9048 s 1.¢0 , , (s)
(L)e, =26 d8 = 135 | | | - (9%)
’ i

These are equivalent to requirements for additional laser bower
. of 60% or 35%, depending on the corner reflector array pattern.

A-25

.
b
[ BT

s s e

e .



7. CONCLUSIONS

If we plan to use the compact array, the array scin-
tillation requirement is for almost an additional 100% more
power, meaning a total power increase of nearly (L + .6)(1 + 1) = 3.2,
i.e., an additional 220%., If we utilize the dispersed array pattern,
then the array scintillation will require no more than about 25%
additional laser power, for a total additional laser power require-
ment of about 70%. This falls well within the factor of two allow-
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 in required power for the dispersed corner
reflector array. This, with the array scintillation requirement
of about 25%, starts to push things just teo the values which we
have allowed for. If this is coupled with a further factor of two
jinerease in the strength of turbulence for what 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 even with the dispersed array, we have not allowed 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 1is required in place of a
compact array; and (2) the factor of 0.5 allowance for propaga-
tion effects other than absorption is apparently adequate for all
except the most extreme case, corresponding to 30 km altitude, 45°
zenith angle and worst 10% strength of turbplence for daytime
conditions.

-
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APPENDIX C

SECTION I: INTRODUCTION

v

" This report summarizes the results of an experimental study of the

angular and translational beam motion which occurs in the Britt Model
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. “

This report contains a proposal for a program to design and construct o
a laser mirror cavity structure which will not be subject to any ap- . 3
preciable beam motion or cause any appreciable power output variation (
as a result of any particular orientation of the laser, such as is en- '
countered in the NASA GBAA System. The proposal proposes the ' K ¥r
design and construction of two complete mirror cavity structures, one '
each for the original ITT laser and for the ITT spare discharge tube.

SECTION II: BEAM MOTION STUDY '

ey

m-aea =,

The purpose of the beam motion study was to determine the amount

and the cause of angular and translational motion 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

-t

A Britt Model 2000 laser ( in house demo) was used to expérimenatlly.

+ determine a maximum angular deviation of approximately .8 mrad,

which is approximately equal to one beam diameter. The angular

_deviation was measured with the laser axis in a horizontal plane, while

the laser was being subjected to a roll of 260 degrees about its axis.
This was considered to be the worst case measurement.



The experimental apparatus which was used is described in figure 1.

It consisted of a rigid optical rail to which we: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 - ' o

focussed spot at the focal plane of lens 1 is due only to angular

deviation 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 incident beam is related to the displacement of the

focussed spot and the focal length of the lens. :
6= &% < SRR

~ ‘ s £

¥

The imaging lens provides a magnification so that the displacement
can be measured more readily,

B. Lateral Displacement.

The lateral displacement of the laser beam exiting from the laser
was not measured directly. The lateral displacement of the laser
mode selecting aperture ( which determines the beam position) was
measured, Itis 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 aperture.

L= Mo | | a

where M is the magnification of the imaging system.

,....;“:'@ PR

e aar ot et T —————— -

S

C. Power Variation i

. ¥

b4

~ 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 ) ' D

the laser rotated 180 degrees about the horizontal axis.
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D. Analysis of 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 bending 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: 3

caused by a wide tolerance in the gimble structure which allows the

. mirror yoke tou rotate slightly as a function of roll orientation about

the horizontal axxs .

Figure 4, illustrates how the existing mirrdr 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 X . However, when the structure is
rotated 180 degrees, the bending is reversed resulting in a tilt of
each mirror of twice o in the wrong direction.,

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

Sstructure. A rotation of the proposed structure will not cause an

angular misalignment of the mirrors.

III PROPOSED MIRROR CAVITY STRUCTURE DESIGN

-

The results of the study indicate that a satisfactory mirror cavity -

" struc ture would deélgned It would consist of a considerably

lzghtened structure, with the gimbles positioned in such a way to
provide a zerc tilt angle at the mirror plane, 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:

l. power variation due to orientation changes will be less thar:‘t 10%
Cc-5
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for al. orientations : ,

2. the angular deviation of the Ol{tput beam with respect to the
laser housing will be less than . 3 rarad 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'cificatiOns described above, for constructing two
structures, and for adapting the structures to the ITT laser and the
ITT spare discharge tube is $3, 335 FOB Santa Monica, CA. The
estimated comoletion date is 30 days after receipt of order.

C-7
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INVEST'GATION OF ELECTRO-OPTICAL TECHNIQUES FOR
‘CONTROLLING THE DIRECTION OF A LASER BEAM

The development of the piezoelectric-bender-mirror (PBM) d‘eflector1 has

~ made available a lightweight, compact, low-power device for angular positioning of
a laser beam. This report describes the design of such a deflector to meet the needs

of a particular optical system and the incorporation of a strain gage sensing element
and relaled circuitry in the deflector for precise monitoring of deflection, A com-.
plimentary solid-state high-voltage deflector drive amplifier has also been developed
which will hold a static deflection with 4 minimum of standby power.

The objectives of this program called for the developm_ént of a two-dimen-
sional optical deflector, deflection sensor and drive amplifier to be used in an opti-
cal radar acquisit.on and tracking system, Deflector performance specifications
were generated in discussions with International Telephone & Telegraph Federal
IaBorétories, who were contracted by NASA to design and construct the optical radar
system and attendant electronics, From these specifications the deflector design

was evolved.

In the following sections an approa-ch to the design of deflectors to meet
specific performance requirements will be outlined. Implementation of strain gages
for deflection sensing will be discussed, including techniques for applying gages to
minimize hysteresis and nonlinearity effects. The circuit design and theory of opera-
tion of the deflectur drive amplifier will be detailed and performance characteristics
for each of the items will be given, :

In previous px'og;ramsl"2 the PBM deflector was analyzed in detail, Ex-
pressions were derived for mirror deflection, mechanical resonance frequency,
mirror distortion and electrical equivalent circuit in terms 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 perrﬁit a

-

1. "Investigation of Electro-Optical Techniques for Controlling the Direction of am

Laser Beam, " Interim Report, Contract NAS8-11459, GT&E Laboratories Inc. .
May 12, 1967. .

2. "Investigation of Electro-Cptical Techniques for Controlling the Direction of a
L;lser Beam, " Interim Report, Contract NAS8-11459, GT&E Laboratories Inc. ,
February 28, 1968, -
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‘rapid determination of the deflector performance bound:ries and what parameter
tradeoffs may be made in integrating the deflector with “he rest of the system,

'
P

Development of Design Curves

In choosing a deflector design the parameters normally specified are:

e Beam deflection angle
® Pupil size ‘
¢ Resolution

¢ Useful bandwidth

® Maximum voltage requirements

Other secondary but important considerations are capacitance, mechanical strength,
mirror flatness, 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 previouslyl’ 2 and are repeated here (see Fig. 1):

. Peak-to- peak beam deflection:

o = i2bd,, &

PP 31,-t_E S (1)‘

"-Number of resolvable spot positions peak-to-peak at wavelength A:

o D . .
N = _22—-— - ' © (2)
pp 1.27A -
Mechanical resonance frequency:
. 2 -
£ = 219 00)° YE @)
: | J1+1.46 (M'/m) (L/2)2 ;
= 2 2
M = M[O+@/L)° +120/L)7]
Ma}(imux;l drive voltage:
_Et ) T . ‘ .
Vp =35 ) . ) o 4)

-
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Fig. 1. Bender-driven-mirror de

\MIRROR .

ROTATION
AXIS :

flector showing critical dimensions.




Pupil size for light beam incident at 45°:

b= 2= o ®)
: —:»-~--—~~v~~~ Capacitance of PZT-4 transducer : ; S LT <,',
c=ssX BFl @
where (dnnensmns in inches) >
E = depoling f1eld of pmzoelectrxc matemx.l '
= 2.54 (10)* volts/inch for PZT-4* .
dg, = pertinent electromechanical couplirﬂxg tactor A : ,i
o= 47 (10) 0 inch/volt for PZT-4 “ .
b = factor varying with bender construction technique, determmed .
empirically = 1.44 for present deflectors ,
L = a.cfive length of transducer
t = thickness of transducer
w = width ef traneducer
Vm = ‘mass of active portion of transducer
L = length of mirror
W = widtk of mirror S ' - R *‘
.
T = thickness of mirror
M = mass of mirror ! ) }
M = effective inertial mass of mirror -
‘h = distance of mirror cg from mirror rotation axis

To simplify the design procedure, a basic de{lector geometry has been -
chosen in which additional relationships between the deflector dimensions have been

assumed. Some of these choices are based on practical experience as weil as
theoretical considerations.

* 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
. . 2
a point about 0.6 of the distance from the center to its edge. Prior analysis™ has

sﬁoxvn that this thickness and support point wvill maintain the mirror flatness to

 + better than A/10 under all operating conditions, Consistent with this, the active

transducer length will be approximately one-half the mirror length,

An important factor governing the mechanical resonance frequency is the
ratio of mirror mass to transducer mass, This ratio may be adjusted to improve
the resonance {requency without affecting the other parameters by making the trans-b
ducer wider than the mi'rror. Beyond a factor of 2 difference in widths, however,
this approach becomes ineffective because the transducer ends are weakly coupled

-t

to the center and begin to deflect independently. p

Summarizing these assumed geometrical relations: ‘ ' y

7,% L/8 Q | B ‘ ’
4= L/2 ;

w = 2W '

<

~ andasa practical nominal value the height of the mirror above the transducer is
_ taken as: - .
h=051+0,04L,

v+ Using these relations and the expressions fog deflection angle, i'esolution,
' 'reéonance 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 extends only to 10 kHz because beyond this the equation for
frequency becomes inaccurate. The curves are correct for a mirror substrate of

- fused silica and resolution is given for light of 0.5-micron wavelength.

.~ Figures 2 and 3 contain the same informadion 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 determining deflection angle, drive voltage and pupil size. If a square pugil

_1s 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. Designs with a higher resonance will be leSs susceptible to

D-5
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Rig. 2. Peak-to-peak beam deflection is plotted against bender active length

or deflector aperture with resonance frequency and peak drive vclitage
as parameters. o
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’ mechanical shock, vihration, and electrical transients. Designing for resonance
. frequencies below a few hundred cycles is not recommended unless the structure

incorporates 2 means for mechanical damping of the mirror vi' .tion,

Deflector Design Meeting Sysiem Requirements

It was determined in a liaison meeting with ITT personnel that a two-dimen- //

sional deflector set was required which would deflect an £/10 cone of 0, 9-micron
laser light through at least 250 spot diameters in each dimension. The resonance
frequency should be above 1000 Hz, since the deflector drive signal would have

) appreciable components at thié frequency. An all-solid-state deflector drive ampli~-
fier was specified in keeping with the aim of eventual space qualifications of all of
the system components. This sct a limit of £500 volts on the maximum drive voltage‘
which could be provided to the deflector with currently available high-voltage tr2i- a

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 £/10 cone of 0,9 micron
@ 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 thé peak-to-peak deflection, §, at that point.

s, TSInC, _ (62.54)(0.0266)

= 344 spot dia.

Ny =37 l.éfkf—no.— (1.27) (0. 9x10=3) 10)
SV |
N, = -§ = 300 spot dia.

_where r is the distance from the mirror to the focal plane,

Figure 5 shows a completed one-dimengional deflector mounted on 2 base
which also houses the strain gage preamplifier. Below are listed typical charac-
teristics for this deflector (Model PBM-5): '

PBM-5 Deflector Characteristics .

Maximum drive voltage +500 vclts peak
Beam deflection . L - £0.8 dez
Mechanical resonance frequency 1300 Hz
@ Input pupil size at 45° Incidence 0.7 x 0.7 inch
. D-8
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of two deflectors in an £/10 cone of light to give

" Fige 4.° Optical arrangemert
) two-dimensional deflection.
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Capacitance . 0,22 pF

Loss factor <0.006

"Q" at resonance 10

Mirror distortion < /10

Mirror reflectivity at 0.9 p ! 99'%

Overall size _ 155-x 1.25 x 1.187 inches
Wéight with amplifier - ' - 4,6 0z,

Figure 6 shows beam.deflection versus voltage for a typical PBM-5 deflector

illustrating the inherent nonlinearity of the piezoclectric transducer material,

DEFLECTION SENSING WITH STRAIN GAGES

The investigation of various techniques for monitoring the angular position
of the light beam from an optical beam deflector _c}uring previous phases of this con-
tract has led to the consideration of strain gage ;svensors fc~ use with PBM-type
deflectors., The cantilevered piezoelectric bender wﬁich drives the mirror lends
itself naturally to the use of strain gages for sensing the amount of bending which
takes place with the application of deflection signals, These strain gages are resis-

tive elements whose resistance is a function of strain, Since the angle made by the

" end of the cantilevered beam is proportionél 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 technique offers the possibility of a simple, com-

pact, reliable deflection sensing system with 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 surface of the bender, with the sensing signal de-
rived from a bridge circuit, as shown in Fig. 7. As the transducer bends, the

resistance 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 wire or foil gage and the semi-
conductor gage. "The greatest distinction between the two is that the semiconductor
gage can have from 25 to 85 times the sensitivity of the metallic gage, When taken
in relation to the strain sensitivity, nonlinearity and temperature coefficients for

D-11%
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Fig. 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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\'s ’
STRAIN GAGES MIRROR T .
Rg and Rp . /// :
\‘i.\ : v Rz “.' n
. \\ ‘ Vx)
- = 1 ;
77%7F__p : E2 :::>”——(
A . /- g S DIFFERENTIAL
B I - bS AMPLIFIER
PIEZOELECTRIC R
BENDER T
TRANSDUCER -
(a) : (b)

Fig., 7. Strain gages for sensing bender deflection (a) are located on two sides of

the transducer and (b) use a bridge circuit to detect resistance .changes.
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’ both gages are comparable. * This makes it advantageous to use the semiconductor
éage for small strains where maximum resolution is desired, since its larger . .
- output vields a better signal-to-noise ratio. For this reason exclusive use of the

semiconductor gage has been assumed in the followirig sections, .

Certain problems exist, in attempting to use the strain gage as a precision - .
strain transducer, which are associated with the basic characteristics of the gage oo ¢

itself and its relation to the substrate, The following may lead to inaccuracies in

the strain measurement:
e Difference in the zero-strain resistance between gages' y .
® Difference in the gage factor between gages
® Variation in gage resistance with temperature - £
® Variation in gage factor with temperature ) g o .
¢ Prestressing gages dL.Lring bonding operation ' S LA
- ¢ Difference in thermal expansion coefficient between gage and substrate

6 o. Nonlinearity in gage resistance as a function of strain ;

® Hysteresis and/or creep in the bonding material -

X The following sections outline some techniques for minimizing these prob-

.

lems to obtain the best possible accuracy and resolution from a °tram gage installa-

e o

ey
4]

tion of this type. ' . .

et Wy

Analysis of Basic Strain Gage Circuit

)

It is useful to have a complete expression for the Strain gage bridge output e
in which the interrelationship and function dependence of the various parameters is g

"made explicit, The derivation of the output, AE = E Ez, due to variations in the

gage resistances‘Ra and Rb is a straightforward cirlcuit caleulation; 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 1s likely 4 §
that there will be a residual strain or strain offset in each gage due to shrml\age in

the bonding agent and to the difference in contraction bef'wen gage and the substrate

upon cooling from the epoxy cure temperature, If the residual strain in each gage

is not identical, the gage characteristics are no longer matched point for pofnt. It ' &

*

¥
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‘ whefe Fa- is norm.ally given as the gage factor, C a is the norilineaz:ity coefficient,

" sequent calculation§. The resistance-strain relationship reduces to

will be shown that the bridge output then contains extra nonlinear terms, which are
a function of residual strain and non-matching gage factors, that must be kept small ‘
by careful mating and mounting of the gages, - .

The gage resistance Ra as a function of strain, €, is approximated quite
well by ' e '

: -— .. 2 ' | \
R, = Roa(1+Fa€_a+caea)’ @

and Roa is the zero strain resistance,

The gages which are being used in this application have been chosen such oo
that their temperature coefficient of gage factor is zero. This occurs in germanium .
gages at an impurity level of ahout 1020. At this point, although the gage factor is
down to 45, the nonlinearity of resistance with strain over arangeof € = ~‘-10"3 has
been decreased to 0. 01 percent. Gages of this material with a resistance of 50 ohms
have been acquired from Kulite Semiconductor Products, Inc e ' g

Over the range of strain ¢ = £10 -4 which the gage will operate, this ’

nonlinearity is at least an order of magnitude smaller and may be neglected in sub-

v

Ra = Roa a-+ Fa‘a)' o ®)

ENUP % S

The total strain seen by each gage is the sum of the bender induced strain,
‘o' and the residual strains € and €5 i.e,,

"ﬁ. = €1+€0 . .

% = €2 % : - ®

-

B R R —

From this the resistance of each gage may be written as

e e i 2
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R = Roa (1+Fa€1+Faeo) = Roa (r1+Fa€0)

v .

Ry, L+ Fy €5 = Fy €g) = Ry, (7 = Fy €)s (10)

!

{1

By

where r, and r, are factors which incorporate the etfects of residual strain,

If the bridge circuit is to be balanced such that E1 = E2 for zero induped
strain, Rl and R2 must be adjusted such that

R : s ., . ot
: =k = =2, au
RobF2

1

Roarl

v

Referring to Fig. 7, <he expression for the voltage across Ra may be written as

o VR, ) VRoa(r1+Fa€0) ) 1+Fa€O/r1 a2
2. « \r
1 Ry+R, Ry +Rop{fy T Foo) k+1+F€0/1;

Since Faeo/r1 << 1, the expression for E1 man be expanded in terms of €0 '

neglecting terms beyond second order:

2
E = __.v__ 1 +e¢€ f‘.a_l(——- - €2 /_Iig' k (13)
1 k+1 |& 0 r k+l) 0\r1 &+1)2|° .
Similarly for E,
: | F_fk F_f\2
‘ 2( a : k
E, = [l-€ —2—— -¢ —) , 14)
2 Orl(k+1) 0(1':l 0{_,_1)2 . -
where the difference in the two gage factors F a and Fb dué to manufacturing
tolerances has been represented as
F, = 1F,. ) , 15)

The bridge output, AE, may now be computed from

D-16
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- v ; €F
Vk { 1 0’ a f 1 :
AE = E.-E, = €.F ———— _.+._..) 1+ — s e R (16)
1 72 Oa(k+1)2 (r2 r k+1<2 rl)

Nonlinearity in the output versus strziin diie to the last term fn the brackets:

"~ = results when either ry, Ty or f is not unity. In the present application the variations
in gage factor and hase re51stance are set by manufacturing 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: ’

B
— . v = - -4
_ Fa = 45 r, 1,Q2 € +10 _'
f = 1,01 r, = 0.98 k = 1 o
, : "
o | ' ]
0aff 113 -4 _ - ,
" k+1 <r2 r1> *1.12 (10) £0,0112%.

This error is an order of magnitucie less than the accuracy called for in this applica-
tion, Therefore if reasonable tolerances on the gage factor and strain offset are ’

° maintained, these factors will contribute negligibly to strain gage readout error,
. \ !‘

: In Eq. (16) the temperature dependency of Ro o appears in the factor con-'
, taining k. Interms of R__ this factor becomes '

" k Roa !
2 '
&+1)° (R +R))

with a temperature dependency of the form

B[k |- AR R Rl-Roa___ : :
3T 2l 3T 1 31" : {17)

Jeern (R, +R_,)

As can be seen when R, = R the temperature coefficient is zero,

1
- Typically R, - R, <2, R =50, 3R /a'r = 0,117 ohms/°C and
5 _ i
S5 —E | = 11.7 00y"%/°c.
: (k+1) )
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Although the gage temnerature coefﬁclent of resxstance is quite large, the effect

“on bridge sensitivity is small, However, due to this large temperature coefﬁcxent

.. care must be taken to maintain the gages at the same temperature. A temperature

- difference of 10

dlfference of 0.002°C between the gages causes a bridge output equivalent fo a strain

7. If the maximum strain is 10"4 this is an error of one part in

103. The minimizing of differential temperature between the gages is a problem
which must be considered more thoroughly in subsequent work with strain gage

sensors.

Practical Aspects of Deflector Strain Gage Instrumentation

One of the most important factors gove1 ning the ultxmate performance of a
stram 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, -

monocrystalhne filaments, the isolated gages behave in a perfectly elastic manner
under stress with no plastic region at temperatures below aOO"C Thus, any hys-
tereses or creep in strain gage installation is generally a functlon of the gage bonding
material or the stressed structure and is exhibited as a phase shift between the gage
output and the mirror motion.

To minimize these effects, it is necessary to have the strain gage in as
intimate contact as possible with the bender surface, while 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. Isolation between the gage and the bender electrode may be obtained by

initially coating the bender with a thin layer of the bonding 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, _ : v

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 foregomg requirements,
The cement should have low viscosity at room temperature to promote the formation
of thin 1'11mc a.nd allow mammum squeeze-out under pressure, If filled, the particle
size should be less than a few microns, A thermo-setting cement of the epoxy family
is preferred, where nearly complete polymerization can be obtained. It is then that
the most stable reaction products are formed and maintained over the workmg tem-
perature range of the bond. A cement has been found which appears to meet these
requirements, and with it acceptable gage installations 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 gagas to obtain a true measure of deflection. In some
experimental models driven at below-resonance frequencies commensurate with the
first mechanical resonance of the bender, Fieflections 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- '
ture of the deflected bender is slightly different from that of an electrically driven
tiender below resonance. This change'in curvature is only partially registered by -
the less-than-fuli-length strain gage, and this results in anomalous behavior of the
sensor output compared with actual deflection. When the gage runs the full length

. df the bender, the inactive ends of the gage (where the leads are attached) fall on

inactive (unelectroded) 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.

Any angvlar motion of the mirror'nof directly associated with bending of E
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
sﬁucmral resonances below the deflector resonance frequency, It was found
;fecessary to cement the end of the transducer in a slot in the mirror to.obtain rigid
coupling between the mirror and transducer to elimiﬁate this source of deflection

readout error in *he PBM-5G design.

v Gage installation on the PBM=-5G deflector has :avolved’ to the following
pi'ocedure: The piezoelectric transducer is prepared by lapping the surfaces with
a 0.9 micron abrasive before evaporating on nickel electrodes. Two stripes of
sapphire 2 microns thick are evaporated, one on each side, down the center 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 pressure of 15 lb/inz, followingv the
cure recommendations of the manufacturer,

*W. T. Bean, Inc,, Detroit, Mich.
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_ Inch of gage surface.

. -
Strain Gage Performance Characteristics’

The foregoing procedure has led to successi‘ul gage installations in which

creep and hysteresis phase shift error were less than one part in 103 to beyond 300

~ with the deflector resonance curve. A small anomalous resonance appears at 411 Hz.. -

However, many gage assembhes 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 shift in the gage resistance which affects the balance of the

" gtrain gage bridge. Introduction of 700 kilohms leakage resistance between the gage

and ground shifts the bridge balance by about one resolution element, This is impor-
tant because the leakage varies with time, temperaturz and operating conditions, ;
leading to a continual shift of the bridge balance. Several new techmques are now |-
being pursued for mounting the gages which should mamta.m the low hysteresxs al- ‘

ready achieved and eliminate leakage. -

Because of problems encountered initially in obtaining hysteresis-free ‘ E
deflection sensing anc then in maintaining a balanced bridge with gage leakage, no -
detailed measurements were made on strain gage linearity or temperature sensitivity. ;
There is good reason to expect quite linear operation due to the inherent linearity of \
the gages themselves and the small range of strains encountered. Maxlmum strain .

generated in the gage by the transducer was measured at = 100 10y~ mch/ inch,

Strain Gage Preamplifier .

The strain gage preamphﬁer 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 R R, and the two strain gages. Resistors Rg, R and RS
provide an ad]ustment to obtam a balanced bridge since the gage zero stram resis-
tance can vary by as much as =2 percent The bridge circuit is designed to operate.
with 20 mA current in each gage. Resistors R,.and R2 are larger than the gage

balancing resistors and thus would be most scnsmve to temperature effects. These

' ..ypesistors are ultra ctable ‘cermat types matched to 0. > ppm/ C over a wide tempera-

‘ture range, Gage currents in the range of 20 mA are used to minimize heating of
the strain gages. For the 50-ohm gages used, this current is developed for 2.2

volts on the bridge circuit, resultingina dissipation of about 1, 6 watts per square

IR ) Fhvﬂnn } ""Cr,JJ;lY OF THE
’ ‘\‘D-ZO OR}_\ hu“s{ Al {1 I8 POGR

. Hz. This is illustr -ated in Fig. 8, where phase shift error is shown in conjunction ) J
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Fig. 8. Phase shift between strain gage output and mirror deflection is plotted
“ againsi drive frequency . Relative deflection is also shown.
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The amplifier has a nominal gain of 137.5 and a nominal bandwidth of
38 kHz., Under no-load conditions, it can deliver 3.6 volts, p-p or 2.8 volts, p-p,
with 7. 10-kilohm load provided the amplifier 1s hiased with a 1-volt common mode
volfage. For a peak strain in the order of 10~ mch/mch the output of the ampli-
firer will not exceed 1 volt so that a load of somc“ hat less than 10 kilohms could
~“probably be used. Since the output swing is small the power supply voltage can be

~ kept low (&5 volts) to improve stability and maintain low dissipation., Although each

amplifxer and strain gage readout must be calibrated as a unit, -the nominal output
per resolvable spot for the system at 0.9 micron is 11.5 mv. ‘

“*
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@ . CONCLUSIONS

Enough is row known theoretically and practically about the PBM—-type
deflector to allow a deflector to be designed on paper with a fair degree of confxdence
. that the predlcted claracteristics can be acmeved 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. o

The concept of using strain gages to accurately measure th induced strain
in a bender transducer and thus monitor mirror deﬂecuon has been shown feasible.
Sensmg of deflection to an accuracy of one part'in 10> up-to 300 Hz without hysteresis
hés been accomplished with a PBM-5G deflector, With its integral preamplifier, the
strain gage sensor provides a simple and rugged mesns for deriving a signal prbpor-—'
tional to beam deflection. Certain problems related io the gage bonding technique
have made it difficult to produce consistently good gage installations, free of leakage
to the underlying electrode. It is e‘cpected that these will be remedied in"the near
future.

FORTIN

With the proper choice of peak deflector dmve voltage it has been possible
Q 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 qtuescent power consumption of the amplifier without sacrificing frequency re-
sponse or maximum power output, These features will 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 efﬁcxent way of deflecting a laser beam
at frequencies within the audio-frequency range.
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VIDISSECTON = TMAGE DISSECTOR
. _ TEST DATA
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APERTURL SIZE 004l X .00 4 PROJECT NUMDER 4 - ﬁogo DATE MQ_

PHO’I‘f‘C‘ ATHODE SERSITIVITY_
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| =n TR e 2540 (% £5)
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The uniformity is__ % 3.3% _ The uniformity is __% /5 %
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NOVYE:

1. Rudiant Sensitivity plotted en page 3
2. Explunatien of Lutuinous Scusitivily given or reverse side of page 3
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BILEE Bt BT A s TR 478 e e oA

«  (With respect to Drift Tuve)

Ylotocathode : igg_g/p_g Seperate Aperture m
— l(

Nynode 1 Seperate Mesh ga _
Dynode 2 YR ~ Anode “aael -
Dynade 3 FPE % Anode, in respeet
' . : to Dynode _¢ 43
See Voltage Divider Schematie, pagéjti
RESOLUTION
:6‘%7&73.—’;‘—’—‘-:—:
_(Talen near cathode center)
TVL/ NModalation TVL/ wfodulation
Inch Amplitude Inch Amplitude
Pereent Percent
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EE 94 1000 |
1299 _S¥ 1200 .
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500 - 1600
[ 1800
| 700 i 2000
$00 i
MULTIPITER GATT AND LEARKAGE
T Muitiplicr (_l)rnt'tu’:)c;‘
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> [ -1 -~ T el
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73\ SXs0% | .01 KI0 o

97F s as0° || 028 X107 |
090 ¥ 2X10% o 20T
1345_.1‘,__4.'!_/.5; 45 %1077

2418 | 1X10 .30 x107
S S R

- NOTILS:- ! ,

1. D1 and D2 potentials, with reospect to the Drift tubé. aficct the oulput
uniformity. The values listed me for best uniformity.

2. Dynode ¢ _is adjusted jor maximum goin or for gain calibration.
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The standard luminous sensitivity i's the response of the photocathode
(in microamperes per lumen) to a tungsten lamp operating at 28709K. The
various numbered sensitivities are the response of the photocathode

when Corning filters (filter numbars are four digits; dashed, three

digit numbers in parenthcses are a color specification number) of half

ITTIi

stock thickness are interposed between the 2670°K lamp and the photo-
‘catheda. Plotted above are the transmittance, in percent, of the
filters, and the spectral distribution, in relative units, of 2870°K
tungsten. Also showa are the photopic eye response and the transmissicn
of a Wratten #12 (1lter. : -
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APPENDIX F o .

ANALYSIS OF WINDOW.SAG EFFECTS

/ .

This section presents a brief analysis for the optical tolerance .
‘requirements on components external to the AOCP. |

The»yeffects of e;cternal windows and mirrors on the resolution of |
the aircraft carried AOCP sfstenﬁ will be discussed here. The present
plan is to include two windows and a n;iirror in the optical train between .
the AOCFE and the atmosphere, as illustrgf:ed in Figure F-1. The firgt‘ : }.,

window is 5 inches in diameter. This component is used as a pressure

PRI T

seal for the experiment enclosure containing the AOCP. The mirror

t
.

.
e e w-

(about 10" x 4.5'") is mounted in a gimbal, and is used to direct the

field-of-view of the ACCP. The second window (27" diameter) serves as

> wads

an aperture and wind seal in the aircraft skin. An optical tolerance budget

must be shared by all three of these components.~

N T

_ Tolerance Budget, - ITT intends that the AOCP system have be:ter than

2 arc secohd resolution, and cons.eqﬁently, the upper limit on the optical
i:olerance budget is quite smallk. It is unreasonable to expect that this
budget be shared equally by all three components. The fine-inch window .
'Ean and should be constructed to more exacting tole;.rances so as to relieve

the performance requirements on the mirrcr and larger wind seal window.

ed
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Figure F-1. AOCP, Windows, and Mirror
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... .. . We establish here a total tolerance kudget, e,, based on the
deiriation from a plane that a lightwave (4 inch diameter, 0.5 micron) will

suffer in passing through the three elemenis. This tolerance (peak-to-peak)

. is set at
et‘ < — = 0,25 microns,

2

éince tolerance errors are of a statistical ii'ature, we will accept here a

vector sum for establishing the error budget. Consequently, ‘ Ty !
. ¢ '? }'
2 2 2 -2
et--el+e2 +e3 . . | (1)

Each of the terms above represents peak-to-peak wavefront distortion i.e.

. deviaticns from a plane wave.

e, is the distortion caused by the 5 inch window,

€y is the distortion caused by the gimballed mirror,

e, is the distortion caused by the wind seal window in the
v ‘aircraft skin.

Distorticn in a wavefront is of course caused by both inhomogeneities in refractive

index and nonplanar surfaces.

K we consider the 5 inch pressure seal window to induce a. wavefront
distortion no greater than /5 (no mean assumption considering its stress and
enviroiiment), the remaining error budget must be shared by the gimballed mirror

ond large window. Sharing these ted~rances equall’, e, = e, = e, We see
that ' '

2 2 )
2e =ef - e21 = 12(1/4'- 1/25) : - @)

reSultingines 0.325 A . R .
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Mirror Flatness

| This tolerance w}alue of 6.325 A is, for the gimballed mirror, a fairly tight ) ‘
limit as we might expect for a high resolution system. For an example we can -
calculate the specified mirror flatness, Since a.nu:rrox induces a wavefront distortion - __
of t::wice its surface figure, the portion of the m'i‘rror reflecting the 4 inch wide beam , i }
must be lat ‘fdz'e'/'z, ‘or 0.1625 ) . I addition, if the mirror is used at an incident angle ' “
of 8, this tolerance must be decreased by cos 8. Hence, for an average incident angle | 4
of 450, the mirror should be flat to 0 1625 ) over a 4 «/—2— inch diameter area. This
- surface toleranée does not include any allowance for mirror bending caused by its rotation a

and the effects of its own weight.

4 e
A R 24
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Wind Seal Window Sag ' e e i
The large window in the aircraft skin has 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 much of this tolerance is used

up by the sag of the window under its own weight, The sagitta of the circular ;
window is given by the equation (see Fig. 2) . - | B

y=kwrt @] IR ®)

which describes an unconstrained plate with uniform loading. In the last equation

¥ is the center sag inches,
k is an empirical constant ; _ .
w = factor describing weight of window (psi) y : . e 2

E = modulus (psi) ,

-

't = window thickness (inches) , _ S

For the fused silica window being considered in our application,- , R ) <

. -

T=27/2=13.5 inches
t = 1.75inches,

= 7 ~ | REPRODISCYLITY OF THE |
’E = 1.05x 10" psi, A e a
k = 0.696, , . ' o
W =_08x1.7 =.14psi , T o o ’ _‘ ;

F-4 o - v -
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‘Hence: ) . sy
| y = (.696) (. 14) (13.5) (1.07x 10' x 1.75") SR
y = 0.576x 10 4inches.
'l!he.radius of curvature R caused byfti)is sag y is given by the sagiita
formula e e

: _ 2 . A .
- R=gl s+ en s ey, @ . .
We assume here (with less than 50% e.rror) that both sides of the window have ihe

same curvature. The focal length £ of a thick lens with equal radii R is given by

'.f=51‘12(n-1)'2t'1.. P P o)

4

LIRATARE ]

¥

This focal length f is also the radius of curvature of the wavefront after passing
- through the window. For a beam of diameter D, the peak-to-peak wave devxation

from a plane is given by

-

e = -Sigita _ o2 |
€p p p /Sf’ (6)
T 2 2
=D _@-1)t R
D’y | D enhw

’ M
2 nr4 i 2 n]E:i:2 .
' The last equation relates peak-to-peak wavefront distortion to window sagy,
window thickness t, refractxve index n, beam diameter D and window semidiameter

r. For our particular case, D =4 inchesand n =], 46

Hence:
e = 8039 _(QL.T5)y _ oL, 107y
p-p : 4 !
2 (1.46) (13.5) -
Fory =0.575 x 107" inches, e _ =0.35 x 10”5 inches & A /6000, 2 negligible

amoimt. Hence we may place all the optical tolerance on the window surface quality.
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%" The 0.325 A tolerance must be shared by both window surfaces,

" qhe tolerav se may he specificd in two different ways according as to how {he window
will be tested, If eac i surface is to be tested independently we may specify the maxhhum
allov"lblc deviations cf each surface from a flat ;ﬂane. This method however indicate:s
a more stringent reguircment than necessary (by about 40%). In this case we hope for

randowmn erYors of the two surfaces so that we have the condition

-

(325>t)2 >2e2; e < .23\

The allowable surface deformatmn ise / (n-1), which fora refrécti\'e index n of

1.45 amounts to A\/2 over the beammdth As was mgntloned beforc,, if the window
flatness tesf Es /'made with Heaidinger's fringes {nstead of Fizeau fringes, a more
- lenient tolérance can be observed. |
This section investigated the first order effect:s, of wind seal %
window sag on the AOCP system's resolution, Wavefrent distortion caused by
the window sag under its own weight was found to be neghglble. 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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