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Section I 

INTRODUCTION 

Santa Barbara Research Center (SBRC) has been engaged in the 
development and manufac~uring of IR devices and instru~ents since 
1964. Particularly applicable to the deign and devel•pment of the 
Ac t ive Optical Miss-Distance lndicato1· (AOMDI) is SBRC's experience 
wi t h active optical communicators and various active optical fuzes. 
The concept of the AOMDI is closely related to the active optical fan 
beam fuzes. The firs : such fuze was developed fo~ the Air Forc2 to 
be used on the AIM-4H missile. A second fuze of greater range was 
d veloped for the Harry Diamond Labs and was intended to be used on 
the Chaparral missile. A third fuze is being developeA at the present 
time for the avy's AIM-9L missile. 

All these active optical fuzes are based on the principle of 
geometric range cutoff and use ~olid state GaAs laser 4iodes as radia-
tion sources. Geometric cutoff offers the advantage cc simpler electronics 
and better accuracy at close ranges as compared to ra111e gating. 

The Active Optical Miss-Distance Indicator can be described as an 
arrangement of _three optical fuzes of different rans••· It uses the 
principle of geometrical cutoff in three optical recei•ers with over­
lapping range intervals to produce five intervals of distance ("bins"). 
The greater angular coverage required by the AOHDI is ebtained by com­
bining nine basic quadrants in a configuration that results in a good 
approximation of 4n steradian coverage. 

The present technological limits (mainly in the area of laser 
technology) restrict the greatest distance that can be indicated. However, 
greater distance can eventually be achieved by using electronic range 
gating for the outermost distance interval and hy using more advanced and 
more powerful laser diodes. 

In the following section the results of a study oi the performance 
of an Active Optical Miss-Distance Indicator are prese,. ted. For ·hi.s 
study assumed values of dl parameters influencing per formance co·crespond 

SANTA BARBARA RESEARCH CENTER 1-1 



.. 

• 

• 

, ...... . ............ .. . ................. 1 

l SBRC i 
.. .. ... ........... ....... .... ............ J 

to the best presently available. Concurrent with the Rtudy a demonstration 
model of onf. quadrant of the AOMDI was built. The purpose of this task 
was to veri(y s ome of the findings of the study. However, as the demon­
stration model employs parts of existing designs of active optical fuzes 
it is not optimized and its performance falls short of that predicted in 
the study. The test results obtained with the demonstra tion model are 
the subject of a sep· ate report. 

The study of the performance of the active optical fuze concludes 
with a dis c.-1ssion of future growth areas and recommendations on how to 
achieve future impro•· '?Illents . 
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Section II 

DESCRIPTION OF TIIE AOMDI SYSTEM 

General 

The total Active Optical ~iss-Distance Indicator System (AOMDI) 
consists of 9 electrically 1~entical quadrants and an electronic 
interface ci rcui which adapts the output signa ls to the telemetry 
system. Each quadrant consists of an optical subsystem and an electronic 
subsystem. 

Nine quadrants are necessary to obtain a good approximation to 4wrr 
coverage. Because it is difficult to vist!alize the arrangement of the 
9 quadrants and to convey an adequate picture of the AOMDI system 
without the use of a three-dimensional model, the descrJ,tion presented 
here will be built up step by step starting with a single quadrant, 
progressing to an arrangement of 3, 6, and finally 9 quadrants. 
One Quadrant 

One quadrant of the AOMDI system consists of 3 optical transmitters, 
3 receivers, and the associated electronic circuits. 

The three transmitter~ use Ga.As laser diodes as radiation sources. 
The limited pOW'er handling capability of the presently available Ga.Al 
laser diodes makes it necessary to use three diodes and consequently 
three transmitters to achieve the required pulse repetition rate and 
pulse duration. Expected future advances in the field of GaAs laser 
diodes and the use of cooling techniqueu will make it possible to reduce 
~ne number of required transmitters for the final implementation of the 
AOMDI. 

·three receivers are used to obtain the desired distance informati~n. 
Five inte\.'Vals of distance must be distinguished. These intervals are 
called "bins" and range from 2-5, 5-10, 10-15, 15-25 and 25-50 feet. 
The principle on which the distance measurements are baaed is called 
"geometrical cut-off". As each of the receivers works on the same 
principle it suffices to describe one receiver only. !ne two other 
receivers serve only to increase the number of distinguishable distance 
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intervals, or bins. 
The transmitteL beam is shaped by its anamorphic optics like a 

conical fan (see Figul'e 2.1) with a fan angle~ of 90°. The axis of 
the cone coincide3 with the baseline which connects transmitter and 
receiver. The vertex angle of the transmitter cone equals 90° - 6, 
where 6 is the transmitter fan declination angle as shown in Figure 2.2 
which shows the transmitter and receiver geometry in a plane containing 
the baseline and both the transmitter and the receiver axes. A plane 
perpendicular to the baseline intersects the transmitter fan in a circle. 
As the thickness of the transmitt~r beam is very small it can be dis­
regarded for this discussion. 

The field of view of the receiver is also shaped like a fan but the 
thickness of the fan increases with distance . Figure 2.3 shows how the 
transmitter beam pattern intersects with ~he receiver field of view. The 
divergence of the receiver field of view is called elevation field angle 
,. The receiver fan angle y equals the transmitter fan angle. The 
receiver elevation field is bounded by part of a plane perpendicular 
to the baseline and a part of a cone with a vertex angle equal to 90° - ~. 

A target located in the field of view of the rece~ver and irradiated 
by the transmitter (part of the target must, therefore» be between~ and 
~) reflects part of the transmitter signal into the receiver. This signal 
i s detected and amplified. It is an indication that• target is in the 
distance interval(~,~) and in an angular interval (- 1•1 ). More in­
formation about the target distance can be obtained if more (in this 
case three) receivers are combined with the transmitter. Figure 2.4 
shows the geometrical relationships in a plane contain~.ng the baseline 
and the axes of the transmitter and the three receivers of the system. 
The distances of the receivers from the transmitter are chosen so that 
the receiver fields of view overlap. In this manner, 5 distinguishable 
intervals , or bins, of distance are obtained. If the target is in the 
2-5 ft. bin, receiver 1 produces an output; if the target is in the 
5-10 ft. bin, receiver 1 and 2 produce an output sign3l, and so on. 

The baseline b iP obtained from b • 1r tan 6 2 (2.1) 

SANTA BARBARA RESEARCH CENTER 2-2 
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where~ is the far range of the receiver. The far range is the 
greatest target distance from which the receiver can r~ceive a re­
flected signal. Similarly, the near range¾ is the shortest distance 
from which a target can produce a signal. The receiver elevation field can then be calculated from 

or, substituting 

d b+~ 
L tan~ a-¾-- - tan 6 , (2.2) 

d 
b + 2 • ~-tan 6 obtained from (2.1) in (2.2); 

RF 
tan~ •(~ - 1) tan 6 (2.3) 

Assuming a transmitter declination angle of lOmrad the following 
values are obtained : 

1st Receiver: 

2nd Receiver: 

3rd Receiver: 

b c 1.2 in,~• 2.29° 
~ • 2 ft., 1), • 10 ft. 

b • 3.0 in.,~ • 2.29° 
~ • 5 ft.,~• 25 ft. 

b • 6.0 in.,~ • 1,34° 
~ • 15 ft •• 1), • 50 ft. 

The above values are used in the radiometric calc11latio~s of Section 4 . 

A block diagram of the electronic circuits of the transmitters and 
receive ~s of one quadrant is shown in Figure 2.5. Three transmitters 
are shown in the block diagram, but when more powerful lasers become 
available i t will be possibl~ to use only one transmitter and the cir­
cuit can then be simplified by omitting the divide-by-t~ree count er. 

The heart of the system is the clock. It steps the divide-by-three 
counter which sequentially turns on the source circuit~ and the high current 
drivers. The high current drivers deliver current puls~s to the laser 
diodes. As the 3 transmitters are adjusted such that ~heir fan beam 

SANTA BARBARA RESEARCH CENTER 



L
A

S
E

R
~

 ;~
 

I 
~ -~

 -

2 
~G

 ~~
 

-~
 

- -

3 
~c

 ;~ -:::-
0 

-
,>

 
,>

 
,>

 
. 

D
E

T
E

C
T

O
R

 
--

,, 

~Q
 ~ -~
 -

~· ,> ,>
 

.. I 

2 
~~
 I~

 

~
 

I
)
 

I 
,>

 
,>

 
,>

 

a-
3 

~
(i

) ~ 
....

_ 

H
IG

H
 

C
U

R
R

E
"'

 
D

R
IV

E
R

 

"'
"•

 

~
 

V
 

I i 

..
. 

,. "
. 

~
 

T
H

A
E

S
-

H
O

L
D

 

~
 

!C
IR

C
U

IT
 

-

[>
 I 

I 
I--

~
 
~
 

~
 

la
tT

 

~
 

FI
G

U
R

E 
2

.5
 

so
e~

' :
 

7 
3 

L
O

O
K

 
G

A
T

E
 

G
E

N
 

D
E

T.
 

LO
G

IC
 

l 

3
0

 K
H

Z
 

C
LO

C
K

 

"""
 -

~
 - -

-
._

_
_

 - D
-o

 ~
 
. . R

E
C

E
IV

E
n

 
O

U
T

P
U

T
 

I 2 3 Q
U

A
D

R
A

N
T

 
O

U
T

P
U

T
 

N
H

IB
IT

 
O

U
T

P
U

T
 



f SBRC ! 
... .. . .. . .... . . . . ..... .... . . .1 

patterns coincide, the 3 sequentially fired laser diodes have the E,ame 
effect a·J one transmitter operating at three times the pulse repetitio'l 
rate. 

The clock signal is also used to synchronize the three receiver 
circuits, The look-gate generators delive~ an enable s i gnal to the 
detection logic circuits. These signals are delayed differently in 
each receiver. The delay corresponds to the time it takes a light 
pulse to travel to a target at near range and b9ck. B?. fore this time 
has elapsed, no signal is expected to arrive and the detection logic is 
di abled. During the look-gate period which corresponds to the difference 
between the time it takes a signal to travel to a target at far range 
and back, and the delay time, the detection logic is enabled, ready to 
receive a signal from the threshold circuit. Only during this period of 
time can a noise threshold crossing affect the circuit. The effective 
false indication rate is thereby considerably reduced (see Section 3, 
"Performance Requirements"). 

A returning light pulse is detected by the Si PIN-diode detector 
which causes a current pulse to flow into the preamplifier. The prdamp­
lifier delivers a signal to the threshold circuit where, after further 
amplification, the signal is compared to a preset level. If the signal 
exceeds this level, a pulse is generated and delivered to the detection 
logic. The detection logic must receive at least two pulses in sequence 
to produce an output signal (2-out-of-2 logic). One such output signal 
ia produced by each of the 3 receivers1 depending on the target location. 

It should be noted that the 3 receivers differ in noise level and 
range. The thresholds and look-gate periods must, therefore, be adjusted 
individually. The outputs of the three receivers are not only used 
individual!;, but are also applied co an OR-gate. This OR-gate will 
produce an output whenever a signal is detected in its 4uadrants. Later, 
when discussing the complete system, it will be shown how this and other 
OR-gates are used to keep the ~umber of required telemetry channels to 
a minimum. 

Figure 2.5 shows lwo inhibit amplifiers. They are DC coupled to 
the detectors of receivers 2 and 3 and their outputs are applied to the 

SANTA BARBARA RESEARCH CENTER 2-9 
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detection logic circuits. When a certain DC current flowing through 
the detectors is reached, the outputs of the amplifiers produce a 
ignal which inhibits the detection logic circuits. This scheme 

serves to prevent false indications caused by excessive noise currents. 
This noise current in turn is generated by the DC-current through the 
detector and the DC current is caused by unwanted back~round originating 
radiant power (sun, extremely bright clouds). The threshold crossings 
of such high level noise would errone~usly be interpre:~d as distance 
indication. To avoid confusion caused by misinterpretation, the detection 
logic circuits are inhibited and a., inhibit output signal is produced 
whenever high level background power is detected. Receiver 1, the 
inner-most receiver does not require an inhibit amplifier. It produces 
a sufficiently high S/N ratio even under the worst condltion when the 
sun is fully in its field of view. 
System of 9 Quadrants 

For the description of the system each quadra~t is represented by 
a sector of a circle of radius RF (far range of the th!rd or outermost, 
receiver). The central angle subtended by the arch of this sector 
equals the transmitter fan angle , and the rece:·.ver fan angle y. 

First three quadrants are assembled to form a coner of a cube 
as shown in F gure 2. 6. The d:f.agonal of the cut-,e is cbosen as axis 
Ctf this configuration. The angle a b tween the diagonal and one of the 
sides a, b, and c equals 54.6°. A second set of three quadrants is 
assembled to form a mirror image of the first (see Fig~re 2.7). Both 
sets of quadrants are aligned with respect to each other such that the 
sides a and a', and the axis xx' come to lie in the sa~e plane. They 
are then moved towards each other so that A and A' coi~cide (see Figure 
2.8). Three more quadrants are now added with their vertices located in 
A to fill the void between a and a', band b', and c a~d c'. It should 
be noted that the angle 8 (Figure 2.8) between sides a and a', band b', 
and c and c' is leas than 90°. The quadrant used in these 3 positions 
needs no greater fan angle than 70. 8°, but for reasons of simplic· ty, 
all quadrants will have a fan angle of 90°. Also, due to the finite 
dimensions of the optics and of the carrier vehicle, it is not possible 

SANTA BARBARA RE~EARCH CENTER 2-10 
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to make the vertices of all quadr nts coincide. This is, however, of 
little consequence as the displacement of the vertices of the quadrants 
with respect to one another is known and can be used in the determinatio~ 
of the miss-distonce. 

Th AOMDI sys tern produces 27 receiver signals and 9 in.hi bit signals 
(one for each quadrant). Thirty six telemetry channel!.: would be required 
to transmit all pc,ssible information. This number can be r educed at the 
expense of sou • .:. loso of information. Figure 2. 9 shows a m•!thod of com­
pressing the output dat from the 9 quadrants. The output:J of the 
receivers 1 (innermost) of all quadrants are applied to an OR-gate. 
The outputs of all receivers 2 are applied to a second OR-gate an the 
outputs of all receivers 3 are applied to a third OR-gate. The inhibit 
signals of all 9 quadrantH are also applied to an OR-g ~te. The number 
of required channels is now only 13. A target location ifl indicated by 

' a signal in one quadrant channel and by signals in one, or two, receiver 
channels. The occurrence of inhibiting of any of the 9 quadrants is 
indicated by a signal in the inhibit channel. All output rJignala are 
0 to 5V and can be applied to the telemetry system without interfacing. 
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With the number and range of the bins established. certain 
performance requirements must be met. The parameter dc·scribing these 
requirements are: the puls repetition rate fR, the averag~ false 
indication rate FIR and the desired probability Pd of detecting a 
target during the shortest encounter. 

The pulse repetition rate is a function of the time the smallest 
target to be encountered stays in the field of view of a quadrant. 
The limit to the pulse repetition rate obtainable from one laser diode 
at the present state-of-the-art is lOkHz. The detection logic used 
requires a minimum of two successive return pulses for an indication. 
With the size of the smallest target equal to 3 fee . and a closing 
velocity of 40 kft/s the target might dwell only 75µ• in the fan of 
a quadrant. To return 2 pulses in 75µs the pulse rate must be at 
least 26.7kHz. These pulse rates can be obtained bys quentially 
firing 3 laser diodes. Making the pulse rate of each of the three 
diodes equal to lOkHz, a resulting rate of 30kHz is obtained, which 
is slightly higher than the minimwu to compensate for the finite 
thickness of the transmitter beam. 

The average false indication rate must be specified. It determines 
the threshold-to-noise ratio which must be maintained ta noise level 
encountered during normal operation, that is when no ucusually bright 
background is encountered . .Assuming a false indication rate of .01 
per sec. for a system of 9 quadrant with 3 receivers each, the false 

.01.-1 -1 indication rate of one receiver must not exceed 
27 • .00037s . 

As false indications are caused by noise threshold crossings at the thres­
hold circuit, th~ maximum allowable noise threshold crossing rate must 
be obtained which in turn, determines the required threshold-to-noise 
ratio. If the average noise threshold crossing rate is ♦ Jnd the lLok 
period (the period during which a signal ls expected) l s t 1, and if ♦ t1<<1, then the number of threshold crossings can be described by a Poisson 
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distribution. Then, the probability of N threshold croasings in the 
time interval t 1 is given by N 

(♦ tl) 
p(N) • NI exp ( ♦ tl) (3.1) 

The probability for no threshold cros ing (N • O) i■ th •n 

P(O) • exp (-~t1) (3. 2) 
and the probab'lity of at least one crossing is 

The ■pecified maximum false indication rate and the pul■e repetition 
rate determine the maximum allowable probability of a f lse indication 
during the time interval between pulses. It ia 

• (3.4) 

FIR is thP. ratio of the average number of false indications in one fR 

second to the number of trials in one second, and therefore, the 
probability Pf that a false indication will occur durir.g one look 
period t1• Thi~ probability is imposed as an upper bound on the 
probability oi a fal1e indication out of the detection logic. 

(3. 5) 

If a detection logic is used which requires the detecti Jn of n succeaLlve 
pulses for one indication (n-out-of-n) then the inequality for Pf become■ 

fil • P > 11 - exp fR f-
Now ♦ can be calculated nJ;'.;':" 

-ln (1- / !!! ) 
♦ ~ • fR 

tl 
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This threshold crossing ate is given by Rice1) as 

-I 2 . ... 1 
2t ff exp ( 

2
: 2) (3.8) 

where t is the signal puls width 

It is the threshold 

I is the RMS noise current n 

n 

The threshold-to-noise ratio can now be obtained: 

(3.9) 

[SBRC_J 

Once the threshold-to-noise ratio is established and the desired 
probability of detection is given, the signal-to-noise ratio required 
to meet these specifications can be calculated. It ia 

where Pd is the probability of an indication in each ofnn trials or 
intervals between pulsesJwhile the greater probability lid (Pd <1) is 
the probability of detecting a signal pulse in one trial. The signal-to-
noise ratio S/N is 

I 
S/N • ....!. • 

I n 

-1 where erf stands 
2 f:X -x2 erf(x) • - 2 
1f 0 

then obtained from 
n It Ii erf-l (2~ -1) + 1 (3.11) 

D 

for the inverse error function and the error function 
dx • 

For the evaluation of the above formula a. computer program was written 
" 1 X using an approximation formula for th• inverse function of q • 2 (1-erf(~)] 

1) Rice, S.O. "Mathematical Analysis of Random Noise," Th• Bel~ Syat• 
Technical Journal, Vol 23, No.3, July 1944, p 282 and Vol 24, No.1, 
January 1945, p 46. 

2) RCA "Electro-Optics Handbook" 
3) Hastings Inc., Cecil, "Approximations for Digital Computers" for Digital 

Computers", Princeton University Pres.s, 1955 
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Appendix A shows the program written in Fortran IV, while 
Tables 3.1 thro\lgh 3.3 show the printed results. From these tables 
it can be seen that Pd is not strongly dependent on Fil. The tables 
also show the influence of the number of pulses, n, required for a 
decision on bot~, the threshold-to-noise ratio (TH/N) and the signal­
to-noise ratio (S/N). The reduction of S/N with incre sing n offers 
a small, or no ad antage when consirlering the time required to obtain 
one indication. This time is directly proportione~ ton and with 
increasing n leads rapidly to prohJ.bitively high pulse repetition rates 
for a given closing velocity. 

For calculating Tables 3.1 through 3.3, it was necessary to assume 
typical values for the pulse width (150ns) and the look period tL 
(150ns for the outermost receiver). The pulse repetition rate was 
30,000 Hz. Table 3.1 was cal~ulated for ill• 0.00037 1/sec, Table 2 
for FIR• 0.00018 1/sec and Table 3.3 for FIR - 0,000037 1/sec. 

In each table Pd was successively set to 6 values. The 3 low 
probabilities (.01, .005, .001) are shown only to illustrate the 
dependence on Pd on the S/N ratio. 

The receivers of the AOMDI are exposed to noise generating r~~ia­
tion sources. Under normal conditions a receiver is looking at a 
background with the radiance of the clear sky. The receiver, when 
looking at this background, must produce a signal-to-aoise ratio which 
ensures the required probability of detection. However, other radiation 
sources as the sun and bright clouds can enter the fiel d of view of the 
receiver. These source can cause intolerably high false indication 
rates and provisions must be made to report such an occurrence 
and block the transmission of erroneous indications. To prevent 
false indications, certain methods are available and will be discussed 
later. 
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I _,, 

FI R= c . ~7E•r ~ 1/S J:R: 

TAU: 15(1 . NS 

N PO 

1 o . CJ99o 
2 c . ':19~r 
3 o . ~99r 
4 C' . 99~0 
s o. 9CJCJr 
6 n . ~CJ~fl 
1 o. -c, ... r 
2 o. 0 9 0 
3 Cl . 9950 
c+ «' . CJ CJ~o 
5 0 . 9950 
6 o. ~950 
1 0. 99 00 
2 O.«?CJO O 
3 o.990 n 
If o.CJCJ Oo 
5 o.C?CJoo 
, 0.9CJO O 
1 0.1000 
2 0.10 00 
3 0.1000 
q o.1oco 
5 0.100 0 
6 0.1000 
1 o.osoo 
2 O.CISOo 
3 o.osoo 
It o.osoo 
5 o.osoo 
' o.osoo 
1 0.0100 
2 0.0100 
3 0.0100 
-. o.r,10 0 
5 0. 010 c 
6 0.0100 

// XEQ 

TL: 

5 . {,,o 
3 . ~F-5 
3 . ln 
2 . 570 
? . 1A4 
1. 8~0 
fl . (\:;, 
3 . 9(.5 
3 .. 1n6 
2 . 570 
~ • 1 ",, 
1 eAAO 
5 . i'?O 
~ .9F- 5 
3 .t n6 
2. 57 0 
2.1AC4 
1.8AO 
s.e,e 
3. 9F. 5 
3.tfl 6 
2. 570 
2.lA'+ 
l.8fl0 
s.e,e 
3.9,;5 
3.106 
2.570 
2.tA4 
le8AO 
s.e,e 
3.9~5 
3.1'16 
2.s,o 
2.1A4 
1.OA0 

3oooc . HZ 
150 . NS 

S/f 

0.919 
1 . ,~,. 
h . ~(J9 
fi . 1')51 
5 . 72'1 
5 . 4Eie 
fl. . 40£1 

f, • 77' 
b . n'tl 
s . ~CJ3 
5 . 274 
5 .n24 
e .1 55 
~,5 14 4 
s. ~19 
5 .377 
5 .0E-1 
i+.e14 
... ~4 (: 

3.487 
3 .n17 
~ .727 
2.51 8 
2.351 
i+.t83 
.5.205 
2.771 
2.!i03 
2.3oe 
2.1s1 
3.!;01 
2. 683 · -
2.~19 
2.09~ 
i.92E 
1.7CJ0 

- --- · -·---

TABLE :J . 1 



SIN Mi r u~ir.T I ON OF PO , FIR , FR , TLOOt< , TA U AN( N , 

FI R: o . ,FiE-r3 11S FR = onon . HZ 
TAU: 1 0 NS Tl = , so . NS 

N PD THIN SI N 

1 n . 0 CJ9n 5 , 9~9 9 . nso 
2 0 • c:- 99() 4 . o!il 7, ~lf? 
3 0 • ~99(, 3 .l AO ti . a~. .. o . ~95t: 2 , 6 :H (i .1 1£' 
5 n . c;99n 2 .:> 47 5 .78~ 
6 0 . ':19~· (I 1 , 942 s . ~3<' 
1 0, 99!-(' 5 , 9i;9 e. i;3f 
2 n. 9fO I.I• (li; l 6 , A5 
3 n. 99 0 3 ,l PO 6. 1 l. 
4 o . CJ 95o 2 . 6~7 5 , £,60 
!; 0, 9 ._ Cl 2 , :>4 7 5 . ~3 7 
6 0. ~9~C 1,942 s . o85 
1 0, 990 5 ,CJ ~CJ a , , ef. 
2 0.CJCJ0 0 4. o~n 6 • (,27 

. ' 3 o. 990 3,180 5, P. 9 2 _, .. o,"9oo 2.6~7 5,4 .. 3 
5 0,9900 2.247 s.12s 

' 0.990 1.942 'f,A76 
1 0.10<'0 5.CJ~9 lf,f7~ 
2 0. 1000 4.0~1 3, . 74 

( ·. 3 0.10 00 3.JAO 3,n9 o .. 0.1~00 2.6~7 2,794 
5 0 1000 2.2147 2.~81 

:J 6 0.1000 1,942 2.413 
1 0,0500 S,9!ii9 .. ,31.4 
2 0,0500 Cf .o . 1 3 .,•92 

.~) 3 0,0500 3,11'0 2 . ,-4&1 .. 0,0500 2·,6~7 2,!'i6' 
5 0,0500 2,2&J7 2.~11 

' O,f'500 1,942 2,213 -. .. . 
i. .. 

1 0.0100 5,9!1\9 3,633 
2 0.0100 4.0~1 2,770 - ---- ... - .... -- . . ., .. ___ . - -

, 7) 3 0.0100 3,11'0 2,392 ... .. 0.0100 2,E,37 2,159 
5 0.0100 2.,47 1,q9o 

.') ' 0.0100 1,942 1,A52 
II )([Q .. ______ __ ,.. ·- -- ··- --- .. _... .... ____ -----·---- --·- -- --- ------ -·-·- .. - - -- ---

TABLE 3.2 



S/N /I~ rur1c r 1 Or-.! OF ro. FIR , FR, Tl OOK , TAU flNO N 

FIR: o.~n.- n4 1/S FR = .300 0(•. HZ 
TAU: 1 5(1. NS TL = 150 . NS 

N PD TH1N S/~~ 

1 (I. 0 990 6 . 2~3 9.~4~ 
2 ('.Q99(' 4 • ::>45 7 . ~ ( 
3 ('I . 0 990 3.345 6 .74 (1 
4 o.~9~c 2 .7 P.6 6 .::> 67 
5 n.q9C?c, 2 . 3/\6 s . 92e 
6 (l . (l5 ~ (l 2 . 070 5 . f>E>f 
1 n.c9, c 6 . 2~3 O. A29 
2 fl. 9 9 ~('; 11. 21~!:, 7. I')~~ 

3 0 • C:9!= O 3 .34 ~ 6 • ::>00 
4 0.99~(' 2.7A6 ~ . P.09 
5 0.-?950 2 .3A8 S .47 fl 
6 fl.99 ~0 2 .01 e 5 .221 
1 o.~900 6 .2 "'13 e.~eo 
2 0.9900 4.245 6 • P2l 
3 0.9900 3.345 6 . 0~7 
4 0.9900 2.7P.6 5.592 
5 0.9900 2.3AA 5 • 26'-
6 0. 9C;l O C 2.0,e s.012 
1 0.1000 6.2c;3 4 • 97' 
2 0.1000 4.245 3.76A 
3 0.1000 3.345 3. ::>55 
4 0.1000 2.7p,f 2 .94 3 
5 0.,000 ~.3EH:1 2.122 
6 0.1000 2.078 2.5'+9 
1 o.csoci 6.2,;3 4.608 
2 o.osoo 4 • 245 3.48E, 
3 0.('1500 3.345 3.009 
4 0.1'.150G 2.7A6 2.71(' 
s o.risoo 2.388 2.s11 
6 0.0500 2.078 2.349 
1 0.0100 6.253 3.526 
2 0.0100 4.245 2.964 - ··- - · - ·-. -
3 n.010 0 3.345 2.~57 ,. 0. 1cc 2e7A6 2.~oa 
s o. c, 100 2.3P.8 2.130 
6 0.0100 2.078 1.988 

• -- ·-·· . . .. . 

TABLE 3.3 
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Section IV 

RADIOMETRIC CONSIDERATI ONS 

Some of the receivers of the AOMDI will look at a radiant background 
(earth, clouds) at any time. The signal must be detect, d in the presence of 
noise generated by this background. The parameter tha t describes the 
performance of a receiver u~der such conditions is the signal- to-noise 
ratio (S/N) measured at the output of the receiver pre :nplifier. The 
minimum S/N ratio is obtained ~rom the statistical theory when using the 
specified false alarm rate and minimum probability of detection (see 
Section 3, "Performance Requirements). The optical parameters, as 
receiver area, transmitter pulse peak,power receiver elevation field 
(or field of view), etc., must then be chosen to satisfy these conditions 
in the presence of a given noise generating background. This is done as 
follows: 

1. The signal power incident on the detector as a function of 
transmitted power, optical transmittance, tarbet size, and re­
ceiver opttcs aperture is derived. The limiting target is assumed 
to be at far range cutoff of the receiver (outer bin boundary). 

2. The noise generated by the preamplifier and detector is calculated 
as a function of bandwidth, feedback resistor. noise factor of the 
first amplifier stage and detector dark current. 

3, Th noise power generated by the background a~ a function of 
receiver elevation field, aperture area, and cptical filter band­
width is calculated. 

4. The results of these three steps a~e used to calculate the S/N 
ratio of the system for a given laser diode output power and 
different backgrounds. 

1. Receiver Signal Power 
The peak power P

2 of the beam emerging from the transmitter aperture 
is obtained from 

(4.1) 
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where P1 is the laser diode peak power, nd T1 is the transmitter 
optics transmittance. 

The t ransmitter fan pattern is shaped in such a way ·that its thickness 
is very small as compared to the target dimensions. The irradiated area 
on a target is therefore a narrow banct. The power P

3 
incident on the 

target is then proportional to the angle which the length of the band on 
the target subtends. 

L P 2• 2arc tan 2Il 
P3 •---, 1 

where Lis the length of target in transmitter beam (length of the irradiated 
band), R1 is the range to thr, target, and~ is the transmitter fan angle. 

When L « 2R1 t he above exp, ession can b~ simplified to; 

P2L 
p3 + R, 

1 
(4, .1) 

As the radiometric caluations aim at obtaining the S/N ratio undet 
worst conditions, R1 is equal to¾, (the far-range) of the receiver under 
consideration . . For receiver 1 ¾, becomes 10 feet and with a target of 3 

L feet length 2.3n:tan 2R • 0.297, 
1 

Comparing this result to -1_ • 0.300,it can be seen that the error Rl 
is only about 1%. Expression (4,2) can, therefore, be used without intro-
ducing a significant error. 

Assuming the target to be a perfect diffuse reflector, the irradiance 
on the receiver aperture becomes 

(4.3) 

where J is the equivalent radiant intensity of the irra<liated target area 
and pis the r6flectivity of the target. 

The power P4 entering the receiver aperture becomes P
4 

• HrAR, where~ 
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is the receiver aperture area. 

The power P5 received by the detector is 

(4.4) 

where r2 is the receiver optics transmittance. 

Combining all formula : 

(4. 5) 

2. Amplifier and Detector Noise 
It can be shown that the best circuit configuration for a wideband photo­

detector (current source) preamplifier is . a current mode amplifier where the 
detector output is feJ directly into the 1umming junction. 

Noise for this type of preamplifier is set by the first stage noise 
figure and the feedback resistor. The value of this resistor should be as 
large as possible, limited only by the bandwidth requirement which must be 
met in the presence of stay and self-shunting capacitance. 

For a one-half sinusoidal waveshape pulse of duration T naec, the ~igh­
frequency 3-db frequency should be: 

1 
f - -­H 2t 

and low-frequency 3-db corner frequency should be 

1 
fL • 20t 

Thus, the noise bandwidth assuming -6db/cctave rolloff is 
11' 1 1 

I • 2 (2T - -20t) 

(4.6) 

(4. 7) 

(4.8) 

The feedback resistor size should be self-shunting capacitance limited: 

(4.9) 
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This results in a preamplifier equivalent input noise current due to 
Johnson noise of 

(4 .10) 

where k is the Boltzmann's constant a 1.38 x 10-23 J/ 0
[, Tis the ambient 

temperature, Rf is the preamplifier feedback resistor, and Bis the equiva-
lent noise bandwidth. Given a noise factor NF for the transistor of the first 
stage of the ampl fier the total equivalent input noise current is 

i • / !!_NFTBk 
a Rf 

(4.11) 

With no signal received, the noise contribution of the photodetector is 
due to its dark current. For a given dark current I the noise current will co 
be 

id• /2qBI co (4.12) 

where q is the charge of the electron -9 • 1.6 X 10 C. The total noise 
referred to the input of the preamplifier becomes now 

i ./42+12 - /2 Bl +4NFkTB (4.13) d a q co R t' f . 

J. Background Generated Noise 

Any current flowing through the detector is accompanied by the 
genera ion of shot noi1e. In addition to the already di1cuaaed dark 
current, a DC current ii flowing tl&rough the detector which is caueed by 
the received radiant power P6 originating from the background at which the 
r ceiver is looking. This current I through the detector is given by 

I• SP 
6 (4.14) 

where S 11 the sensitivity (or responsivity) of the detector. The••• 
mechanism as in the case of the dark current generated noise cau1e,, a 
noise current ib to flow. Thia current 

(4 .15) 

SANTA BARBARA RESEARCH CENTER 4-4 



.. I V
I 

~
 

si
n

 f/
) 

r 
si

n
 f/

) 
d

')
' 

,,, 

FI
G

U
RE

 4
.1

 

/ 
P

ro
je

c
te

d
 

A
p

e
rt

u
re

 
A

re
a
 



• I ~ 

a 
=

 r 
si

n
 a

 
=

 r 
si

n
 fl

> 
c
o

s 
')'

 

/ 

F
IG

U
ll

 4
.2

 

-< 



FIGURE 4.3 



·se·R·c: ·; 

To obtain I, the background originating power P6 impi nging on the 
active area of the detector is obtained as follows. 

. . .. , 

Consider the radiant background a perfectly diffuse (Lambertian) 
radiator. Then,the irradiance it produces at a given point A does not depend 
on the shape of the surface of the radiator, but only on the solid angle 
it subtends as seen from A. The background can fill the field of view of 
the receiver. Considering the shape of the field of view, a.ssuming a cylind­
rical surfac•! as bac.kground radiator simplifies the computation of the 
irradiance of the receiver aperture and,c ,:>nsequently, P

6
• Figure 4.1 shows 

the geometry of a receiver looking at a cylindrical radiator. The increment 
dH(>.J of the spectral irradiance at the aperture A contributed by a surface r 
element dA of the cylindrical radiator is 

dB(>.)• N{>.)~A Sin~ sin a 
r 

(4.16) 

where N(>.) is the spectral radiance ·of the background, fis the elevation 
angle of the radius conndcting Ar with dA, r is the distance between Ar and dA, 
and a is the angle between rand the aperture plane (Figure 4.2). From 
Figure 4.2 is obtained 

sin~• sin ~cosy 
where y is the fan spread angle. 

Prom Figure 4.1 is obtained 

dA • r 2 d♦d Y 

2 Therefore, dR(>.) • N(>.) sin ;coayd•d y 

. +J 

f+y/~cl -cos 
and B(>.) • N(>.) cos -,-2-d-

-y/2, £-2' -
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(4.20) 
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where & is the elevation angle of center of the elevation field as shown 
in Figure 4. 3. It is always e: + ! • ; . The power P 6 , reaching the detector 
is then 

This is the power received by a rectangular detector whose active area 
corresponds to the field of view uf the receiver. The active area can be 
reduced by a mask in such a manner that the power received from a target 
located in the receiver's distance interval remains constant regardless of 
distance. The shape of this mask resembles that of a bikini (see Figure 
5.4). In Sectlon V "Optical Considerations", the equations describing the 
shape and the urea of this mask are derived. Here, the fol"Dlla describing 
the reduction in active area is used. Aa can be seen, the reduction is a 

\ function of the ratio of far-range to near-range only: 
• 

(5.16) 

where~ 11 the active area within the maak, ~I ia the area of the umasked 
detector, R, is the far-range, and~ is the rear-range of the receiver. 

The power P6 reaching the reduced area now bec011e1, 

where 6~is the optical filter bandwidth. The background generated noiae 
can now be cal culated; 

ib • /2qBSP6 (4.22) 

4. Signal-to-Noise Ratio 
The reaults of the previoua three section■ are used to calculate the 

S/N ratio of a receiver. From Section 1 the peak power received by the 
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detector is, 

p .. 
5 

When Sis the responsivity of the detector (typically 0.5 A/W to 0,7A/W for PIN diodes) the input current to the preamplifier becomes, 

i • SP 
8 5 (4.23) 

The total noise current it due to detector dark current, preamplifier and background is, 

it• ~qB(SP6+I ) + i 2 
co. a (4.24) 

The signal-to-noise ratio now becomes, 

~R1 3♦ {2qB(SP
6
+I ) + i 2 co a 

(4.25) 

An existing· computer program in FORTRAN IV language was used to evaluate the above equation. The program not only computes and prints the S/N ratio, but also prints out several other parameters on demand. It is also possible to calculate the laser peak power P1 for a given S/N ratio. In addition, all outputs can be obtained for either PIN diode or avalanche diode detectors. However, the latter part of the program was not used because no avalanche diode of sufficient area for this application can be obtained. The program is shown in Appendix B. The printed re1ult1 of runs uaing typical value, for the input parameters ia shonw in Tables 4.1 and 4.2. The equivalent spectral radiance N (A) of the sunlit earth is u1ed to describe the background at 
equ 

which the MDI is looking under normal operating conditions. It is substituted in the computer program for N(A), the radiance of the sky. Its value is obtained from 

SANTA BARBARA RESEARCH CENTER 
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(4 .26) 

where M( A) is the spectral solar irradiance on the surface of the earth, 2 equal to 450 W/m / m, and a i s t he reflectivi t y of the surface of the earth, AB . equal to 0.35. The ratio "'i:" is obtained from equa t i on (5.16) and equals RF T Rp 0.12 for ~ • 5 (receivers 1 and 2), and 0.195 f or RN • 3. 33 (receiver 3). 
Then N (A) • 6.0 W/m2/µm/ sr for receivers 1 and 2 and N (A) • 9.8 W/m2/ ~n e~ µm/sr for receiver 3. The preamplifier is characterized by the shunt 
capacit&nce C of its feedback resistor and its noise factor NF. Values of 
C • 0.5 pF and NF • 2 can be obtained by improving existing circuits which 
are used on active optical fuze1. The shunt capacitance C is a very important 
parameter for it determines the maximum value of the feedback resistor with 
which the bandwidth requirem nt given by the duration of the laser pulse can 
be met. 

A responsivity S of O.SA/W and a dark current of l~A were uaed in the 
program to deacribe the PIN diode detector. It ahould be noted that the value 
of lµA appliea to the largeat PIN diode which ia used in the third receiver 
with a maximum out-range of 50 ft. The two other receiver• use much smaller 
PIN diodes with lower dark currents. Retaining the aame dark current for all 
computations leads to somewhat lower S/N ratios than what could optimally ' 
be obtained, but as rhe figures of Tables 4.1 and 4.2 1how, the S/N ratio of 
the two inner smaller receivers exceed the required minimum by far (compare 
Tab le 3 .1 for minimum S/N ratio for a given Pd, ·N and FIR.) . The viaibili ty 
V was arbitrarily set to 100 miles as no atmospheric extinction is encountered 
at the operational altitude. 

The laser peak power P1 equals that of presently procured GaAa la1er 
diodes. The optical filter bandwidth DL of 0.03µ• correaponda to that of 
interference filters used on SBR.C's optical co .. unicatora. Considering the 
wide variation of the angle of incidence at the receiver aperture, it might not 
be po11ible to maintain such a value o\er the entire receh,er field of view. 
It might be necessary to turn to an absorption filter instead, whose bandwidth 
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.: K v P r.r· • 1r1, 1. 1 ';Gr·. n . Ir , i 1 = 
l'Hfl\ 'P . r11P . J :i PF , l = 
•'V .DC r>fc:-P.l f ,'\/ '.. , S1: 
1\V . I) V r1..,1 0 1\: t: , If,\I : 
JI H ! (.Hr..- Cl ' I. • fl.; r , H : 11 ·: 

V 1 S Ir, I l. I T Y l 1 • r-" I , V : 
xrarr .T P/\I s.r n ., T1 :: 
LASE.fl P . 1: l[ ,11, 1 1~ ris , T: 
I /\fH;[T f'F Fl • , ; 1, : 
I LC . rLr\l Fll LO, LHnl ' -> l : 
r r-· • r " , , .. F rr ,, o , c c , .. 1 , 1 = 

t EC • ('. p • ' r l /i I i\J s n Cr', • ,, J{ = 

S / N,PI M '"'lt u ::. s r·PII ! = 
PH-. rKr;r -Tf.- ;) YS l . 1.orc-r. : 

OPT.r. E\ .' . l r. ~ IChOt., [L : 

S / N,rH• r1c:1.:: Sf\Plr : 
P I ~ n K r, P - T C - ~ Y S 1 • f ,. u I ~ : 

C.PJ.r.rw. II MIC RulJ , CL : 

S /N,rIM r1r•[E sr11 PH.1 :: 
PIN BKr-r.TO-SYST.~OISf: 

s IN , P u 1 r 1 o 1: st P I r .; = 
PIN Kr-P -1 - S YST.I OISE: 

'1ANGr Jr ' FT, R l : 

OPl.~.f'll,' 0 I I. MICHOl·: , Dt: 

s IN , P I ri f' 1 o L E s ~1 r 1 1 , = 
P I N f; Kr; r - TC· - s Y s T • r i o t s c = 

s Ir~ , Pt M r H ' c r. s r IP H • = 
J.Jlt ! 6Kr:f' .T C- SYST. I\U J.3[ : 

!:: / N ,PJ M r'l<11 c sr,~11.: = 
PIN r-. ..:rr-lC'-SY T .l~C IS E = 

f.. o( OO 

r . ~oo 
I o 14 ~ 
(• .1. 9~ 

1 oc,. ooo 

Ofl . QC, 
, , • [ lJ 0 

15r . roo 
(· . i: oc 

5( . (lQC 

H.ooo 

O.<J19f Cl, 
o .21.i'-1 £ -01 

o.9r~E c,. 
o .'t lcE..:0 1 

0 .150 

0 . t.,~3E O, 
o.24'1[ oo 

o. 7£ ir 02 
o.4Ff\f oc 

2 • 000 

0 ,(115 

(J 0 5PC\E 01 
o.2'-lc+r-01 

o.5rlt 01 
0 .4fH-Cl 

C,1t0 

O. ~~~C OJ 
0 • c! 1Jllt fl C 

1,1" 8 . T t M • lf J U G • D, fl: 1"1 !-J : 
H ~ E 11, r,, F- • r.., 1 s E FI r.: • , r, F = 
AV . AC RL~~ .I N i,w , s2: 

IN Hl.P .I N A/W,S: 

L 1-1 SC h n.tt• PW{ TfJ t.J ,Pl :: 
k[Cfl\i.ThA ,ISM IT.,T2 = 
lM<G .L.11 - !"\El\ : Tf.l M,LT : 
r, t c.Bt.r-.~. E ttv. , rte, , rP~ = 
h[C . FAfl ,TREAll ,f"'l [C:. , f./lr' = 

0 ,1 8ll 03 
0 ,4 f-.8[ -C,1 

0. 177[ Ci3 
0.57C,[-Ol 

0,152[. 03 
0,'t88[ 00 

0,132[ 03 
0,97Gl 00 

O,lU.i l Or 
Oe't8fl-Ol 

0,113t Ot'. 
u.'37',l• 1 

0 .97~l 01 
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SBRC 

doe1 not show such a strong dependence on the angle of incidence. The 

receiver and t ransmitter optical transmittances were set to .8, a value 

observed on SBRC's acti ve optical fuzes and communicators. 

The laser pulse width is assumed to be 150ns. With a pulse repetition 

rate of 30kHz, this value corresponds to a duty cycle of .45% whic cannot 

be obtained from one laser diode at the present time. Us ing 3 las ~r diodes 

fired sequentially n,ekes it possible to obtain the desired pulse rate and 

pulse width, The duty cycle of each diode is then only .15%, a manageable 

figure. 

For target size and reflectivity the minimum values specified are used, 

that is,3 f t. and 0.2 respectively. 

Two different ranges are shown in Tables 4,1 and 4.2, 10 feet and 25 

feet, corresponding to the far-ranges of receivers 1 arid 2 respectively. 

In Table 4.2 the 50 feet correspond to the far-range of re eiver 3, 

wh i le 40 feet were used to demonstrate the strong dependence of the S/N 

ratio on distance, (See expression 4.25) 

The elevation field of recelvers 1 and 2 was assumed to be 2.39°. This 

value is about half of that useJ on SBRC's active optical fuzes. The 

elevation field· of receiver 3 of 1.34° was obtained by assuming a baseline 

of 6", a near-range of 15 ft. and a far-range of 50 ft .. Smaller elevation 

fields would result in short baselines, leaving not enough room for the trans­

mitters and the receivers. For the last parameter, the receiver aperture, 8 
2 values were assumed. Starting with .25cm the other values were obtained by 

2 doubling the previous one. The aperture areas of 0.25, 0,5, 1.0 and 2cm 
2 apply to receivers 1 and 2, Table 4.1, while 4, 5, 6 and 9cm are reasonable 

values for receiver 3, Table 4.2. 

Table 4.1 and 4.2 show, besides the S/N rations, another ratio, the 

ratio of background-generated noise power to system-generated noise 

power. This ratio indicates whether the system is background or system 

noise limited. It can be seen that for small apertures the ratios are 

smaller than those for large apertures as the background generated noise 
2 power is proportional to the aperture area (compare BN/SN ratio for 4cm 
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SBRC 

2 with that for 8cm area). At very low background generated noise levels the 

S/N ratio improves almost proportional to the increase in aperture area. 

When the aperture area is increased more and more so that the background 

generated noise dominates the expression for total noi8e (equation 4.24), 

then the S/N ratio increases only proportional to the square root of the 

increase of the aperture area. When looking at equation (4.21), it can 

be seen that P6, the background received power,is proportional to the band­

width AA of the optical filter. Ideally, this bandwidth should equal the 

bandwidth of the laser diode which is O.OOll'm. But the center wavelength 

shifts 0,00025µm per degree C so that a filter bandwidth of 0.015µm will be 

required to guarantee that no signal louses occur when the temperature of 

the laser diode junction changes+ 25°C. But even if th- • temperat· ~e shift 

were sm3ller, reducing the bandwidth much further would reduce the filter 

transmittance at the center of the passband, thus reducing the received 

signal power. As the S/N ratio is proporeional to the received signal power, 
1 

but much less dependent on background power (a IP':), the law of diminishing 
returns takes over, preventing any gains once the6bandwidth is reduced beyond 

a certain optimum. For the computer runs a AA of 0.03~m is used t o allow 

for the increase in bandwidth with the angle of incidence. 

Increasing the optical filter bandwidth leads to a significant decrease 

of the S/N ratio. The effect 11 moat pronounced in the case of the third 

receiver where the background generated noise dominates due to the large 

aperture area. Table 4.3 shows the change of the S/N ratio• with optical 

bandwidth. The other parameters are those shown in Tables 4.1 and 4.2. 

Both absolute and relative values of the S/N ratio• ~re shown. 

The relative values show that the amaller receivers land 2 are much 

leaa aensitive to an increase of optical bandwidth than receiver 3. Again, 

this atems from the lower background-noiae-power-to-ayatem-noiae-power 

ratio of the smaller receivers. FroM Tables 4.1 and 4.2 we ~.,n aee that for 

receiver l thia ratio increases from 0.0244 to 0.488 while for receiver 3, 

the ratio increases from 0.373 to 4.76. The influence of 2 other important 

ayatem parameters - the feedback reaiator self-shunting capacitance C and 

the detector dark current I - is shown in Table 4.4 which summerizes the co 
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SBRC 

S/N RATIO 

- --.. .. .~ - - - - --- - ·-
Receiver 1 Receiver 2 Receiver 3 
Ar • . 25 cm 2 

A • 1.0 cm 2 
A • 4 CJI 

3 
AA r r 

R1 • 10 ft. R1 • 2.5 ft. R1 • 40 ft. R • 50 ft. 

.015µm 91.9 1.01 11.6 1.03 19.8 1.13 10.1 1.12 
\ 

.030µm 90.8 1.0 11.3 1.0 17. 5 1.0 9.0 1.0 

. 15µm 83.3 0.92 9.75 0.86 10.6 0.61 5.47 0.61 

.30µm 76.2 0.84 8.46 0.15 7.98 0.46 4.09 0.45 

TABLE 4.3 
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SBRC 

S/N RATIO 

lleceiver 1 lleceiver 2 Receiver 3 
A • 0.25 cm 2 

A • 0.5 cm 2 
A • 4.0 Cll 

2 
r r r 
~ • 10 ft. Ill • 25 ft. Ill• 50 ft. 

C • 0.25pF 104 1.15 13.0 1.15 9.76 1.08 
I • lµA C • 0.5pP 90.8 1.0 11.3 1.0 9.0 1.0 co 

C • l.pP 74.2 0.82 9.35 0.83 7.9 0.88 
\ 

I • 0.ll!A 118 1.3 14.5 1.28 10.3 1.14 co 
C • 0.5pF I • l.0l!A co 90.8 1.0 11.3 1.0 9.0 1.0 

I • 2.0i•A co 75.2 0.83 9.47 0.84 7.97 0.89 

. 
C • .25pF I • O.lµA 155 1.71 18.6 1.65 11.5 1.28 co 

TABLE 4.4 
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results of computer runs shown in Appendix c. Again, both absolute and 
relative values of the S/N ratios are given, The influence of the feed­
back resistor shunt capacitance C and the detector dark current I on the co total noise power and, therefore, on the S/N ratio is most pronounced in 
the smaller receivers. 

The last line of Table 4,4 shows the S/N ratios of receivers with 
the values for C and 1 equal to the smallest values thought to be obtainable co 
at the present time or in the near future. 

For comparison,a computer run using the parameters of the lab model 
was made, The results are shown in Table 4,5, The equivalent spectral 
radiance is obtained from (4.26) 

N (>.) • H(>.).!S!_ 
equ 1r 

2 \ where M(>.) • 450 W/m /µm and a• 0,35 as before. 

~ Note, that in this case the ratio At is set to 1 as the masks used in the 
lab model have an area ratio close to 1. The optical bandwidth 6). of 0,22l!DI 
is that of an absorption filter made of Schott Glass RG780, The laser pulse 
width uaed is lOOns and corresponds to the largest value obtained from RCA's 
3-junction close confinement GaAs laser diode,, part number C30036. 

The influence of the background on the S/N ratio is shown in Tables 
4.6 through 4.9. As before, th~ val11es used for parameter "Sky Radiance" 

AB were obtained from expression (4.26). The ratio AT used was 0.12 for 
receivers 1 and 2, and 0,195 for receiver 3. The solar epectral irradiance 
M'(>.) above the atmo~phere equals 925 W/m2/ um and for the_ reflectivity a' 
of the clouds 0,9 was assumed, Then, N (>.) • 32 W/m2/µm/sr for receivers equ 1 and 2, Table 4.6,and N (>.) • 51.5 W/m 2/µm/sr for receiver 3, Table 4.7. equ 

For the case of the sun irradiated receiver apertures, the solar 
spect ral irradiance above the atmosphere multiplied by the respective AB detector area ratio -c was used in place of N (>.). The computer program "T equ had to be slightly modified for this condition by changing the expreasion 
for P6 t~ P

6 • A . t
2 ,6). • M (>.), r equ 
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where, M (A) • 111 W/m2/µm for receivers 1 and 2, Table 4.8 and equ 

2 M ().) • 180 W/m /µm for receiver 3, Table 4.9. equ 

2 Table 4.6 and 4.8 show that an aperture area of 0.25 cm is sufficient 
for receiver 1 to produce a high S/N ratio even with t ~e sun shining 
directly onto it. The same tables show that receiver 2 with an aperture 
area of 0.5 cm2 suffices for sunlit clouds as background, while even 2 or 
4 cm2 would not result in a S/N ratio of 6.54, the required minimum. 

2 Tables 4.7 and 4.9 show that even 8 cm aperture area are insufficient 
for receiver 3 to produce the required mini11Um S/N ratio with sunlit 
clouds as background or looking at the aun. Prom Table 4.7 can be seen that 2 with 4 cm aperture and the laser peak power incr·eased by 1. 12 to 18W, the 
minimum S/N ratio of 6.54 can be obtai ned ,when receiver 3 is looking at 
sunlit clouds. 

Summarizing, it can be said that the S/N ratio is the most illustrative 
parameter for describing the AOMDI pe~formance. Recalling (4.25): 

SP
1

T
1

T
2 

p LA 
S/N • r 

w1½_3 ♦ /:.,..2-qB_(_S_-P
6
_+_I_c_o_)_+_i

8

_2_ 

the following conclusions can be drawn: 

1. The S/N ratio is proportional to the received power and,therefore, 
to P 

1 
, T 

1 
, p and L. 

2. 'nle S/N ratio is proportional to t 2 and Ar for smaller receivers, 
with the system generated noise dominating, while for larger re­
ceiver& the S/N ratio comes closer to being proportional to fii' 

and Ii; as the background generated noise increases (the expression 
(4.21) shows P6 proportional to T2 and Ar, making the denominator of 
(4.25) proportional to /fi. and ,r;;;-). 
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3. 

4. 

5. 
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The S/N ratio is inversely proportional to R
1 

3 
and ♦, 

The S/N ratio is nearly inversely proportional to the system generated noise which in turn is proportional to ✓2 BI T + i 2 q co a for the smaller receivers in which the background generated 
noise is substantial ly smaller than the syst~m generated noise, 
The results of the computer runs shown in the tables 
corroborate the above conclusi ons. 

2 A receiver 1 with 0,25 cm aperture area can tolerate sunlit 
clouds as background and the sun in its field of view and still produce useable signals. 2 A receiver 2 with 0,5 cm aperture can only tolerate sunlit clouds as background but not the sun in 
its field of view, even when its aperture area is increased to 2 2 2 cm , and receiver J with even 8 cm aperture area can neither 
tolerate sunlit clouds nor the sun. It would require 18W laser 2 peak power and 4 cm aperture area to obtain the minimum ~/N 
ratio of 6.54 wit~1 sunlit clouds as background. 

SANTA BARBARA RESEARCH CENTER 
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Section V 

OPTICAL CONSIDERATIONS 

The optical system of the AOMDI consists of 9 identical transmitter­
r ceiver combinations or quadrants. Each of these quadrants employ~ 
one transmitter and three receivers. The emissive pat ern of the trans­
mitter and the fields of view of the receivers are shaped in such a 
manner that, when proper. ly positioned relative to o:1e another, S intervals 
of target distance can be distinguished by examining the receiver output 
signals, This has been described in Section II. Her-,the deaign criteria 
for the individual optical systems will be discussed. 

The Transmitter 
\ 

Aa has been previously shown, the ~/N ratio of the AOMDI system 1• 
directly proportional to the radiant power supplied by the transmitter to 
irradiate the target. The transmitter must, therefore, use a powerful 
radiation source together with a highly efficient optictl syetea. The 
optical system must not only be highly efficient, but :1ust also concentrate 
the radiant power in a very thin slice of volume. When irradiating a 
target the thickness of this slice of volume, or fan, determines the 
width of the irradiated area on the target. The receiver produces an 
i•a• of this irradiated and reflecting band on the detector. The 
width of this image should be as small as possible for sharp geometrical 
cutoff which requires m~nimizing the transmitter fan t hickness. A 1mall 
but powerful radiation source for this applicati~n 11 the GaAe la1er diode. 
It can be operated in a pulsed mode providing high peak radiant power 
concentrated in a narrow spectral range which permit• using an optical 
filter tQ reduce background radiant power. The emi~sion maxima i1 
located well within the 1pectral range of senaitivity of Si-photodiodes 
so that these diodes can be used in the receivers. The emitting area of 
be GaAa laser is a linear array of three diode juncti~n:, ,each approximately 

0.009 in. long and 0,0004 in. wide. The emission pattern of this laser 
diode is contained in a 1olid angle which corresponds to an f number of 
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1.33. The transmitter,therefore, employs a spherical collimator of this 
f number which is followed by a nonspherical lenticular element which 
spreads the emissive pattern to the desired fan. The lenticular element 
consists of a number of cylindrical lenses each of which produces a fan 
in a plane which contains the three junctions (see Fi t ire 5.1). The 
resulting fan pattern is the superposition of the patt• r ns of all cylindri­
cal lenses. Irregularities of the emissive pattern al ~ng the laser junctions 
are thus effectively averaged out. Figure 5.2 shows a cutaway ·view of 
SBRC's AIM-9L transmitter. The two-element collimator with a focal length 
of 0.4 in. produces a beam which diverges lmrad in a plane perpendicular 
to the fan when the laser junction is placed at its focal point. Added 
to this is a lmrad blur due to abberations. Both, beafil divergence and 
blur affect only the thickness of the fan. The shape of the bin boundary 
function is dependent on the beam thickness as can be ~een from the computer 
runs shown in Section VI. This dependence is quite pronounced and the aim 
in designing the transmitter optics should be a diffraction limiter. system 
which can be realized with a three element collimator .:hose focal length 
should be as long as permitted by the space available on the vehicle 
carrying the AOMDI. 
The Recei vera 

Each receiver must gather a sufficient amount of power reflected by 
the target within its range interval to meet the requirement for the 
minimum S/N ratio. This means that the receiver apert:..: re area must equal, 
.:,r exceed, a minimum size. These aperture aizes for the three receivers 
were calculated in SectionIVand are used as point of departure for the 
following considerations. A receiver does not need to image the irradiated 
part of the target. It suffice, if it selects a volume in space from which 
it can receive target reflected radiation; and it must maximize the amount 
of received power. A design must be found which provides the ~esired 
selection pattern, ia efficient and small. As the opt!cal ,£ficiency 
is mainly decided by the reflection losses at the interfaces . of the system 
elements through which the incoming radiation must pa$3 1 an optical system 
with few elements is desirable. 
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SBRC 

The field of view of a receiver must be matched to the fan pattern 
of the transmi tter. This requirement suggests an anamorphic system for 
the receiver . Such a system which also features a minimum of elements 
was developed by SBRC for active optical fuzes. The design is perfectly 
suited for the AOMDI system. Its principle of operation is described with 
the ai1 of Figures 5.3, 5.4 and 5.5 . Figure 5.3 shows the receiver as 
it relates to the field of view and the baseline. The receiver consists 
of 3 parts: the filter, the imaging elem~nt, and the d tector. 

The field of view is obtained in an unorthodox manter. The fan angle 
is determined by the critical angle of total reflection at the interface 
between glass n1 and n

2 
as shown in . Figure 5.4 which represents a cross 

section of Ahe receiver in a plane perpendicular to the syatem baseline. 
If sin 8 > ~ total reflection occurs (Figure 5.4A). As sin 8 • cos a' . - nl 

• /2 - 1in2a' 1 the condition for the large1t angle a
0 

is obtained a1 
2 2 2 sin a

0 
• n1 - n2 . Any ray incident on the receiver aperture at an 

angle a < a will be trapped in the receiver. Rays for which a > a 0 
0 will not be reflected at the interface between the glaases, pass into 

glasa n2 and strike an absorbing layer (Figure 5.4). 

Figure 5.5· is a cross section of the receiver in a plane perpendicular 
to that of Figure 5.4. In it lie1 the directrix of the parabolic reflecting 
cylinder. Rays originating from one point of the target are imaged into 
a line in the image plane. This line is perpendicular to the plane of 
Figure 5.5 and is as wide as the receiver element. All ' points of the 
target which appear under the elevation angle~ as Meen from the receiver 
are imaged into such lines. The resulting image is the superposition 
of these line images. All rays having the same elevation angle, but 
differ in fan angle y are refracted such that they c011e to lie in the 
same plane which is perpendicular to the plane of Figure 5.5. The 
reflector reflects these "sheets" of rays as if they were single rays. 
This property of the reflector is the reason for its selection in pre-
ference over a refractive system. A simple refractive cylinder wo~ld not 
image target points of the sue evaluation angle but of different fan angle y 

SANTA BARBARA RESEARCH CENTER 5-5 



/ 
/ 

/ 
/ 

FAN 
ANGLE 

-------
' 

FIGURE 5.3 

TO TRXL ~!ITTER BASE LI E 

ELEVATION 
FIELD 

--...... l , .~ 

FILTER 

PARABOLIC CYLI~DRICAL REn.ECTOR 

5-6 



\ 
\ 

\ 

I 
I 

I 

A 

I 

I 
I 

I 

ABSORBING 
~ LAYER ._ 

FIGURE 5.4 

-

B 

5-7 



V
I I 

J
)
 

PA
RA

BO
LI

C 
RE

FL
EC

TO
R 

I 
y 

m
ax

 

X
 
l 

A
 

A
BS

O
RB

IN
G

 
LA

Y
ER

 

A
BS

O
RB

IN
G

 
LA

Y
ER

 FI
G

U
R

E 
5

.5
 

FI
L

T
E

R
 1/J

 ' 
D

ET
EC

TO
R 

IM
A

G
E 

PL
A

.'lE
 

-
-
-
-
-
-

-
-
-
-
-
-

-
-
-
-
-

-
-
-
-
,-

-
-
-

p 

TA
RG

ET
 

• 
-

X
' 

I 



. ) 

SBRC 

in the same plane, An extended target would then produce a blurred 
image on the detector plane, The geometrical cutofr would be much 
softer than that obtained with a reflector. The detecto.c can be brought 
into focus for one position of the target only. Since the height of the 
blurred image on the detector influ~nces the sharpness of the range cutoff 
and since the far-range cutoff is less well defined t ,rn the near-range 
cutoff, the detector is placed in that image plane in which a target at 
the nollli.nal far-range is imaged. Then, for this condition, the blur and 
its influence on the shape of the bin boundary function is minimized. 

The elevation field of the receiver is determined by a field stop 
in the detector plane, The detector with the integral field stop is 
cemented to the receiver element using an optical cement with an index of 
refraction which minimizes the reflection losses. To minimize unwanted 
radiation picked up outside the elevation field, the top and bottom 
planes of the receiver are coated with an' absorbing paint, 

In Section IV, "Radiometric Considerations" it was shown that the 
1 radiant power received from the target varies as 3 . With a ratio of far-
It 

range-to-near-range of 5:1, the received radiation will vary with target 
locatic.n by 125:1, The electronics following the detector cannot 
accomodate sucb -a dynamic range, A way of reducing the dynamic range was 
found by masking the active detector area in such a manner that with 
decreasing range a decreasing fraction of the target image falls on the 
unmasked area of the detector. The shape of the mask (Figure 5,6) is 
such that only when the target is at far-range does the · full width of 
its image fall on the active detector ar ~a, From there on the shape 
of the mask as a function of image height reduces the image width on the 
active area such that the power received by the detector remains constant for 
target positions from far-range to near-range. The dynamic range is thereby 
reduced to 1, An additional advantage gained by this kind of masking is the 
significant reduction of the active detector area exposed to the received 
background radiation as discussed in Section IV, The shape of the mask 
resembles hat of a bikini, whence it got its name. The equation that 
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describes it is derived in the followi g. From Figure 2.2 is obtained; 

d 
b + 2 = R(Tano + tan~), (5.1) 

and from Figure 5.5, for small angles~. 

(5.2) 

where n1 is the index of refraction of the receiver element and pis the 
distance of the detector from th~ vertex of the parabolic reflector. 
The .,...idth x of the bikini as shown in Figure 5. 6 must be 

X • 
(5.3) 

to make the received power indepennent of distance. From combining (5.1) 
and (5.2) follows 

b+£ 
2 R•----

tano !!L. h 
p 

• 

Ash= 0 for R = ¾,,it follows that 

b+£ 
R_ • 2 

and 

·y tano 

R --
~ 

tano 
n1 

tan6 - - h 
p 

Then, substituting (5.6) in (5.3) 

X • X ( 
0 

tan6 , 
n1 I 

tan6 - - h 
p 
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The reduction in exposed active detector area is obtained by integrating 
x and manipulating the result. 

(5. 8) 

where hN is the height of the image of a target 3t near- range Rn. 

X 
0 --2 

from (5.6) is obtained 

a.. 
- · -
~ 

nl 
tano - - h.__ p -~ 

tano 

(5.10) rearranged become~ 

(5.11) is sub~tituted in (5.9) 

X 
(ptano>3( 1 _ >-e 

0 ·-2 n 2 1 ptan§_) 
nl 

( 8r 
~ 
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2 
X 

A • ...Q. 
8 2 

~ (1 - -] 

~ 
(5.12) 

(5.12) is the active detector area inside the bikini, To find the 
reduction factor, the detector area A.r without the mask must be 
obtained. 

(As~ is a negative quantity, its absolute value is used} 

l~I • - }!tano ( 1 ~ --) 
nl ~ 

Then ptano ~ 1). ~ a x
0 

(--
nl ~ 

Now, the area ratio becomes, 

X ptano 
~ 

0 

2 n1 -A.r X 
ptan6 

0 nl 

1 --2 • 

1 
~ 
it; ... l·----

2 
1 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.16) is the expression for the reduction factor obtained with a 
bikini mask. This expression is used in Section IV for calculating the 
equivalent radiance for the computer program. 

In order to arrive at a final receiver design it is necessary to 
determine focal length and aperture shape (aperture size, or area, was 
determined in Section IV, "Radiometric Requirements"). 
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The aperture shape, that is the ratio of height to width, influences 
the shape of the detector. As shown in Section IX, for a given elevation 
field~. the detector area oepends on the aperture area and the speed 
of the optical system. The detector width always equals that of the receiver 
element. A very wide but low receiver would require a wide but narrow 
detector, and ·..dth a given speed, or f-number, result i:i a short focal 
length, Also, the number of total reflections a ray undergoes before 
striking the detector decreases with increasing width, Lhereby improving 
image quality and reducing losses. HowPver, the demands on the accuracy of 
toe shape of the bikini would increase considerably. A square aperture 
seems to be a good compromise for receivers 1 ard 2, while for the large 
receiver 3 a height-to-width ratio 2:1 is better suited to keep the 
detector width from getting unwieldy. 

The shortest recommended focal length is obtained by doubling the 
receiver height. This corresponds to an f-number of 1 which is large 
enough to keep the aberrations tolerable. 

A short focal length is desirable to keep the size of the receiver 
small, However, when the f-number is decreased, the angle of incidence 
of the rays striking the glass - detec tor interface increases and the 
reflection losses increase. Fo~ this reason the {-number should be made 
large. This is possible with receivers 1 and 2 uhose ap.arture areas are 
small and the increase in length resulting from an increase in focal 
length can be tolerated. The f-number of receiver 3, however, should be 
the smallest tolerable, that is f/~ to keep its size down. 

It might be expected that the focal length influences the shape of 
the bin boundary functions. This influence was investigated in Section VI 
and found insignificant so that the focal length can be chosen freely with 
respect to its influence on the bin boundary function. 

The simple shape of the receiver element as described above should 
allow making it of plastic, In larger quantities, whe~ the initial 
costs of a mold can be justified, the receiver element can be produced by 
injection molding. However,when the receiver element ia intended to be 
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used in n environment of high level nuclear radiation. the deterioration 
of plautics under such conditions would make glass a better choice. 

SANTA BARBARA RESEARCH CENTER 
5-15 



Section VI 

BIN BOUNDARY FUNCTION ' • 

[ __ SBRC __ 

As it is the purpose of the AOMDI to provide information as to 
the presence of a target within certain intervals of distance (range) 
from it, the definition of these !ntervals is of the greatest importance 
foe the successful operation of the AOMDI. 

The 5 intervals of distance, called bins, are obt·ined with the 
aid of 3 opticat receivers and 3 transmitters as described in Sectiun 2. 
Each receiver can receive a signal reflected from a target which must 
be located within a thin slice of volume described by the receiver fan . spread angle y, the receiver elevation field~ ~nd the geometrical near 
and far cutoff ranges (see Figures 2.1, 2.2, 2.3 & 2.4). The nominal cut­
off rantes are 'ob~ained as the dist4nces of the intersections of the 

• tran&mitter beam axis with the elevation field boundaries. A nonideal 
transmit_ter beam and imperfect ':>Ptical imaging lead to "soft", less -•ell 
defined, cutoff ranges or bin boundaries. A boundary cannot be described 
by a single value of distance, but rather by a function of distance. 
Such functions are the sensitivity of the receiver tc a return signal 
from a target and the probability of detecting "this signal. The 
knowledge of these functions (called "Bin Boundary Function") is 
extremely useful in desi 6ning the optical system of the AOMDI. To 

' obtain the bin boundary function a mathematical model of the receiver 
optics was constructed. Certain assumptions and simplifications had to 
be made to keep the mathematics manageable. They are: 

1. The basic receiver optics design assumed for all 3 receivers 
is that described in the section on optical considerations. 
It is an anamorphic system in which total reflection is 
employed to obtain the desired fan spread angle~ A reflective 
parabolic cylinder images the irradiated target on the immersed 
detector. 

2. The bin boundary function is calculated in a plane containing 
the baseline, the centerline of the transmitte~ beam and the 
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centerline of the receiver fan. The reflective parabolic 
cylinder is perpendicular to this plane. 

3. The target dim nsion perpendicular to the plane defined in 2 
is small compared to the distance of the target from the re­
ceiver. 

4. The shape of the energy distribution of the transmitter beam 
in the plane defined in 2 is trapezoidal. 

5. The receiver image blur due to imperfections 0 f the parabolic 
cylinder surface can be described by a constant angle result­
ing in a triangular energy distribution at the edges of the 
image (Figure 6.2B). 

6, In certain expressions the angle is used in place of the arc 
tangent. 

7, No aberrations are considered. 
8, The optical system is not diffraction limited. 
9, The elevation field of the receiver is determined by a field 

stop (mask) in the detector plane and ia described by 2 heights 
(Figure 6.4). 

10. The target is a perfectly diffuse (Lambertian) reflector. 
11. The maximum angle under which a target in the transmitted beam 

appears as seen from the receiver is small, allowing to assume 
its cosine to be approximately 1. 

The course which will be followed in obtaining the bin border 
function is as follows: 

1, The contribution dH of one radiating aurface element of the 
target (the object) is determinee. 

2, His obtained as an indefinite integral and the total power 
impinging on the detector is calculated by integrating H. As 
the functions describing dH and the energy distribution of the 
transmitter are different on different intervals, the integra­
tion must be carried out piecewise. The limits of the definite 
integrals correspond to the limits of those intervals, 
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3. The integrals which are functions of the range Rare normalized 
with respect to the value of the power received when the target 
11 fu l ly in the field of view of the receiver. 

4. The bin boundaries are defined as the distance at which the 
probability of detection drops to 25%, This correspond• to 
a signal equal to the threshold, 

5. A computer program is used to calculate the bin boundary function 
and the influence of the optical parameters on the shape of the 
bin boundary function is studied. 

1. Calculating the Increment of the lrradiance Produced by a Surface 
Element of the Target. 
AB the optical receiver uses an anamorphic system, it 1uffices to 
consider imaging in a plane containing the directrix (parabola) of 
the reflective cylinder, the baaeline .b and the centerlines of both, 
the transmitter and re~eiver fans. The target is then assumed to be 
a plane surface, perpendicular to the axis of the parabola. Figure 6.1 
1hows the geometrical relationship that exist■ betveen the target, 
the reflecting parabola and the image in the detector plane. The 
parabolic reflector at O produces an image T1T2 at f + x' of the 
target T1T2-at the range R. The detector plane intersects the axis 
at P. The distance between the image plane and Pis Ax. A blurred 
image is produced in the detector plane. As the optical system ia 
anamorphic, it images an object point into a line. The blurred 
(due to defocusing) image of a target point is a ba nJ of width a 
perpendicular to the plane containing the axis and the centerlines 
of receiver and transmitter fan. If y max. is the aperture height 
and x is the sag of the parabola at y max, a can be oht~ined frOl'D p 
Figure 6.1: 

Y -t max -t a • ---,--- • llx - -----, f + x' - X f - X 
(6.1) 

p 

where Ax• p-f-x' and distances below the axis are cour.ted negative. 

And, if x << f + x' p 
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a •---=---f + x' -x Ax, independent oft. (6. 2) p 

The imperfections of the parabolic reflector cause additional blur, 
which i s described by a blur angle o

1 
as shown in Figure 6.2. The 

bl ur band is then widened by a1 + a2. If o
1 

is very small , then 

and 

where 

l a • po ---,---- h 1 1 cos (arc tan - ) 

cos [arc 

p • f + x' +Ax. 

p 

1 

(-y max h)] tan f+x'-x + -
p p 

As .h a= 0 a • ntTl and p ' l rv 

a • 2 -y max cos [arc tan (f+x'-x )] 
p 

(6. 3) 

(6.4) 

(6. 5) 

The incremental irradiance dH at the detector plane can now be 
calculated by assuming that each in~rement da contains the same increment 
of radiant power dP and that the blur angle causes a tri angular distri ­
bution on both sides of the defocusing blur. As the r esults of these 
calculations will be normalized, the units in which dH is expressed are 
arbitrary. dH can be expressed as dH • f(h' - h).N(w).L.dw, where N(w) 
is the radiance of the target, L. dw the surface element and L the length 
of target in the transmitter beam. With the above assumption, 5 regions 
exist in which f(h' - h) must be defined (Figure 6.2B). 

In Region I wher e a
1 

< h' - h f (h' - h) • 0 
0 

In Region II, where 0 < h' - h < a 
- 1 
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cl 
f (h' - h) .. (h' - h - a ) (6. 7) 1 a1 1 

In Region III, where -a< h' - h < 0 

2 £2 (h' - h)-=cos [arc tan (h' - h ~ !!_)] 
Ax p (6.8) 

The sub:L! tution of the tangent for the angle is necessary to 
keep the mathematics manageable. The error thus introduced is moderate 
as 

(Figures 6.1 & 6.2) 

For an optical system of moderate speed to be used in the A0MDI 

jy max! 
It+ x'-x I p 

lh I - h I 
Assuming I Ax I 

1 
< -2 • 

• 0.5, then 

cos
2 

(.5 rad) a cos 2 (28.6°) • 0.771 
2 2 and cos [arc tan (0.5)] • cos (26,55°) • .80 

2 
cos (28.6°). 0,964 
cos

2
(26.55°) 

The resulting error is about 3,6% surely quite tolerable. And with 
!! ~0 f (h' - h) becomes: p 2 (6.9) 

In Region IV where -a-a < h' - h < -a , 2 - -
C 

f (h' - h) • _!:_ (h' -h+a+a
2
) 3 a

2 (6.10) 

In Region V, where h'-h <-a-a
2 

(6.11) 
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The funct i on f(h'-h) mus t be continuous requiring that at the boundaries of regions f (a) • f (- a-a) • 0, f1 (0) • f
2(0) and f 2{- a) • f

3
{-a), 0 1 3 2 

which allows to calcula te c 1 and c2 as 

c1 • t 2{0) - - 1 (6 . 12) 

and c
2 .. f 

2
(- a) 2 - a 2 -y max 

(6 .13) 
- cos (- } - cos (f+x'+xp) . b.x 

So far only the case 6x>O was considered. However, as the target moves 
towards the receiver, its image receeds from the reflector. It can pass 
tnrough the detector plane making b.x first equal to zero and then nega­
tive. As a is proportional to b.x, it also becomes negative. a

1 
and a

2 must be assumed to be negative to retain the same type of blur. Figure 
6.3 shows this situation. The blur band now appears upside down with 
the 5 region def i ned as f ollows: 

I: h' - h <a 
1 (6.14) 

II: a <h'-h<O 1- - (6.15) 
III: O<h'-h<-a (6.16) - -
IV: -a<h'-h<-a-a (6.17) - - 2 
V: - a-a <h'-h 

i--: (6.18) 

Comparing the above inequalities wi th those obtained for b.x>O it becomes 
apparent that by changing the sign of h', h, a, a

1
, and -a

2 
in one set 

of the inequalities the other set is obtained. Later, when integrating 
dH, advantage will be taken of this property. 

The incremental irradiance dH can now be expressed as follows: 

(6.19) 

The radiance N(w) of th target varies over the width of the 
transmi~ter beam. This func ~ional dep~ndence is modeled by a trapezoidal 
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distribution. Figure 6.4 shows a target in the transmitter beam and 
how it is imaged in the detector plane. In general, the detector plane 
does not coincide with the image plane. The height his, therefore, 
not the height of the image of a target point at w above the axis, but 
the intersection wi th the detector plane of a ray originating from a 
target point at a dis tance w above the axis and reflE:cted at the vertex 
0 of the reflector. From Figure 6.4 the relationship of hand w is 
obtained: 

h w - - --p R (6.20) 

It is now possible to write the function N(w) = g (w) N. 

5 Regions can be distinguished in the transmitter beam: 

Region I: w >w
1 

go (w) = 0 (6.21) 

Regi.on II: w
1

> w >w
2 

gl (w) = 
1 

(w-w
1

) (6.22} 
w2-wl 

Region III: w
2

>w>w
3 

82 (w) '"' 1 (6.23) 

Rehi.vn IV: w3>w>w4 (6.24) 

83 (w) • w 
1 (w-w

4
) (6.24) - w 3 4 

Region V: w
4

> w 

g4 (w) - 0 (6.25) 
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Using (6.20), the functions g(w) can be expressed as functions of h: 

g (h) .. 0 (6.26) 0 
hl - h h - h 

gl (h) 
1 

(6. 27) = z: 

hl - h 6h1 2 

g2(h) = 1 (6. 28) 
h4 - h h - h 

g
3

(h) = 4 
(6.29) ,c ---

h4 - h 6h4 3 

g
4

(h) = 0 (6.30) 

The incremental irradiance dH can now be written as: 

-LRN The factor -- can be omitted, for, when the final expression for the p 
total power received by the detector is normalized, this factor cancels. 
dH can then be interpreted as the incremental radiant flux per unit 
length. The next step is the integration of dH. In its simplified form 

(6. 32) 

2. Calculating the Radiant Power Received by the Detector 
The radiant flux or power P received by the detector is obtained by 

dP integrating dH. As H = dh' (6.33) 

P becomes, (6. 34) 

This integral must be evaluated piecewise using the proper function on 
each interval. There are 3 di f ferent functions gk and 3 different 
functions fj. This results in 9 different integrals. For these tntegrals 
the limits of integration must be found. Note that these limits are 
dependent on the distance Ras can be _seen from the change of the ljli 's 
with range R in Figure 6.4. Only radiation impinging on the detector 
within the f i eld stop defined by hF and hN in Figure 6.4 contributes to 
the total power received. Outside the interval (hF,~) the integral 

SANTA BARBARA RESEARCH CENTER 6-12 
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Jf1(h'-h) dh' is zero . 

First the integral Pis shown as a sum of 3 integrals. 

where, p = pl+ P2 + p3 (6.35) 

p .. 
1 / gk (h)dh • / fl (h '-h) dh I' 

p -2 / gk (h)dh • / f 2 (h' -h) dh I' and 

p -3 / gk (h)dh • / f 3 (h' -h) dh" 

Figure 6.5 which shows the possible locations of the blur band with 
respect to the boundaries hN and h F of the field of view (field stop 
in the detector plane). The limits of the integrals fi(h'-h) dh' are 
functions of hand are dependent on the interval in which his located. 
Wh t her or not h falls into these interva;s depends on the location of 
the image of the irraJiated target area. Depending on the image location, 
each Pi may consist of either one definite integral or the sum of 2, 3 
or 4 definite integrals. 

Inspecting Figure 6.5 these definite integrals can be written: 
hN h+a1 

Pll = • fgk (h) dh f f 1 (h'-h) dh' 

~-a hN 
hF-a1 

/

+a1 
pl2 • £gk(h) dh fl (h '-h) dh' 

h 
hp hp 

Pl3 • I,gi (h) dh f f 1 (h '-h) dh' 
p-a1 h h 

JhNta f f2('n '-h) dh' p21 - gi (h) dh (6.36) 
hN hN 

,.hp 
1:2(h' -h) p22 • i g1 (h) dh dh' 
h-a N+~F+a hp 

P23 • fgi{h) dh J,f2(h'-h) dh' 
h-a hf 

f 
h-a 

/; 

hNi"a+a2 
P31 • gi(h) dh f 3'h '-h) dh' 

t:+a hN 
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hf+a h-a 

p32 • fii(h) dh fi3(h '-h) dh' 
hNfa+a.i h-a-a 2 

;;
hy+a a2 f hF 

p33 • gi(h) dh £
3(h ' -h) dh' 

hF+a h-a-a2 

It should be noted that the gi(h) re zero outside the interval on which 
they are d~fined, that is, outside the interval (h

1
,h

4
) in Figure 6.4, 

making it necessary to choose the integration limits accordingly. 

Performing the first integration and omitting the limits of the second 
integral for simplicity, the Pij become; 

(6 .37) 

p23 • /gk(h) 

Inspecting the above expressions, it c~n be seen that by substituting 

(6.38) 
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Furthermore, also by inspection, it can be seen that the integrals P3j 
can be obtained from the Pij by replacing 
c
1 by -c2, a

1 by a
2 (where a1 appears by itself), a

1 
by -a-a

2 ~here a
1 

appears within the parentheses , hF by hN and hN by hF: 

(6.39) 

Only P11 :P12 ,P21 and P22 need to be calculated. The remaining integrals 
Pij are then obtained by replacing parameters. 

Next, the Pij are evaluated using the previously derived functions 
for the ~•s. There ure three different types of gk and each integral 
Pij is split into 3 different kinds. First, the indefi nite intP-g~als Zijk 
are obtained later when the limits will have been ascertained, the 
definite integrals will be calculated. Withs ., a1 and t • a1 the 
indefinite integrals are written as functions of their parameters. 

• 

z 

+ 

-c (h -h-s) 1 N 

4 c (h -h-s) 1 N 

2 

dh • 

• 3 
8tAh1 

2 -c (n -h-s) 
/ _1_-_""N__ dh • 

-c (h -h-s) 
1 N 

2t 6t 

_c(~h-s)2 
---- dh ., 
2t 

(6.40) 
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SBRC 1 .... .... ................ ..... .. .......... .,, 

(6.41) 

(6.42) 

• z121 (h4 ,Ah4,c1,t,h) - z111 (h4,Ah4,c1 ,t,hF,s,h) 

II: 

(hl-hN) (h-hN) 2 

4Ah1 

Axl h-h 
- ~ - sin (2__!! ) 16 h

1 
Ax 

J 
h1 -h h-hN h-hN 

Ahl [ 2 - + -{· sin (2 Ax )] dh 

3 2 (h-hN) (h-h
1) Ax 

--- +---6Ahl 8Ah1. 
cos 

h-h 
(2- __!) 

Ax 
(6 .43) 

2 h-h~ h-h (h-hN) Ax2 
/[ 

""N +Ax i ( 2 _N)]d u -2- 4 s n Ax h .. -4- - -8- cos 
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hl-h a 6x 2a 
f -- [- + - sin (- )] dh h1 2 4 6x 

(6.44) 

( ) J [a 6x (2a)] h [ 6x (2a ) ·] z222 6x, a, h = - +=- sin - dh "' - a + - sin 2 4 6x 2 2 6x 

J 
h4-h a 6x 2a 
-- [-

2 
~

4 
sln (-)] dh 6h

4 6x 

(6.45) 

Using the relationships (6.39), the integrals z
3jk are easily obtained. 

Remembering thats• a-a
2

. t • a1 and c1 is replaced by .-c
2

: 

(6.46) 

(6.47) 
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(6.47) 

(6.48) 

All types of indefinite integrals Zijk have now been cdlculated. It 
remains to find the integration limitb, to obtain the dtfinite integrals 
as functions of the distance R of the target, and to normalize them. 
As defined by (6.35): 

P • p 1 + P 2 + P 3·. 

The Pi are the sums of definite integrals 

33 
p C EI: 

i j=l k•l 
(6.49) 

where x and y signify the upper and lower integration limits, respectively. 

It is; 

P ijk (x,y) • 2ijk (x) - 2ijk (y) {6.50) 

The integrals are shown as functions of the integration limits only. 
All the other rguments t a· e been omitted for simplicity. In Zijk (x) x 
is substituted for hand in z1jJy) y is substituted for h. 

As the power received by the detector is a function of the location of 
the image of t'1e irradiated portion of the target, the integrals will 
depend on the hi's. The hi's as functions of~ are obtained from 
Figure 6.4. 
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h .. 
-ptanlj,

1 
- .::E. [b+d _ 

tan (6-03- 03)] l n n R 

h -
-ptanlj,

2 
C: .::E. [b+d _ 

tan (o- 03)] 2 n n R 

h3 
-ptanlj,

3 = _:e_ rl - tan Co +o2)l = 
n n R 

h • 
-ptanip

4 
= -=~ [l - tan (6 + 02 + 03)) 4 n n R 

In the above equations, n is the index of refraction of the glass of 
which the receiver optics are made. As the reflector is located in 
glass and thE detector is immersed, all the tangents of the angles ljli 1 
are reduced by - (for simplicity, in Figures 6.1, 6.2 and 6.4 reflector n 
and detector were assumed to be in air). , 

The integration limits are now determin~d. As it is intended to 
evaluate the integrals with the aid of a computer, all the following 
expressions will be presented in a form which facilitintes progranuning. 
Being mainly a matter of relative location of the blurred image within 
the elevation field (or field of view), it is best to explain the process 
of dete~mining the limits and the types of the integrals by graphical 
means. Each of the integrals Pi is first evaluated and then the sum of 
all Pi's is taken. The first condition the blurred image must meet is that 
restricting its size. The blurred image must never be greater than the . 
field stop on the detector. This condition is nearly always satisfied and is written as; 

(6.51) 
For computer use the condition is rewritten as 

(6. 52) 

If both above inequalities are simultaneously fulfilled, the computer 
will print a warnin8. 
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As always h
4 

> h
1

, and noting that all the h's are negative quantities, 
the inequalities 

(6.53) 

mean that the blurred image is completely outside the field stop and all 
integrals Pi are zero. Figure 6.6 compares the ideal i~age with the 
actual (blurred) bone. Note that even if the ideal im~ge is outside the 
detector field stop, radiation is still received by thP. detector because 
of the larger size of the blurred image. 

Figure 6.7 through 6.12 show how the image moves in the detector 
field of view when the target moves towards the receiver. The trepezoid 
shown corresponds to the irradiance of an image without blur. The in­
fluence of blurring is expressed by the types of integr als and their 
boundaries which are defined by inequatities obtained by examining the 

' figures. 

Tables 6.1 through 6.3 list all the possible integrals. Keeping in 
mind that for; 

(6. 54) 

The integral Pis obtained as the sum of J integrals, one taken from each 
of the tables 6.1 through 6.3: 

3. Normalizing the Integrals 

The bin boundary function I(R) is now obtained by normalizing P and 
by making allowance for the range attenuation factor. 
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h +a 

• ---~J----+----,;p,.,.__ hC,hp 
ht h1t 

ht 

h1t 
h2.!,hp and hl!,hp+• 

hl!hp 

hc_bp!_h3 

h2!_hp 

ht h1t 

h1,!.h1+a nd hlf!hp 

hr hr+• 
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hp hF+a+a2 

1 h1t~hp+•+•2 

J 
2 h3~F+a+a2<h1t 

and h1 >1'F+a 

3 
h~hF+a+a2~h3 

I ,) 
4 h 1.~hF +a+a2~h2 

5 h 1~h F +a !_h 2 and l, 3!_hp +a+a2!_h 1t 

( 

6 h1!.hF+a and h2!_hF+a+a2 
It 

7 h1!,h1+a.~h2 and h2!,hp+a+■2!_h3 

) 
8 h~F+a 

ht!,hp+• and hr+~ J!hp +a+a2 
and 

9 h1t~ 
h1+a+a2 

10 h~,+• and h3!h1+a+a2 
h1t 

11 h1!,hp+• 
and 

12 h2.!,h1+a<b3 hp +•~1t~p +a+a2 

I 
13 h~h1+a 

) 

14 h1>hN+a+a2 and h1t.!,h1+a 
h1 h1t 

hp h,+• h,+■+•2 

FICUII 6,11 



FIGR! 6.12 

and 
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fseRc l .. ...... ... ..... ........... .. ... .... 

1. Pl• '131Ch2•h1) + '132Ch3,h2) + P133Ch4,b3) 

2. 11 • P131Ch2•h1) + pl32(h3,b2) - 1133Chy,b3) 

3. pl• '131<h2•h1) + '132<"7•b2) 

4. 11 • P131Ch,,b1) 
\ 

s. .Pl• '121<"7-•1•h1) + plll{h?,bp -al)+ Pl32(h3,b2) + '133Chy,b3) 

6. Pl• '121 Ch,-•1•h1) + P131°'7•t,,-•1> 
I .. 

7. pl• '121<h,-•1•h1) + P131Ch2•h,-•1> + P132°',•h2) 

' a. '1 • '121Cb2•h1> + '122Ch3•h2> + '123°',-•1•h3) + '133°',•"r-•1> f . 
9. pl • ·P121°'2•h1) + 1122°'r-•1•h2) + 1132Ch3•hr-•1> + P133C",,b3) 

10. pl• '121<h2»h1) + 1122<",-•1•h2) + 1132(hp,",-•1> 

11. Pl• '121<h2•h1) + '122Ch3•h2) + 1123<",-•1•h3) + 1133Ch4•",-•1> 

12. •1• '121<h2•h1> + 1u2<",-•1•h2> + 1132Ch3•",-•1> + 1133Ch4,b3) 

13. 11• 1121<ll,-•1•h1> + '131Ch2•",-•1> + '132Ch3•h2~ + 1133Ch4,b3) 

14 . •1• '121Cb2•h1> + '122Ch3•h2> + 1123Ch4,b3) . 
I 

15. 11 • '111<h2•h1) + 1112<h3•h2) + 1113Ch4,b3) 

16. Pl• '111<h2•h1> ♦ 1112Ch3,bz) + 1113°'w•h3) J 

17. 11 • 1111<1'w•h1) + 1121<b2•".) + 1122<h3•h2) + '123Ch4,b3) 
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TABLE 6.2 

s. p2 • p22l(hF,hl) + P2Jl(h2•h.1) + p2l2(h3,h2) + P233Chp+•,h3) 

6. p2 • '221(hF,bl) + p23l(hr+•,ll,) 

7. p2 • '221<hr•h1l + '231<h2•hp) + P232(hp+•,h2) 

a. p2 • p22l(h2•h1) + '222<h3•h2> + p223(hr•h3) + '233Cll,+a,~) 

9. r2 • '221<h2•h1> + P222<h,,b2) + '232Ch3,hp) + '233C~♦-,b3) 

10. p2 • '221<h2•h1) + p222(hP,b2) + p232(hp+a,bp) 

11. p2 • '221<h2•h1) + P222<h3.•h2> + '223Ch,,b3) + P233Ch4•hp) 

12. p2 • '221<h2•h1) + p222(hp,b2) + p232(h3•hp) + P233Ch4,b3) 

13. p • p 
2 221(h1 ,b1) + P231 (h2,h1) + P232(h

3
,h2) + P

233
(h

4
,h

3
) 

\ 

14. p2 • p22l(h2,bl) + p222(h3•h2) + P223Ch4•h3) 

15. P2 • '211<h2•h1> + '212<h3•h2> + P213Ch4,b3) 

16. p2 • '211<h2•h1) + '212<h3•h2) + p213(~+a,b3) + '223(h4•~♦-) 
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TABLE 6.3 

1. 

2. 

J. 

4. 
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and 

where 

I(l) • P(R) 
P(R,aD) 

( ~) 
3 

if R. > 1, 

if ~ ~ ll ~ R, 

1~ 3 
<·1> if l < .. 

1r ~D • 2 and 1p is the nominal far range. 

. (6.55) 

(6.55) 

., 3 
The reason for omitting(,:-) in the aecond expreaaion i• found in the 
effect of the auk (bikini) on the detector which reduce• the line width 
of the i•ge in the active area of the detector aa the i•p height 
de~reases (b~o;es more negative). The width i• reduc~d by the .... 
Masure as ( ) increaaea. In this unner the dynaic range of the ayatea 

R. 
i• effectively limited to 1. 
So far all the calculation• were carried out 6aa111ing 

AX> o. 
When the detector plane is in front of the 1.u&e plane 

AX< o. 
r.oaparing !igure 6.3 (which appliea to the caae Ax< 0) to Pipre 6.2 
it can be seen that the blur ia now upaide down. If all the a'a are 
poaitive and the direction of intearation 1• reveraed, the integral• of 
the Tablea 6.1 through 6.3 can be 1aed. Aa a1 and a2 are poaitive, only 
expreaaion for a needs a correction. Takina the abaolute value of the 
expresaion for a makes it poaitive in all ca•••• If the aubetitutiona 

-b4 for h1 -Ah1 for Ab4 
-h3 for h2 

-Ah4 for Ah1 (6.56) 
-h

2 
for h

3 -~ for 1,-
-h1 for h4 -hp for "w 
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are ud, the direction of integration i• effectively rev•r•ed and the 
inequalitie1 of Figure 6.7 tbrouah 6.12 raain valid. Thia approach 
vaa taken in \fl'iting the coaputer progru (aN Appendix D). 

4. Defining the Bin Boundary l'unction 

One output of the coaputer progr• 1• the relative 1euitivity I u a 
function of the diatance I. Th• aecond output 11 the probability of det■ction 
Pd, alao •• a function of diatance. For the latter function, it ia a18\llled 
that the receiv r S/M ratio equala 6,54 when the taraet 1a at ~ and th 
noi1e level ia the bigheat the receiver ca tolerate. The threabold level 
1a ••t to a value which uk.u the probability of detectioa Pd equal to .99 
and the tbreahold-to-noi■• ratio equal 3,965. M the B/1 ratio ia proportional 
to the received ai .. a it cbaaa•• vith diatance aa the relative aeuitivity 
1 doea: 

1/l(l) • S/1 (~) • 1 (6.57) 

S/l(l;, 1a then uaed to calculate Pd with the aid of e..,atlon (3.10), Section 
3. 

n l 1 - 1 
.,,.. - 2 [ 1 + •rf ( • t)] 

'21 
ll 

vith n • 2, after rurraqina: 

•~~~~ TR/M 1• the threahold-to-noiae ratio. 

In the coaputor proaraa an approxi .. tion ... uaed for th• enor fuactlon1). 

1) Ha1ting1 Jr., Cecil, "Approxiaationa for Digital Coaputara", 
Princeton Uni~~r1ity Pr•••• 1955 
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The probability of detection a• a function of diatance offer■ a 
convenient way of defining the bin boundariea. lur and far-range ca11 
be defined as the distance, at which Pd bec011ea 0.25. It can be aeen 
froa (6.58) that for Pd• 0.25 the error function DJat be zero, or, 
S/l(l) • TH/N, which mean■ that the aignal equal• the thre■hold level. 
In this situation the average number of noise thre■hold croa■ing■ in 
upvard and downward direction balance, re■ulting in a probability of 
O.~ for one ■i1nal, or, in a probability of 0.25 for signal fro■ 
the 2-out-of-2 detection logic•• employed by the AOMDI. The dietance 
for which Pd• 0.25 1• independent of the noise level, for both, S/M(l) 
and TH/N, change proportional to the noiaa level and their difference 
ia always zero when the sipal reach•• ·th tbre■bold. Decreuing the 
noi•• level while keeping the thre■hold level conatant leada to ■harper 
boundariea aa can be ■een fro■ the coaputer run■. 

' 
5. Calculatina the Bin Boundary Function by Coaputer 

For calculating the bin boundary functiona, it i■ as■uaed that 
2 2 receiver■ 1 and 2 hAwd ■quare aperture• of 0.25ca and r. . 5ca area, 

re■pectively, a■ obtained fro• Section 4. The focal length• of th••• re­
ceiver■ i■ equal to twice the length of the ■ide of their apertur••· 
Por receiver 3,° the focal length and aperture heiaht of the correapcmd~na 
receiver ot ~he lab model ia uaed which ha■ a rectqular apertur• area 

2 of 4.3cm. 

The receiver paraaeter■ used for calculati"I the atandard bin 
boundary functions to which all other function, ohtained with chan1ed 
par~ter■ are compared are •s follow■: 
laceiver l:· 

~ • 2 ft, 1, • 10 ft. 
a • lOmrad o2 • 0.5~rad, ..s3 • 0.5arad, d • 0.3" 
• • 4011rad (2.29•),01 • 0.5 ■rad, f • 0.40",p • o.40133",yux-0.20" 
n • 1.501 b • 1.2" 

~ • 0.0107 
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leceiver 2: 

'N • 5 ft, 1, • 25 ft. 

a• 10.rad, o2 • 0.Smrad, o3 • 0.Smrad, • • 0. 3" 

n • 1. 501 b • l" 

~ • 0.0150 hF • 0 

Receiver 3: 

o1 • 0.5111rad, 

1, • 50 ft. 

i • .56", P • .S6105", 

'N • 15 ft, 

a• lOmrad 0 c:.- d 0 c:.- _... d • 0. 3" o2 • . .-ra, o3 • . .-rau, 

y • 0.28" 
1IIX 

f • 2.2S", p • 2.2S844", y • 1.125" 
1IIX 

n -= 1.S01 

~ • 0.0351 

b • 611 

The detector loc~tion pi• obtained from 

f2 
p - - + f 

~ 
where all quantitiet are meaaured in inch . 

(6.59) 

The heights of the field etop (bikini) are calculated using Figure 6.4. 

tan.i. h • -p --~ n (6.60) 

Where n ia the index of reflection of the receiver eleaent and+ ia the 
M the reflecting parabola and the detectors are elevation angle. 

located in glass (in Figure 6.4 it i• aaauaed for simplicity that target, 
reflector and detector are all lying in air) sin+ is reduced by!.. Then, n 
for eaall • 

All receiver■ image a target at far range on the optical axia, as in thi1 
location the target it1elf 111u1t be on the axia and the correaponding h1 
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ia zero. Vhen t~e target ia located at n arrange it is 1een from th 
receiver under ,.n angle ; which is qual to the total elevation field. 
Tables 6. 4, 6.5 and 6.6 show resulting standard bin boundary function 
for ~ne three receivers. The diatances R between which the probability 
~t detection reaches 0.25 are underlined . Note how ■uch faster the 
probability of detecti on drops outside the distance interval than the 
relative sensitivity. The probability that ia indicated for I• 0 is 
that of threshold up- crossings of the noise in the absence of a a~gnal . 

The influence of reduced noise on the bin boundary function can be 
1een by comparing Table, 6.4 through 6.6 with Table• 6.7 through 6.9. 
For the latter the noise level ie reduced by SO% which means doubling both 
the S/N ratio and the threshold-to-no ■e ratio. The distances at which 
the probability of detection reachea 0.25 remain the se~e, but the slopes 
of the curve• become much ateeper. For Tablea 6.10 throuah 6.12 only the 
S/N ratio vaa doubled implying ~ither a l~rger target or a greater target 
reflectivity. The table, 1how thst a widening of the diatance interval 
occura with the far-boundary changing more than the near-boundary. At 
the, ... ti• the slopes of tho curves near the boundaries beco• ateeper. 

Tablea 6.13 throu&h 6.15 show the result of computer runs w th the 
focal lengths o.f each receiver doubled. Tables 6.16 fhrough 6.18 show 
the influence of doubling the aignal (doubling the S/N ratio) on the bin 
boundaries. Table 6.19 awaarizes these result• by shc~ing the diat,nc• 
interval in feet in which the probability of detection y.oea to 0,25. It 
can be aeen that the distance interval within the bound~ries increase• 
aoaaewhat with increasing S/N ratio. 

In all 3 receivers, the shift of corresponding boundaries a110unt1 to 
about the aa,ne percentage. It ia about ~., for the near-boundary and 8% for 
the far-boundary. The greater influence on the far-boundary vu antici­
pated for the boundary function at the far-boundary stretch•• auch further 
than at the near-boundary. The ugnitude of the boundary 1hift ia not 
aignificant and much amaller than what might be expected vh~n conaidering 
the relative aenaitivity only. The advantage of eatab l iahing a threahold 
level whic~ muat b exceeded by the aignal become• quite clear. 
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Doublina the focal lenath ha• ■urpriainaly little influence on 
the ahape of th bin boundary function■• Only a ■liaht t.tHpening of the 
bin boundary function■ 11 noticeable. 

To ■tudy the influence of ■elected ayatem paraMtera on the ahape 
of .. he bin boUDdary function a number of computer run■ were made. Tb• 
reault■ of theH run■ were coapared to tho•• ahovn in Table 6.4 thro4h 
6.6 and 6.13 tbrouah 6.15. The chan1ed \)armetera and the a110unt of chanae 
are u follow■: 

TraD811itter Declination 

Tranaaitter Blur Anal• 

Detector Di■ tanc• 

Bikini. Heiaht, our 

Bikini Beiaht, far 

lueHne 

a• lo+l.O and 

a 3 • 0.5 ::!s •rad 

01 • 0.5 ~:!s arad 

p • p + 0.001 in 

1'lt • ... ± 0.001 in 

hp • ~ ± 0.001 in 

b • b ± 0,05 in 

One paraaeter vaa changed at a time while the others were kept at their 
■tandard value■. 

The effect• of the paraMter change■ are ■Ullll&rized in Table■ 6.20 
through 6. 22. The computer rune from which the table■ ware coapiled ar~ 
■bovD in Appendix E. All receiver■ react to the changeil in a ■Wlar 

ll&Dller. The veraiona with double the focal length are ■011Mfh6t lua 
1-■itive to th• chaqea of length• (p, ~• h1 , b) then their ■tandard 
counterpart■. Thia can be underatood when conaiderina that the relative 
cbaqu of th••• par ... tera decreaae with increuing focal length. Th• 
maular changu affected all receiver■ the aaM way. The receiver■ vith 
double the fo~al length tad to ■bow ateeper boundari • than tho■• of 
■tandard focal length, but thia difference is not significant and the 
focal length can be freely choaen u far aa the bin boundarie■ are con­
cerned. 

S'A TA BARBARA RESEARCH CENTER 6-66 
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The greateet influence on the location of the bin bound riea have 
been changes of the transmitter declination angle 4 and the location of 
th• bikini (or field atop). At the time of assembly of the AOMDI. areat 
care must be taken in aligning tranalllittera 3nd receiver• to keep error, 
in 6 and receiver elevation angles aull. 

The 1hape1 of the far-boundary functions, particularly that of 
receiver 3, indicate a con1iderable influence of the imaae size and, 
therefore, of the width of the irradiated band on the taraet. Thia 
width should be made as 1mall as poaaible for ateep boundariea and ■harp 

cut-off. 

SANTA BARBARA RESEARCH CENTER 
6-70 
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Section VII 
PIIV!llTIBC PALSI lRDlCATlONS 

!here are three aajor aourc•• froa which umrant d radiation ta rec ived 
ltJ the MJMDI1 the aun irradiated aurface of the earth. 1un irradiated cloud• 
•d the aun itaelf. At any ti• the aurface of the earth will fill the field 
of view of ••veral receivera. '111• •oaetry of the encounter can be auch 
that the tara•t appear, in the field of viw of receiven which look at the 
earth. l'b• 1yatem auat be capable of operatin1 to 1pecificationa under thia 
coeditioa and the optical 1yatam par ... ter1 required for proper perforaance 
were deterllined in Section IV, "ladioaetric Ccuaideratiou". 

lun irradiated cloud• are 1111111 u ... brighter th• the aun irradt,~t•d­
aurface of the earth. 'Ih• de1radtn1 influence of cloud• u backarouaJ oa 
the S/K ratio can be •••n froa Table• 4.6 and 4.7. Section IV, which ahov 
c:oaputer runa for vbich the bacltaround equivalent •pe«:tral ·cadiance ta uauad 
to equal 32.0 and 51.5 w/■2/ar/µ■ re1pectively. '111••• value• are obtained 
froa equation (4.26), Section IV, which ta1tu into conaW.ration th• r duction 
of the active detector area by the bikini. 

1'h• inneraoat. or firat, receiver vboae far-ran• 1a only 10 f••t, pro­
duce• a S/1 ratio far in exce11 of the required 6.54:l (See Section 111, 
Perforaance llequireMntl), even vith an aperture area of only 0.25 c,il-. 

'Dae lliddle, or aecond, receiver whoee far ranae ta 25 feet require• an 
aperture area of 0.5 c■2 to exceed 6.54:1. · 

Die outer■o1t, or third, receiver doea not •et the require•nt or a 
S/B ratio o1 6.54:1. lncreuin1 the aperture area to 6 ca2 or increuin1 
the traullitter peak power to 18W would aab it poaailtle to ••t the S/N 
ratio req,dn•nt when briaht cloud• are in tbe field of view. 'ftlinp becoae 
vorae when the aun itaelf 1eta into the field of viw of a quadrant. 'lbe 
S/1 ratio• obtained under such conditioaa are ahcvn in Taltlu 4.8 md 4.9 
which repruent the result• of a •lightly aodified coaputer nm uaina an 
.equivalent apectral irradiance of 111 Md 180 W/■2 /µ■• reapectively. In 
thil cue only the 1nner■oat receiver ia perforlling well above the liai ; . 
'lbe S/B ratioa of the two other receivers are well below the ■ini■ua. Under 
th•• condition1,falae indicationa are certain. 
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High level background radiation with itl attendant hiah noi■e level can 

be dealt with in two way,. The condition of high noiae and the receiver in 

which it occur• can b reported, leaving the affected receiver operative, or 

the occur~ence of a high background radiation level ia reported and the 

affected receiver 1a inhibited. The fomer method can onl!' be employed if 

aeparate telemetry channels for all receiver• are provided eince in any other 

ca•• when receiver• of different quadrant• ahare a channel, a aignal could 

not be diltinguished from noise. M the number of teleMtry channela ii 

liaited and certain receivers ■ust •hare c01m10n channel•, inhibiting beco•• 

a neceHity. 

Before any action preventing falee indication• can be taken, the high 

noise level, or the high level of received background power muat be detected. 

Dependin1 on the acheme choaen, this c,, be done by amitoring the DC current 

through the detector i by monitoring the noiae level and by -,nitoring the 
\ 

threahold croasings during periods when no aignal i• expected (pre-look 

periods). 

Using threshold cro&1ing1 during a "pre-look" to prevent falee indicationa 

is a rather conservative •thod. It is waed on fuzes where miafirtnp rather 

than false indications muet be avoided. Al. threshold croeainp due to noiae 

take place, even at normal noise levels, falae inhibitina with lo•• of inforution 

can occur. Also, if a high noise level develops during the look period which 

follow• the pre-look period, any noiae threshold crossing will be interpreted 

u a aignal, aa no way of diatingui1hing between noise and aignal thre1hold 

crossings exi1t1. 

Autoaatic gain control (AGC) in connection with -,nitoring the noiae 

level or the DC current through the detector is another way of avoiding fal1e 

indications. The gain or the threshold level ia varied in auch a aanner 

that the th~eshold-to-RMS-noiae ratio at the input of the threshold circuit 

ia kept constant, or nearly constant, which •an• that the aensitivity of the 

system to a coostant signal will vary depending on noise level. A low noiae 

level would result in increased sensitivity and, a• the bin boundary function 

depends on sensitivity, the boundaries would become functiona of the noise 

level. 
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'1'h lut •ch- of preventina f ab• inclication1 to be diac~eed aaplo,• 
1101\itoring and reportina th• DC level of the detector current. All alternative 
would be ■onitorina the IMS noi•• level. However, th• circuit• required for 
thi• approach would be aon c011plex than tho•• for the foraar. When a preaet 
DC detector current level i■ exc eded th• loaic circuit• followina the threahold 
circuit of the affected receiver are inhibited and the occurrence f inhibitina 
ia reported. It 1hould be noted that the noiae current (or voltaae) incr•••• 
only with th• 1quare root of the detector cur..ent which it■elf i1 proportional 
to the received backaround power. 'l'he d~tector DC-curreet, therefore, chan ... 
.,re •tron1l1 than the noile it cau■••· 'l'hi1 reMonina Mk•• aonitortna the 
detector DC current the ■uperior choice, al10 when AOC ii e11plo,ed. 

Of the three Mthod1 of preventina fal■e indication• de■cribed above, the 
third offere the but 1olution. It doe■ not affect the ay1tea aenaitivitJ u 
NiC would and it ia inaenaitive to noi•• u it aoniton the detector current 

\ 

which pneratu the not•• rather than the nob• iuelf. 'l'h• DC current cauaed 
by background radiation ia auch areater than the noia• pew ■o that f al•• 
inhibiting becoaea rather unlikely. 

It can be •••n fr011 Tablu 4.6 through 4.9 that th• 3 receiven are 
affected by backar und radiation in different way•. 'l'he innerMat, or firet. 
receiver reaaina operatina properly even under the ■oat Nvere conditiona of 
direct 1un-light falling on it• aperture. It, therefore, nNda no inhibitin1 
or noi•• level reporting circuit•• 

'l'h• addle, or Hcond, receiver can only tolerate a back1zound of bright 
cloud■ and IIU8t be inhibited whenever thi• radiation level ia exceeded. Be­
tween the detector current ob•erved when the receiver field of view ia filled 
with ~rialtt clouda and the higher detector current c-•• by the •un• then ia 
no other current level that could be attributed to a third •ource. 'l'berefore, 
whenever the detector DC current ri1e1 above that attributable to ,unlit 
cloud■ it IIUlt be cauaed by the ■un enter .lng the field of view. Inhibit in& 
the, •hould occur vhen the detector current reach•• a value 1.5 ti- that of 
th cloud cauaed current. 'l'he factor 1.5 i• hip enough to prevent unvanted 
inhibiting by noi•e and low enough to en~ure inhibiting when the 1un enter• the 
field nf view. 
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Table 4.7 ahova that the outenaoat, or third, receiver can not tolerate 
the cloud generated noise. Ita inhibitin1 level ■\at be aet aOMVhat above 
the current cauaed by the surface of the earth aa a back1round. The beat 
•alue for thia ia that at which the S/N drop• to 6.5411, the lowest pendaaible 
value for a given false indication rate and ~robability of detection. 'lbia, 
of course, uaumea that with the normal backg,~ound of the sunlit earth the S/B ratio 1a higher than the llinh1111. 
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Section VIII 

ILICTaONIC UQUIRIMENTS 

Th• electrooic circuit• muat generate the driving current for the luer 
diode, detect, amplify and compare to a thre1hold the target reflected signal, 
provide the loaic function• to diacriainate against noise, produce a signal 
format which interface• euily with the tele•ter, and provide all the internal 
voltaa•• by converting the voltage of the available power supply to the appropriate 
intemal voltage levels. n ,.e IR. radiation source 1a a linear array of GaAa 
luer diode chip• housed in one packaae. The junction• of the laser diode are 
connected in eerie• eo that they can be operated at the aaae current level 
u a einale junct on. Aa the radio•tric con1ideration1 1 Section IV, show 
the IR pul1ea ■hould be u long u po1aible to keep the ayetem bandvidth 
narrow. Aleo, the peak paver 1hould be •~at.zed u the S/N ratio i1 directly 
proportional to thi1 parameter. The liaitl on pulse width and peak power 
are imposed by the therul behavior of the luer diode. Self-heating of the 
luer diode limita the duty cycle for a given peak power. !zceaeiv driving 
demanded by high peak power must be avoided to preveo~ irreversible d ... ge 
to the junction. 

The current pulse• whi h drive the luer diodes have amplitude• of up 
to 40A and a duration of only 100 to 150na. Pul••• of auch short duration 
demand circuit• of minimm lead inductance. Aleo, the lead re1i■tance 11U8t 
be kept low to keep the voltage drop from the source to the laser diode small, 
thereby keeping power lo•••• low. Experience hu 1hown t~at fut switching 
SCR'• are beat suited for this kind of circuit. Special care IIU8t be given to 
the layout of the circuit boards to keep lead• 1hort and low in inductance. 
Ground plane• should be provided on all board■ for shielding and the circuits 
muat be houaed RF-tight to prevent pickup of aynchronoua noi■e by the receivera. 

'lbe receiver geometry require• an IR detector of fairly large area, of 
high ■en■ itivity in the 1pectral range of the l•er diode eaieeion and of 
low inheren noise. lbe Si PIN photo diode fulfills these require•nt• and, 
in addition, is rugged and eaay to handle. Aa it ha• a large active area, 
it also baa a high 1elf capacitance. lbia capacit ce cs:1 be kept low by 
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operating the photo diode at a high re ne bins voltap. About -aov an 
aufficient to k-eep the capacitance of a diode of the eiae uaed in receiftr 3 
to about 20pf. 

'lbe preamplifier to which the photo diode i• connected 1IWI~ provide 
•ufficient gain to allow further signal aaplification by a video aaplifier 
and muat not contribute significantly to the total 1y1tea noia while atill 
providing the minimum bandwidth for the 1ignal pulla . A tran1iapet!ance 
aaplifier fulfill• these requirement• quite well. With• laaer pulae width 
equal to 150ne,a bandwidth of 3MHz ia required for opti .. perforamce. 
Aeauaing a reali1tic value of O.Spf for the ••lf-ahuntina capacitance of the 
feedback re1i1tor, its value 11 calculated u 60~. The value actually uaed 
ahould be lover, about 30Kn, to aake sure that it dou not lild.t the bancllfidth 
and a filter le uaed to eetabliah a controlled bandwidth lu• dependent on 
c011ponent tolerances. lbis approach entails an increue of ayataa noiae 

\ above the theoretical minimum, but aa under the wor1t cODdition• all thn~ 
receiver• are background limited, thi1 increaae 1• not •~gnificmt. Pre­
aaplifier and video amplifier must provide enough gain to brina the 1aalleat 
eiguificant 1ignal up to 1. 65 ti•• the thre1hold level. A practical value 
for the threshold is lV. With a feedback reaiator of the preaplifier equal 
to 301m, the gain of the video amplifier i• calculated• followa: 
lbe minimum received power P5 is obta:.:.ned from equatiOll (4.S) 

lbe photo current 1
8 

become• 

i • P~S and the output voltage of the pre1111plifier • 

lbia voltage le calculated for receivers 1, 2 and 3 u 5.2aV, 0.66■V and 
0.66mV re1pectively. The video amplifier of receiver 1 auat provide a gain 
of about 300V/V, while the corresponding value for receiven 2 and 3 la 
2,500V/V. 
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The detection logic must produce an output aignal for any tv~ input 
pul••• it receives i n sequence from. the output of the threshold circuit 
(2-out-of-2 logic). The aignal pulaea arrive at the input of the detection 
logic delayed with respect to the cloclt-pulle. Thia delay ii caused by 
propagation delays in the circuits and in apace vbere th _ signal travell to 
the target and back. A.a theae delay• are known for all three receivers, 
the input of the detection logic is enabled only during that period of ti• 
during which a return 1ignal i1 expected. Thia ti• period i• called a 
look-gate and help• to reduce the fal•• alam rate of the ayatn which would 
be auch greater if the input of the detection logic were continuoualy mabled. 
The duration of the look-gate tL ia calculated u followa: 

where C ii the velocity of light, 
a, ia the far ranae, 

a. ii the near ranae, and; 
't ii the laaer pule• width. 

The value of tL for receiver• 11 2 and 3 are 170na, 190u and 220na respectively. 
Note that for receiver 1 ~ vu uauaed to be O u aipala of a target in 
the near field auat not be blocked. 'ftie beginning of the look-aate ia delayed 
with reapect to the clock depending on the pTopagation delay the aignal 
auffera in the circu.lta and, in the cue of receiver• 1 and 3 only, on the 
ti• it tab• the aignal to travel to the taraet at near-ranae -~ back. 

'lbe loaic circuit can be euily iapl••nted with TTL integrated circuit• 
which provide aianal level• which readily interface with any tel-try ayat•• 

• In addition to operational functions of the A<lml, aeana of checkina 
the readine•• of the ayate ahould be provided. Tbe atatua of the ayat• 
and, if ulfunction• occur, diagnostic inforution can be aent over the •­
teleMtry channels which are uaed durina the operational phu• of tha ACICDI. 
Reflector• can be ■ounted on the ahrouda ao that the radiant aipala froa the 
trana■ittera are received by all receivers. A failure of a receiver would 
be recopized by the absence of a aipal on its channel. A failure of a 
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receiver would be recognized by the abaence of a 1ipal on itl chmml. A 
failure of a tran■aitter would reault in no aignal froa the quadrut ~n 
which the iailure occurr d. Upon detectin& a failure, a ••queace of tNtl 
can be initiated to diagnoae the failure. Such tuu ca be checu of the 
voltage at certain point• and the current• through the lMer dioclea. 
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Section IX 

PAIAMlnlC ANALYSIS 
I 

[SBRC] 

fll• S/lf ratio i• the 110at 1ianificant 1yate■ perfonunce par ... ter. 
ror 1ati1factory performance the S/N ratio auat exceed the aini .. value 
••tabliahed in Section III "Perforunce llequire•nt1". A gr at nUllber of 
par ... ter1 influence the S/N ratio. Equation (4.25) i1 used for 1tuclying 
thi1 influence. 

(4.25): 

P1, th• bsckaround ori1inatin1 power appearing in the denOlllinator of the 
above expre1ai011 i1 obtained fr011 equatioo (4.21). 

lquation (4.25) •hon that the 8/N ratio dependl 1tron1e•t on th• ramp, 
or diatanca, 11• In each of th• 3 receiven the S/N ratio IIUlt ••c••d the 
llilli ... required value vben the tar .. t ia located at a diatanca equal to the 
•pacified far-rans•• M the far•ranau of the receiven cannot be varied 
tbeJ vill be c~•idered u conatant• in th• following analyaia. 

'1'h• tranallitt r fan angle ♦ appear• in the denoaiaator of expr•••ion 
(4.25). 'Iha receiver fan anal• y alao appear, in the daaaainator of (4.25), 
but under the root in the exprur.ion for P,. M trmallitt•r and receiver 
fa• -■t 1»• utchad, the angl•• ~ and y -t be equal. '1'h• affect of a 
chan1 of ♦ ia, than, enhanced by the concurrent chap of y. It appaan 

that a aull fan aal• ii duirabla. llovever, ■inc• th• AOMDI -t cowr 
a •olid angle of 4w1r vbich i1 achieved with the aid of 1everal quadrant■, 
nducin1 the fan angle would require a,re quadrants for the•- covarap. 
line quadranu vith a fan angle of to• were cho1en • the beat coaproai1e 
1lhich pvea a good approxiution to the ' deaired 4w■ r coveraae vhil• co1t1 
and 1ia• are kept rauonable. 
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The llini11um target length L is specified and cannot be chanaed. ilao 

apecified ia the target r flectivity p. Although p cannot be changed it 

should be noted that a considerable improvement of the S/N ratio could be 

obtained by increasing p. The specified value of 0.2 ia very low and it 

could conceivably be increased to 0. 8 by pai nting the ·arpt white. '11le 

ayate11 could then tolerate a much brighter background and operate .,re re­

liably. 

The optical transmittances T1 and T2 of the tranaaitter and the receiver 

respectively can be varied very little. Their value 1• about o.a· and ruulta 

froa the eaiHion pattern of the laser diode in the cue of T1 and froa 

the reflection lo•••• at the alaaa-detector in erface in the cue of T2. 

Any increase of th••• valu•• would require expenaive optical ayate• which 

would not justify the aull poeaible aain. On the other hand, reducina the 

tranaaittanc•• would result neither in ■ignificant •■avin• nor in any 
' tradeoff with other par&Mten. 

lxprea■ion (4.25) ■haw• that the S/R ratio incr•»•• with increasina 

laser peak power P1 and receiver aperture Ar• and with decreuing optical 

filter bandwidth AA and elevation field anal••• '11le latter two par ... ter• 

appear in the expre■■ion for P6 under the square root, while A appear• in the r 
nuaerator and und~r the ■quare root uldna S/H approximately proportional 

to A for background doainated noiae which occurs in the outerao■t receiver. r 
'11l••• paraMter• could be traded off for one another, but the racliOMtric 

calculatiou ■how that to ... t the perforaance require•nt• their values 

au■ t be choeen equal to the beat preaently available if t~e dillenaion■ of the 

outeraoat receiver are to reaain reuonable, 

At th• preaent ti• laser diodu auited for the intended operation at 

l0IBa pulae repetition rate are liaited to 16W peak output power. Aaauaina 

tbi• power, the narrowe■t poaaible optical bandwidth equal to 0.03~• •d • 

elevation field of 1.34• (for the outerao■t receiver). a S/1 ratio of 9.1 

c• be obtained (See Table 4.2) with • aperture area equal to 4 ca2 vhn 

the receiver ia looking at the earth. 

A larger aperture area would eue t~• power require•nt but it leada to 

a areater focal length and, consequently, receiwr ■iae. Siailar, reducina 

the elevation field would allow to decrease P1 or A • '11l1 ,re are, however• 
l' 

certain liaitationa on such aeauuru • will be di■ cuaaed later. 
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Th• aperture area of the receiver ele•nt i• rectangular and a deci■ion 
u to itl ahape must be aade. M diacuaaed in Section V "Opti.cal Cooid­
eration•" and VI, "Bin Boundary Function", the rat c- of height to width can 
be chosen within a wide range. The two ••aller, or inner, receiv•n can be 
ebaped in auch a manner that the detector area i• minimized. The detector 
area Ad• v.h, where w i• the width of the reciver ele•nt and h 1• the 
dietance fr011 the axi• of the image of a target at near-range (when at 
far-rana•, the taraet i• imaged on the axia). 

M ht:11 f. tan ! 
11 

(9.1) 

vbere n i• the index of reflec,ion of the receiver le•nt and the elevation 
field, 

A • V f tan • 
d n (9.2) 

'111• euller v, the •uller becoau Ad. 
tion that 

Tbe lillit on v ta at ven by the condi-

< f , __ - 2 (9.3) 

u diacuaeed in Section V • "Optical Conaideratioo•". 
vf lecauee A • v y • -2 , (9.4) r IIU 

2A r v•-
f 

(9.5) 

Then, A • 2A tan t . 
d r n 

(9.6) 

Thia 1a the eulle•t detctor aroa Ad that can be obtained with th• ratio 
Jau equal to 0.5. 
-r 

lote that Ad doe• not depend on f, but aolely on Ar and•• Tbe focal 
lenath f can then be choaen for •ull ■ize. The only reatriction i• that f 

auat not be aade •o eull that the ratio of detector vif!th to hei9'1t becoaea 
extreM. Then, control over the ehape of the bikini ... It cannot be aaiataiMd. 
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If the width i• reduced the nWlber of total reflectiona the incident 
ray• experience increuu. Thia cal\18H hia)\er optical lo••e• and• due to 
iaperfection• of the reflectina plane•• a deterioration of iaaae quality 
with it• attandant •oftening of the bin boundary function. 

The ratio 1aax abo influence• th11 bin boundary function. Reducina 
thi• ratio (incr,uing f) improve• the bin boundary function. ukina it 
•harper. The dependence, however, ia not very •trong C••e Section VI). 

M Mntioned before, there exist tradeoff• involving the elevation field 
aal• +, th• luer power P1 and the aperture area A. u + appear• under r the aquare root of the denoainator of expr•••ion (4.25), decreuing it would 
allow to decreue either P1 or 'v• The price that auat be paid for •uch ·a 
tradeoff ia lo•• of accuracy of the bin boundari••· for, u the elevation 
field i• decreued while the bin boundariu reuin the•-• the traaaitter 
declination anale and the buelin• auat alao be d craued. Thia reducea \ 

the anal•• at which the elevation field liait• intenect with the tranaaitter 
beu. The bin boundari••• then, becoae l••• well defined and uintain~na 
the alipaent of the receiver• with re•pect to the tranaaitter• becoaea 
mre critical. Froa equation (2 .1) it can be •••n that the bueline b decreuu 
vith the declination anal• a. The ahor ut bueline pendtted by the diMUifJU 
of the tran•aitt•~• and receiver• iapo••, a lower lillit on the declination 
anal•. A aull declination anal• Mk•• th• •y•t•• mre aenaitive to mplar 
lliaalip•nt. lOmrad ia conaidered the reco-ndable ainiau■ . Thia value 
wa,, uaed in all th• calculationa involvina the declination anal• and lead 
to aatiafactory reaulta. 
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Section X 
EXTRACTING MISS-DISTANCE 

'ftle AOMDI employs 9 quadrant• to provide 4w ateradian coverage. Durina 
the ~ncounter of the target and the vehicle carrying the A0MDI, one or 110re 
quedrant• may be pierced by the target. Each quadrant measures the distance 
t ·, the target in ita plane which is not neceHarily the closeat diatance of 
the encounter. When more than one quadrant ia pierced by the target, and 
the ••quence in which thi• occur• ia known, the uncertainty about the 111••­
dietance i• reduced. The information obtained from any one quadrant ia a 
diatance interval only. No inforaation ~out the angular poaition of the 
taraet in a quadrant ia provided. lbi• iaplie• that no exact trajectorial 
inforaation can be obtained. 

One quadrant can diatinguiah 5 intervala of diatance. 'ftleae interval• 
\ 

are called ~in• and have the folloving nominal boundariea. 
Bin 1 2 to 5 ft. 
Bin 2 5 to 10 ft. 
Bin 3 10 to 15 ft. 
Bin 4 15 to 25 ft. 
Bin 5 25 to 50 ft. 

11-e preaence of a target in a specific bin ia indicated u follova: 
Bin 1 .... only receiver l produce• an output aignal 
Bin 2 .... receiver• 1 and 2 produce output aignala 
lin 3 .... only receiver 2 producea an output aignal 
lin 4 .... receiven 2 and 3 produce output •ipala 
lin 5 •.•• only receiver J produce• an output ai111al 

In addition to th••• 5 theoretical bin• a aixth bin ~xi•t• in praxia. 'l'bi• 
bin can be recognised by outputa fro■ all three receiven. It ranae• froa 
0 ft. to about 2 to 3 ft. and ia cauaed by aide lobu of the receiver• 
and aultiple and reflection• between taraet and the vehicle. 'l'be poreibility 
of only 2 receiver• producina an output when the tar1•t i• in the near 
field (within 2 to 3 ft.) introduce••~ \D\certainty, for if only receiver 
land 2 are on, the target diatance ia interpreted u being in bin 2. Sillilar, 
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when in the near field closer than 2 ft. and only receiver• 2 and 3 produce 
output signals, the target appears to be in bin 4. If receiv ra 1 and 3 
produce output signal•• no ambiguity exist•• for there ia no bin for which 
only receiver 1 and 3 produce an output aignal simultaneoualy. 

The uncertainty in indicated distance when the target is in the near 
'. field is allevi ated by signals from other quadrants which are procuced 

due to the size of the target. 
To avoid the most ~ritical aituation in which only receiver• 2 and 3 

are on, care must be taken in the design of the receiver optic■ ao that 
receiver 1 is always on before receiver 3. Thia can be accoapliahed by 
ahaping the receiver sidelobes carefully. 

The output signals of the receiver• are applied to logic circuit• u 
described in Section 11, whose outputs in tum are appl1ed to the tel••try 
ayatem. 

\ 

The actual bin boundaries deviate froa the nominal onea. They are beat 
deacribed by function& of diatance u diacuaaed in Section VI. The abapea 
of these functions depend not only on the ge011etrical configuration of 
transmitter beam and receiver field• of view but on aipal atr•ngth u vell. 
It is the ratio of signal to threshold u a function of diatance which 
atrongly influen~e• the bin boundary function■• 

In order to make quantitive atatemante about the accuracy of the indicated 
aia■-diatance, the boundarie■ are defined inter• of probability of detection. 
Let a boundary be defined u the di■ tance at which the prob ility of detection 
drops to 90%. Thia probability ia obtained u the produ~t of tvo probabil­
ities u the target at a boundary auat be ••en by tvo receiver■• u ex-
ception ia the near-boundary of the firat bin and the far-boundary of the 
fifth bin in which cues only one receiver ia involved. 

Table• 10.1 nd 10.2 ahow the boundariea of the individual receiver• 11 

2 and 3 u they depend on the S/N ratio. Let the boundari•• be defied 
u the diatance interval• in which the prob bility of detecting a taqet 
drops to 90%. Table 10.2, which ■how& the diatancea at which the probability 
of detection drops to 25% wu added bec~ua• when co11pared with Table 10.1 
it give■ an indication of the ateepneaa of the boundary function. ·'lb• 
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table• w r useanbled uaing computer rune ahown in Table• 6.4 through 6.6, 
6.10 through 6.12 and Appendix F. The aame tablea were used in uaellbling 
Table• 10.3 and 10.4 which show th~ dependence of the boundaries of the 
5 bin• on the S/N ralio. 

Aa er.pected, the boundaries of the indivicllal receivers 1DOVe outward . 
with increa ing S/N ratio. The boundaries for P • 90% move 1DOre strongly 

d 
than those for Pd • 25%. This means that the boundary llllctions bec011e 
ateeper with increasing 1ignal strength. Aa a consequlfflce, the relative 
ahift of the boundarie• decreases with increuing ignal strength,~ deairable 
feature. The boundariea of the S bins behave similar to thoae of the 
receiver• ,nth one exception, bin 3. The aize of bin 3 ahrinka with in­
creuing S/N ratio aa the far-boundary of receiver 1 aovea toward• areater 
diatance, while the near boWldary of receiver 3 move• in the oppoaite 
direction. Fro• an original size of about 5 ft., bin 3 ahrinka to about 1 

\ 

ft. when the S/N ratio 1• quadrupled. 

flle c'lQ8equencea of the boundary shift with increuing S/N ratio are 
that a target will be indicated u being farther away froa the receiver■ 
when it ia near the near-boundariea of bin• 1, 2, and 4, and u beina nearer . . . 
when it ia near the far-boundarie• of bina 2, 4, and 5. Aa the actual near­
boundary of bin~ equal• 0 ft. it• ahift with aignal etrenath 1• zero. 
The other boundary 1hifta mean an increue of uncertainty of the actual taraet 
diatance. Th nominal uncertainty of a bin equala ita nOllinal ai&e which 
ia 5 ft. for bin 1, -2 and 3, 10 ft. for bin 4 and 25 ft. for bin 5. Table 
10. 3 •how• that for 90% prob.ability of detection the bin ab•• approxiaata 
the noainal ones. When the S/N ratio 1• four ti•• the llini111111 and equal 
to 26.16, the bin size• and, therefo,e, the uncertainty of the tarpt diatance 
beco•• 7.5 ft. for bin 2 and 14.5 ft. for bin 4. The uncertainty of the 
target diatance in bin 2 change• little and actually dilliniahe• alightly 
due to the boundary ahift of receiver 2. The uncertainty in bin 5 increuea 
to 28 ft. and both boundarie• ahift toward• greater diatance• aakin1 a 
target appear closer than it really ia. The uncertainty in bin 3 dilliniahu 
to about 1 ft. Thia aeeaingly odd behavior ia explained by the boundary 
ahift• of receiver• 1 and 3. Th••• boundarie• fom th boundarie• of bin 3 
and aa they 110ve toward• each other (coapare Table 10.1), bin 3 ahrinka . 
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Wh n aore than one quadrant ia pierced by the target, then the aia■-41•tance 
cannot be obtained directly and must be calculated from the indic•tion of 
th tvo quadrants. Al•o• when two quadrants are piercej by the target, 
only the shortest distance between the trajectories of the targ t and the 
vehicle carryin the AOMDI can be obtai ned . To calculate the actual aia•­
distance. more information as velocities and the angular position of the 
target intersection with the quadrant pl ane are required. In this cue. the 
actual miss-distance is always amaller tha~. or equal to, the llias-di■ tance 
indicated by the quadrant which i• pierced first. Figure 10.1 show• the 
6 buic orientations of the relative target trajectory. Pr011 th a the 
extreae■ of the di1tance■ di at the closest approach of the trajectories i• obtained as follows: 
1. Trajectory A A' 

A' 

A 

(10.1) 

di• rcoaa •rl&0.816 (10.2) 

2. Trajectory BB' 
e' 

. (10.3) 

if r1 • r2 

d2 • raina • rJ&0.577 (10.4) 
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3. Trajectory CC' 

C 

c• r1r2■in120• 
d3 • 

lr1Z+r22-2r1r2coel201 
(10.5) 

if r 1 • r 2 . 

d3 • rco~6o• • rxO.S (10 . 6) 

4. Trajectory DD' 

(10.7) 

D if r1 • r2 G • 354• 
d~ • rcoe4s•. ■iDCI • n&0.401 (10.1) 

S. Trajectory C_!' 

E 

6. Trajectory r r' 

F 

. r 
•s • - • 

12 
n0. 707 

coey • atnlO•a1u 

if r1 • r2 
y ,--

"" • r. coa i • rr c, +l 
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lxaainina the trajectorie■, it i■ found that the atat•-t• •• about 
trajectorie■ inter■ecting quadrant■ I, III and IV al■o apply to the oth•r 
,wrant■• The di■ tance between the trajectorie■ i■ obtained in the •­
aamer. Aa no angular infonution about a target intenection i• provided 
by a quadrant only a diatance interval rather than a ~pecific -diatance 1• 
obtained. '!bi■ di■ tance interval i■ defined by the poa■ible extr••• of 
cli■tance. In the cue of a taraet piercing quadrant■ IV and III <••• Hat.an 
10.1) the lonp■t po■■ible distance ia obtained froa expreaaion (10.1), 
while the ■horteat po■■ ible di■tance i■ obtained froa upruaion (10. 7), 

Siallar, vben quadrant■ I and 111 are pierc d 1 lonae~t and •horteat poa■ibl• 
di•tance• are obtained froa expreaaion• (10,3) and (10. 7) rupectively. All 
the other trajectori•• ruult in the intenadiate ran ... of diatance • 
cm be •••n by inapectina expruaion• (10.1) throup (10.12). 'lb• upn1aiou 
for th• diatancu beco• auch ■iapler vhen in both affected quadrant■ the 

\ 

•- bin r.~. therefore, the•- diatance interval ta indicated. Thi• 
i■ •zp•·•••·•d in the above equatiou by aakina r1 • r2.. 

lt -t b• noted that in addition to the uncertainty due to lack of 
anplar inforution1 the uncertainty due to the finite ■i•• of the biu 
-t be couidered vhen the •xtr .... of the poeaible di■ tancu b•tv•en 
tarpt and the v!lhicl• carryina th• Mimi arQ calculate4. 

00 z Proa Pipre 10.1 can be •••n th•t vhen a tara•t intera,ct■ a quadrant 
near or at it• eda• wb•r• it ic~.r■ect■ with th tvo adjace11t. quadrant■ a 
■ipal aialtt be obtained in all three quadrant■• '!bi■ i■ cauaed by th• 
•1•• of the taraet and doe■ not adver••ly affect the di■ tance •aaureaant. 

Another cu• of piecing 110re "&:ban 2 quadrant• 1a ahOlftl in Piaure 10. 1 
vbere trajectory G c;• piecec quadrant■ I, II and V. Ia thia cu•• th• 
di•tmce i■ obtain•d a,y uaina the indication■ of •ither of th• tvo pain 
of adjacent quadrant■• 

lllen the tara•t pi•rcu only thre• adjacent quadrmt■ and no otben, 
tbe di■tance •qual• that indicated by each of the three quadrant•. 

111• above di•cuaaion i■ baaed on th• uauaption that the centen of 
all quadranu coincid•. 1bi■, however, 1■ never the c••• but couicl•rina 
th• upitucle of uncertainty in ••urina the aiaa-diatanc•, ao aipificant 

SANTA BARBARA RESEARCH CENTER 10-11 
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error ia introduc~d u long u th• phyeical ••paration of the varticea 
of the quadrant• remain• within l to 2 feat. 

'lhe aequence in which quadrant■ are pierced can be uaed u a rouah 
indication of direction. But thia ia only poaeible if the tele11Ctry ayatea 
provide■ aufficient reaolution in tiM. To provi de an indication of direction 
u well u of diatance, the tele•try ayatea employed aJSt provide 13 
channel■• (9 quadrant aignala, 3 receiver aignala and 1 inhibit aipal.) 
Only two level• ■ult be tranaaitted by each channel and the tolerancu 
on the propagation delay• of the individual channel auat be auch that a 

\ ti• difference of 33 l'• ■uat be ruolvad. 

SANTA BARBARA RESEARCH CENTER 10-12 
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Section 11 

THE IMPACT OP PAILUUS 

In the following the iapace of failure• of a part of the ACIIDI ayatn 
of 9 quadrant• 1• diacuaaed. The major failure• ares 

1. Failure •~f one or more quadranta. 
2. Failure of one or two tranamittera. 

3. Failure of one or two receiver• ot a quadrant. 
4. Failure of the inhibit circuit. 

To t~e•e failure• which result in a total lo•• of inforaation froa the 
affected part, partial faiLure mode• must be added, u a decreue in trana­
aitter power, a decreue in receiver aensitivity and a aalfunctionina of 
the 2-out-of-2 logic. 

If one or 110re quadrants fail A lQaa of angular coveraae will occur. 
If the target pierce• the inoperative quadrant only, it lli&tit pua unde-, 

tected. However, if the mies-distance ia small, the target (becauae of ita 
aise) will produce indications in other quadrants. If the target puae• 
through two quadrant• and one of them hu failed. the indicated diatance 
will be too great. 

A failure of one of the three tranamittera will double the mini 
ti• required fo~ an indication a, two aignal pulaea in aequanca and in 
aynchroniaa with the clock 11lU8t be received by the 2-out-of-2 logic to 
produce an output signal. If two tranamittera f.J.l, no output aignal will 
be produced by the logic and the quadrant ia loat. 

'lbe effect of the failure of one receiver of one qu~rant on the 
obtainable distance inforaation dependa on which receiver bu failed. If 
receiver 1 fail• and the target ia in bin 1 it ia either not detected, or, 
if cloaer than 2 ft., at which diatance the aidelobea of receiven pick 
up a aignal, it is interpreted u being in bin 3, 4 or 5. However, if a 
taraet co..:-• that cloae to the vehicle carrying the AOMDI, it• aise vill 
generate aig~al• in the receivers 1 of other quadrant• thua reducina the 
chance• of a wrong indication. 

SANTA BARBARA kESEARCH CENTER 11-1 
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If th taraet i1 in bin 2 and receiver 1 f 11•• only receiver 2 will 
produce a 1ignal and th• taraet will be indicated -u beina in bin 3 which 
i■ farther than the actual target poaition. 

A failure of receiver 2 will create a gap between bina 1 and S becau■ e 
bin• 21 3 and 4 all require a aignal from receiver 2 for rroper identification. 
A target in bin 2 will be interpreted u in bin 11 while a target in bin 4 
•••• to be i~ bin 5. 

If receiver 5 fail■, a target in bin 4 i1 indicated u too near, that 
i■, in bin 3 (only receiver 2 hu an output), while a target at a diatance 
of ac,re than 25 ft. cannot be ac.quired. 

If the inhibit circuit fail• and exc 11ive noiae ia pruent, a fal•• 
indication in bin 4 (receiven 2 and 3 hJv• an output) will be produced. 
M the S/N ratio of receiver one i■ ao hiah that even when the •un enten 
it• field of viev no falae indicationa are expected. a failun of the 

\ 

inhibitina circuit will not affect bin l. 
The event of all three receiver• of a quadrant producina an output 

aipal aiaultaneou■ly can alvay1 be 1afely interpreted•• a tara•t picked 
up in bin l. 

A decreue in 11 paver or in receiver ••n•itivity will reduce the 
probability of d~tectina ~ taraet at any diatance. Th• bin boundarie• 
will become leH ateep and the •he of bina 2, 4 and 5 vill ■brink. lin 1 
vill increue in ■iH u itl far boundary which i■ allo the near boundary 
of receiver 21 110ve1 toward• ;reater di■ tanct.a. lin 3 will arov u both 
it■ boundarie• receed fr011 the center. 

A failure of the 2-out-of-2 loaic can occur in tvo ac,d••• Either no 
output ia produced at all which uount■ to a loa■ of all inforution froa 
the affected receiver, or an output i1 produced for every input pul•• 
rather than one output for 2 input aipall in 1eqqence. Thia condition 
can be recognised by the areatly increued fal1e alara rate which will 
juap fr~ a uxi .. of 3. 7 z 10-.. per ■ec. to 4.2 per ■ec. 

M no coaplete AOMDI 1yatea hu been built and teated, no reliability 
inforution on it i■ available. However. ay1te• u the AIM-9L fua:e operating 
on the aaae principle have been teated and the tut result• are available. 
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M the reliability data obtained by th••• te1t1 i• clu1ified, it vu put 
under aeparate cov r into an addendua to the final r JH)rt. 

SANTA BARBARA RESEARCH CENTER 
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Section XII 
TESTS TO BE PER.FORMED 

the te1t1 to be performed on the AOMDI should be aimed at obtainina 
information about its sensitivity pattern (bin boundary functions). Aa 
all the quadrants of the AOHDI are of the same design, i t 1uffice1 to teat 
one quadrant only to establish the validity of the design concept. '11\e 
teat results should be compared to the computed predict1~• and, if nec­
esaary, corr~ctiona ~hould be made to the theory on which the computer pro­
graM are ba••d. I~ thi• manner, the uaefulne•• of the coaputer proar ... 
u dedgn tools :h greatly enhanced. 

Before Maningful measurement■ of the aenaitivity pattem can be ud•• 
the ■ystem nobe level IIWlt be meuured and its ■ourc•• ■uat be identified. 
the noiae contributor• are the ■hot noise accompanying the DC current of 

\ the photodiode, the Johnson noise of the feedback rui■tor and the not•• 
generated by the input tranaiator of the preamplifier. '11\e MuureMnt• 
ahould be taken at the output of the video aa,:,lifier to include the effect 
of filtering. It ■hould be noted that the½. noi■e of the preaaplifier 1• 
effectively elillinated by capacitive coupling of the aaplifiera. The 
coupling time conatant• are chosen such that the cut-on frequency of the 
band is a tenth (lOOKHi) of the cut-off frequency. lbe uoiae contribution 
of th~ preamplifier plua feedback resiator can be •aaured by aiaulatina 
the capacitance of the photodiode at the input of the preamplifier. 'lbe 
noise factor NP of the preaaplifier 1• then obtained from; 

(12 .1) 

where i 1• the total preaaplifier ·noiae current referred to the input a 
without the photodiode and ij 1• the Johnson noiae currant of the feedback 
reaiator. 'lbia noiae current 1• calculated by (4.10)1 
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'fl\e IMS noiae current contribution id of the photodiode ia than obtained 
froa 

id • -Ii 2_ i 2 
t a (12. 2) 

vh•r• it ia the total noiae current referred to the input of the preampli-
fier with the photodiode in the circuit. id should be close to the theoretical 
RMS ■bot noise calculated uaing (4.12): 

id • -l2qBIDC 

where IDC ia the DC currant of the photodiode which can be it• dark current 
or the current cauaed by the radiant backaround. Before beginning •aaure­
•nt• of the aenaitivity pattern, the radiant background encountered in 
operation muat be ■imulated. As it ia extremely difficult to make abaolute 
•aaure•nta on 11 radiation ■ourcea, particularly when the apectral ranp 
of intereat i■ narrow, an indirect method of aimulating a radiant background 
i• •uaaeated. 'lbia method takes advantage of the narrow optical band in 
which the laaer diode emit•. The actual peak power can be meaaured by 
placina a c•librated photo tube, or other large area detector, in front 
of the tranaldtt~r aperture ■o that all emitted energy is collected. Next, 
a taraet of known •i1e and reflectivity ia placed at half the far range 
of the receiver under te■ t. 'l11e power impinging on the receiver aperture 
ia obtained froa equation• (4.1), (4.4) and (4.5) aa 

vbere P1t 1• the power on the aperture, 

P2 ia 

♦ ia the ., ia the 

peak power •asured at the tranamitter aperture, 
11' tranallitter fan angle • 2 , and 

far-rana• of the receiver. 
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Uaing a., instead of~ in the above equation allows for the effect of the 
bi kini uak of the receiver under teat. The amplified signal V

8 
produced 

by P4 at the output of the video amplifier is measured and related to the 
photo current i flowing through the photodiode as follows: s 

V 
8 

i ----s G ¾, (12. 3) 

where G is the gain of the video amplifier and R, is the feedback resistor 
of the preamplifier. nie overall sensitivity S' of the receiver bec011es 

V 
S' • s 

G R,P4 (12.4) 

I · ahould be noted that this aenaitivity ·•trictly applies to a narrow 
spectral range about 0.9µm only. The opti~al bandwidth of the receiver is 
thereby assumed to be known. nie receiver is now calibrated and can be 
used to measure background received power. A light source irradiating 
the receiver aperture from the aide as shown in Figure 12.1 is adjusted 
ao that the DC photo current 18 ia calculated as follows: Fro■ (4.21) 
the power received by the active area of the photodiode 

Beferred to the aperture thia becomes 

(12.5) 

and with S' obtained from (12.4), the current through the photodiode i 8 
beco•• 

It reaaina to 

for the caaea 

(12 .6) 

~ calculate the equivalent spectral radiance N(A)• i:;' 
of the sun irradiated earth and clouds as · ackground. 
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value• are obtai ned from equation• (4.26) and (5.16), using M(A) • 450w/ca2/pa/•r 
and p • 0.35 for the earth aa background, and 92Sv/■2/µa/ar and p • 0.9 
for •unlit cloud■• 

When the aun 1• ahining directly on the aperture of the receiver, 
the received power P6' become■ 

(12. 7) 

M(~) 1• aaain equal tn 925W/ca2 /~•/•r 
Th• current 11 can be obtained from the voltage drop aero•• one of the 
reaiator• in the photodiode biaa current. 

With the background cauaed photo current eatabliahed, th• threahold­
to-noiaa ratio can be adjuatad. Thi• 1a dona by adjuating the gain of 
th• video amplifier and leavina the threahold voltaae unchanaed. The 

\ 

tbreahold-to-noi1e-ia then cal~ulated by dividing the RMS noiae voltaae 
into the threahold voltage. Atother way of obtainina the threahold-to-noiae 
ratio i• •aaur!~a the fal•• indication rate at the output of the 2-out-of-2 
detection logic which ■uat equal the ■pacified value. Th• threahold-to­
noi•• ratio ia then calculated with the aid of equation■ (3.7) and (3.9): 

It 
✓-2ln(t'3t♦) --I 

D 

✓ffl -ln(l- -) 
with ♦ 

fll - t1 

where 't 1a the luer pulae width, 

t1 1a the look gate, 

fll 1a the pul•• repetition rate, and 
FIR. 1a the meaaured false indication rate. 
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With their thraahold• adjuated, the receivers are ready for ... uring their 
••n•itivity pattern. 

Fir1t, the aanaitivity along the center of the fan hould be •a•ured. 
Again, the aensitivity can be obtained either directly ~'l' me .. uring the 
probability of detection at the output of the 2-out-of-2 detection lo~ic 
as the ratio of pulses detected to pulses transmitted. The aenaitivity, 
or boundary, function thus obtained can be plotted or talliulated u a function 
of ranae R1. 

The aeaaurement• aa deacribed above ahould be repeated for aeveral 
roll analea. 

Special attention Jhould be paid to the near-field lbehavior of the 
receiver■. (Under "near-field" ia underatood the diatnmce interval froa 0 
to the near-range~ of the receiver under test.) For dlese meuure•nt• 
a very narrow target ahould be uaed, just wide enoug'l ta accoanodate the 

' full thickne11 of the tranaadtter beam. 'nle meaaurement:a can be conducted 
in the aame way aa before, plotting either relative ■enntivity or prob­
ability of detection .. function• of ranae. 

The teat reaulta, in particular the aenaitivity, oa,. boundary function, 
abould be compared to the theoretical ones of Sec~ion VI and the necessary 
corrections to the theoretical model should be made. 
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The final configuration of the AOMDI will depend on ita application. 

Therefore, no exact s t atement about its size and wei~ht can be made. Inatead, 
onl y an estimate of the weight of one packaged quadrant can be made and the 
minimum space requirements of such a quadrant can be .speci fied. 

The weight of one quadrant is estimated to be between 8 and 10 pounds 
when the following conditions ar e met: 

1. 'ffl'ree AIM-9L transmitters are used. 

2. The receiver apertures are 0.25cm2

, 0.5cm2 and 4.0cm2

• 

3. 'ffle focal length of the receivers are optimized, making the focal 

length of receiver 3 equal to l.Sin. 

4. 'lbe electronic circuits are located as close to the optical ele•nts 
as poasible. 

S. 'lbe base ines of the three receivers are l.2in., 3.0in. and 6.0in., 

respectively. 

Under the same conditions as stated above, th~ space requirement of one 
quadrant of the AOMDI is shown in Figure 13.1. 

The package of one quadrant will be standardized and adaptors will 
be used to mount .these packages in different locations on the carrier 
vehicle. In this manner an adaptive and flexible AOMDI system is obtained 
at minimum cost. 
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Section XIV 
C<lfCLUSIONS MID UCCIICENDATIOMS 

SBRC 

'1'be atudy •hov• that an AOMDI can be aucceaafully iapl ... nted uaina 
currently available component• and aateriala. 'J.bia concluaion vu reached 
with the aid of radio•tric calculation and uth aatical mdelina of the 
••n•itivity functions of the tran■aitter-receiver cOllbination■ which fora 
the individual quadrants. It could be ahovn that the inneraoat receiver 
can tolerate th• ■un in it• field of view and •till keep operatina properly • 

., laceiver 2 can tolerate a backaround of •unlit clouda. With the •­
backaround, the S/N ratio of receiver 3 falb aOMllbat abort of the roquired 
aini111111. However• an increue in luer output pOller by about 131 1a auffi~ient 
to brina the S/M ratio to the required ainiaua. 

Aa it 1• deairable for areater probab~lity of detftction and •harper 
definition of the bin boundaries to increue the S,'I ratio 1Mll beyond 
the ainimum. all parameter■ ahould be optiai&ed toward auch an increue. 
'1'be atudy ahow■ that moat par ... ter• do not atronaly influence th• 8/M 
ratio. '1'be one parameter which doe• atr0111ly influence the Amml perforamce 
1• the luer output power. It 1• in thi• area where iaproveaanta ahould 
be ude. 

A novel optical de•ian for the r~c•iver optica vu atudied. 'lbia dMip 
1a aiaple and bu only three aurfacu requirina aull tolermc••· !be •th­
... t1cal aodel of the aenaitivity, or boundary, function■ clewloped durina 
the •ruclJ <wu baaed en tbia deaign. However. with aaall .aodific~t:ion, other 
mre cODventional optical ayate• can be atudiad uaing thia aodel. llbile 
~h• qumtitative validity of the aodel auat ■till be verified by ••ure­
•nt• OD the lab aodel of one quadrmt, qualitative concluaioD c• be dr­
fr• the ruult• obtained froa coaputer proar- b••• on the theoretical 
aodel. 1be illfluence of the receiver focal laath •• aperture abape could 
be atudied to the advantaa• of future duipa. 

U.ina the lr.nowledp and inaipt 1a1ned by tb• atudy •• by th• tuu 
OD the lab aodel,the next •t•p ind Yelopina an operational MJICDI ayatea 
abould be taken with the 10&1 of buildina a COllp ete flif;bt evaluation aodel. 
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In punuing this goal effcrta aho~ld be apent in the following areu: 
l. Development of a 110re powerful Ill radiation aource 1 110at likely 

a cryogenically cool6w d fiber- optically coupled array of GaAa 
laser diodes. 

2. Finalizing the optical deaigns of tr allittera and receivers. 
The transmitter design will be greatly influenc d by the configuration 
of the future IR source. 

3. Increasing the far-rang of the AOMDI by adding a 6th bin. lbia 
will be accomplished by increaaina the laaer power and, poaaible, 
by uaing range gating for this outenaoat bin. 

4. Interfacing of the AOKDI with the telemetry ayatea. 
S. Packaging the ayat .. in. aodular fora ao that it can readily be 

adapted to the vehicle by which it will be carried. Sull aize 
will be atreaaed. 

6. Teating the ayatea perfonunce under conditiona which aiaulate 
it• operational environment. 

7. final flight tu ting and evaluation. 
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P6CH):N•Ol(Jq1•TPCJ >•AR(J~>•SINCGAMCJ1~)•.017q•\•CPSICJ13>•.017q5 

C 
C 

C 

1-cosc,.•.017q~•lPS(Jt,>>•SitJlPSI(J13)•.0l7451)••·t-oq 
t~HO:SQRTCSQJf, ) 
VCU):(S'llA/(1.ff-19•0•(5il*r6c ► )+IAV)))**Cl.,3.) 
F3 S ~' A C H ) = S 1 *Pf. C H J / ( I I\ V + S C'l I 1' I C ~ • • £3 • X 00 • 1 • f C • 1 9 ) ) 
PS f . P C H ) : S • r f , ( H ) / ( I P J N +SO I f1 / ( ~ • • 0 • 1 • 6 t • 1 9 ) ) 
JFC3•SWCH)G2, ~0,62 

60 P~AV(H)=SOHTr~.h·IAOtl•SM(Je)/(S2•XHI)) ••• -··-· · · 
P1~VC•l):(RJfJ1>•,3048>••3.•PHl(J15)••017~5•3•1'♦ 159•P5AVCH)/(Tl(J5) 

1 •T~ C Jh) •RIIO C J1 l hl Tl J1 0 >•AR ( J9 )t 1 • E:•O&f * (AT I ••2,) 
P!iP UH H > :sr, ( JA) /S•SORT l;, • • 1 • f,[ • 19•8• ( S•Pf ( H) ♦ IPT N) +SO I A) 
PiPH•cH):PlAVtt-lJ•P5PlM0-•)/P5AV(H) -
GC\ TC 25 

62 p~~V(H)=P1(J3l•T1(J~>•T2(J6)•RHO(J11)•lT(JlO)•AR(J9)•1.r-ot♦ •CAT)•• 
1,.1C(R1(J1>•.~04A)••3.•F~l(Jl~)•,017~5•3.1~159) 

P5PlrHH):P . AVfH) 
~r~VCH):(PSAVtH>•S2•XcH))/(IA(H)•SQRT(3,)) 
St 1P It,, C H ) : ( P J: P T f\ f H ) • S ) / ( SQRT f 2 • • P • 1 • 6 E • 1 9 • C S •P 6 C µ ) ♦ IP IN ) +SQ I A ) ) 

2S CNIT Ir;U[ 

WRJTf T~IRO VAkJrD PARAMrl[k 
WRJTtC3, 99) 
WPtTtf3,800)CPNAMEll,K3)tl:t,~),UCIO,k3) 
lolPJTEC3, 9';1) 

- c WRITf RESULTS • ··-·------· ---·-· · ·--- -- ··- ·· ··· · ---· --·-... ---·· .. ·-- -·- . 
JF(PRH~TU>•1 )30!it200,305 

200 WP1Tff3tl00)(RWCT),1:1,Lir1) 
100 FrPM li T(' ELLCTR.n~ IN M~Z,b~ =',T26t0(1X.E10.3,1)()) 
3n'1 Tr(Pf<H:T(?l-,)31n,:?O ,31(, 
205 UQJTFC3,105)(nCJJ,I=t,Ll~l) 
105 FORM/IT(' FtEOnACK R.n, l'Otlr~,H =••l26•8UX,[l0.3,lX)) 

• 

B-3 



0 

L · 

310 
210 
110 
31~ 
~15 
115 
320 
22n 
120 
325 
225 
12~ 
33() 
230 
13<' 
335 
235 
135 
340 
2,.n 
1 .. 0 
3 .. !5 
2-~ 
1 .. 5 
350 
2sn 
150 
355 
25!'i 
15S 
360 
260 
16<' 
3t 

JFCPRt~TC3)-~131~,210,315 
t.fR t T [ C ~ , 11 0 ) C P 1 AV C I ,. J: J , l. IP': 1 ) 
F~P~~,c• X~IT.P~A J~ w,rtAV =••T26,8C1X,E10,3,1YII 
IFCPPI~T(q)-413,0,,15,3~0 
1,1p J Tl c ! , 11 5 , c Pl P IN Cl ) , I : 1 • l. l f', 1 ) 
r n P.,. ~ T C • )C,,: I T . P \.JR J N W , fl 1 f' UJ : • , T 2 6 , 8 C 1 )( , E 10 , 3 , 1 >C I ) 
JFCPPT~TC~)-51325,220,3~5 
\JP TT f. C 3 , 12 n ) C P 5 AV I I ) , l: 1 , l J M 1 ) 
FOR~~Tc• Rrt.PWR Itt w.P~AV =•,T,6,IC1>C,[l0,3,1XI) 
,rcP~INT(f)-~13~('•225,3~0 
~PTT[c3,t,5)1P5Pl~Cl),I=l•Ll~1) 
Ff'P~All' RtC.11\m lPI W,P~PIN =••T2E,8C1X,£10,3,1Y)) 
1FfP~J~TC7)•71~3~•230,3~5 
l,•R TT [ C ~, 130) C P6 f I ) el: 1 , I u~ 1 ) 
F' n r, MI' TC • n CK GM n • PW R HJ \.J , P (, : • • T 2 6 , 8 C 1 X • f: 1 O , 3 , 1 Y ) ) 
,r,P~l~TC~)-Al!~n,235,3~0 
WPJTEc3,135)CT~CI),1:1,Llr.t) 
F~PM~TC' AMP.NOISE CUR, I~ A,IA : 1 ,T26,8C1X,E10,3,1f.)) 
Jr1P~JNTC9)-q13q~,,40,3q5 
VRJT[c3,1401fXCJl,1=1,LJMt) 
F~PM~Tf' orT,AVAL,0100( GAIN X =••T26,ec1x,t10.~,1x,, 
trcP~JNT(10)-101~50t245,350 
~RtT[C3,1~~)CS~AVCI),I:1,LIMt) 
F~P~r,c• S/N,aVAL.0100£ SNAY =•,T26,8C1X,tl0,5•1XI) 
JFcPFI~TC11)-J1)~5~,2~0,35S 
WPITfC3,150)CS~PJ~Cl),1:t,LJ~1) 
r~P~Al(' S/N,PIN 0100[ ~~rIN =',T26,8(1X,tlo.,.,x,, 
J~fPRI~T(12)-12)~~0,2~5,!60 
WRJTf C.!,155)CRSNA&J),J:t,LJM1) 
r~PMATC' AV,OKGO-TO•SYST.~OJS[ =•,T26,8C1X,[10,~,1x,, 
tFcPRINT(13)-13) 30,2~0, 30 
~RJTEC~,160)C~SNPCT),J:J,Ll~1) 
FORMAT(' PIN nKGo-ro-sYST.NOISC =•,12,,e,1x,c10.a,1x,, 
cor,tTHIU[ 
r.Al L t-w-1 T 
[f.'0 
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APPENDIX C 

1ST l\f 10 c: ·o Rf Cl I VE H, l l'IHlf AS I I tMihtUtJO 

St\Y P.l, f'I. T~ ~., ~(Jf-i /ftl r ,r ; ;; 
PR[A~P.rrr.1~ PF,C: 
~v.or nr~P.r ~ ~,w,s, = 
ltV.OARY. rut<.I : r,t..ir,v = 
P If , tfl'lt( cu-.. u 1 ' · ", II ' rr ::: 

V I ~ I ~ J 1. 11 Y l r, I' 1 , V : 
Xf', ITT.TP/IM, ,lT.,Tl: 
LAS[P. P.•-·Jr., 111 If. l~S .T: 
TARGET pr~L., 11 t-,O: 
R[C.rLrv t=Jl t.f) ,( r:G ,rS I = 
TRP' . • F/\M r-PH t.D , ,Eb Plil : 

REC• tP • f.f' l/i 11 J 50(1 ' t / ,fl = 
CPl .r • nl.1 

• lt . i'1 lCROI J, PL = 
HANG[ H ' FT ,iU --
S/N,PHI r•lOL.£ sr~P If\ -
Pl~ OKG"•lC-SYST.NOJSE --
AAt~GE It, FT , iH = 
S/t,.PUI rH·r E SM1 1 r~ --
PIN Ot<t.f'-Tl- SYST .fJOJSE --
II )([0 FP'f',C• l 

. . - . ~ 

, • on r, 
n.«- t: o 
(, . 1i. !:J 
n.49~ 

l O lJ t i • £10 L 

1or.ron 
Cl .t· 00 

1:j(, •C'00 
r, • c O lJ 

l ' • c ~U 

C.Cl30 

llJ.ClOO 

o.1V'4E U3 
o.o~sr-01 

2~ . • noo 

o.u1or c, l 
o.& !". :il•Cl 

At'O.lL:"1 ".l tf Ut.r;.r,TLP':t' = 
I f, tAMJ .M J SE Fir• ,t-lf : 
r,-v.,,L ,~c.s1J. lrJ J\/i..,s;, = 
f>lf,J klSf- .PI "'w,s = 

L/S[R rErM r~R TN ~.r, = 
~f.C[l'J.11</ tl <i f IT.,l~: 
1 /IR G • l. • H \ E M1 ' r '. M , l 1 : 
l•LC. £. LM11 lL:v.,rn, ,FP~ ; 
h[C.fA' I f, ... Pr.Ao ,rrc. r-.,r· = 

li • 20~[ 0~ 
o.131E Oli 

Ci.130l Cc: 
0.131[ OL 

,.ouu 

0.31''4[ 03 
o.2,.3r oo 

o.21l6E n~ 
u.2<·3E no 

c-1 

300.Ct0G 
~.noo 
0.'400 
0 • f,OO 

tr>.onri 
O.A(lO 

0.900 
nr, . , .5c, 
90.not 

o.699t C'3 
O.!i27E ('10 

o.'4'47t 02 
o.~21r. oo 



St<Y Rr1r. Tl\i \· 1s<,r t :"l lc , r1 = 
PR[A~r.rrP.1 ~ PF,l: 
AV.UC P[~P.If A/1·. ,SJ = 
AV.0/1111' cut-.lff ''''"": 
PIN Of,Rk' cu\ .H: l !f.,Jf · Ii! = 

VlSlPlt 11 Y l i" f' 1, V : 
XMlTT.Tr~NF ~IT.,11 : 
L I\ SC R P • '.; If 1 rl I 1 ~ S , 1 : 
11\RGL l r·rH., HO :: 
f~EC.f'LF"\I flll . , Ol G,I .. I -
lRM.Ff.f. ' ~PF(AO,CEC> Pill = 

HEC.flP.tnt.i Ir J ~oo~.,R = 
CiPT .F. J.lt.: . 11. :'-'IJCRor1,rL = 
HAt-:GE Tr: Fl,Rl --
S/N,Pll'l I lOl.( SM., Jr! = 
PIN RK~f-TD-SYSl.~OJSf : 

RAI\GE It.' Fl,Rt = 
5/N ,PIP! rJOCt Sl•,r 1 f< = 
PIN EKGP-TC-SYST,~OIS[ = 
II XtO P'f•U: 1 

'; • E- l, (1 

r. t'tO 
C.1~" 
( • ' l t '.? 

1 Out• liOU 

1 0 ( • (10 0 
CJ.f-0( 

l~t. CC' ll 
C.2LO 
1.314 0 

) (, . 0 00 

,, • oc 0 

o.oio 

4(1.000 

o.l~lJE 0~ 
o.1cot 01 

5f•.(,(i 0 

o.97 r (11 
O.ltll[ 0] 

l\t' tJ • If !': ~ • l . I l i E f, • U , 1 CI"+' : 

~•f.[Af-,P . ~O JSE Flr.,rtF: 
I\V.t.t f'fH .11 , 1\/~: ,S;"" : 
PJN hl~P.J~ ~/~,S: 

L/S[k PffY rwR TN W,Pl = 
f,; [Ct J \I • T 1-.I 'I SM 1 T • , l c' : 
l f R G • L • l I ,, r. /1 f"' ., r, f': , L T : 
RL<.. t:. /IC' lt f. v.,r(f,fP~ = 
r, LC • F Al ~ r R L M' • ,.. t:: ( ' r, f. ,,. = 

5.c,ro 

0.22&1£. t" 
0.12£,[ o, 

L.115[ 0~ 
Oeli-!LE Cil 

I-• 000 

o.~~~l 02 
o.1c1r 01 

lJ.1:t0f 02 
o.1r:1l 01 

C-2 

3llo.nor 
2. 00(1 

o.ttoc: 
0.500 

1c,. no f• 
o. ri ou 
0.900 

o~.~3r• 
CJ0.00t 

c,.~llE 02 
o.201r. 01 

o.159t 02 
o.~Oll 01 



SKY RM.Tr. \. / Si:11'1/ , I c , N : 
PRfA ll.!f'.rrP. H J r- r- ,t = 
•' V • UC R r ff'• 1 I~ '1 / l·' , ~ 1 :: 
AV • 0 I\ I.I< (" lJt< .I I t: ti .t fl V : 
P It: P. AQ V CLI· . It; ,A, H' tr J: 

VISIETLJl'f JI .; r l, V : 
XPUTT.TrH!Sf IT .. Tl : 
LASll~ P. '·'H ,l H 11 1 l·lS ,T : 
lARGEl f< E"f-l. , !< '1 1.: : 
R[c.n r v FIIL D,r. · e, ,, s ] = 
THP. • F /\f 1 ~PH. i', ' l, L•F (, I Ii 1 : 

0 P 1 • F • A \•I • 1 I . MICH O l J , l. L : 

HANGE H ' Fl ,Rl : 

S/'11,PJ~ rlCll S~Pl N : 
PHI l'KMi-TO-SYST .IJl; lSf : 

RANGE Jr.' Fl ,,H : 

S/'11,PIN rlC'l E Sfl.Pll ' : 
PIN Ft<r,r.TC--SYST.IWISE. : 
II )([0 Fr'P1LJ 

( .(\C, 0 

,. • (; (1 0 

(. • l 4 r. 
C. . ti t.J 5 

1ouc.uoc1 

1CJr.ooo 
r. c eio 

1ot, .0 L (1 

~r, . (l<.,0 

lC.t'OC 

o. ·11ait oc 
0. 3~ lE-C,1 

o.4,5[ n 
o.j,.1f_.c1 

fi~( .l [' t'·J N u c r: .ll,lf. 1",tJ = 
II [ At I· ., c,J. r. f Jr.. ,r F = 
A\tel\L 11t:.:•• .Ir11 l\ll', S2 : 
I IN t, l:. ~, .P• A/W,S : 

L~S H rL ~r PWR T ij W,P1 : 
ElCCJ\/.11 /P ·S f1 lT • ,1 2 : 
1Af< t .L.H !Eli Ni T I I 1'1: ,LT: 
RLC.ll t~ tL [ \t.,~ L~ .r~s = 
I l.C. f /: ri fo l f( E n,rr:-r., r- M = 

O.~OCJ 

0.14Ll 03 
tle6&fc:l•Ol 

0.'1~~l Cil 
Oe6't2 t. -Ol 

~.ouo 

0 • 2P'ff 03 
0.1,~t 00 

O el.Pl[ C2 
O.l"f> l (l0 

C-3 

300. ri uo 
?. • r, or 
(l.40() 

O. f,O(' 

1£, • (,Or 
o.,,o<i 
o. ~oe, 

3r, . ,, ~(, 
'J O• flO l' 

2.0li(I 

G.~.3AE 03 
0.25l>E C'O 

ll.~4'+E. Cl2 
o.256t. no 



Si< Y fs M' • J I\ \•' / S H /I'; I C. , 1' ::: 
PREM.r.rrfJ.rr . i-:r .c = 
r,v.oc: nr~P.1 -.. 111 ~ , s1 = 
/\V.n11Iw rLJ~.c ll•,Jt.\, = 
P J ~! C' /\ n 1< ct 1, • t r- r.• fl , 1 t r: = 
\IISlGIL JTY l , r 1, V : 
x i"I I T T • T r /' r,, ~. r I T • , T 1 : 
LJ\Str P. ·' ll Tl• It r.s ,T = 
T "PGl l I U· l. •• irno = 
HEC .[L r\! Fl! U:',l ,1"(· ,JJ. 1 = 
TRr'.F/\ '.•J ~Pr•L :, r.,[, ~ pt !J : 

H EC • f1 P • f. r C. J. tr i St..tr · ,flh = 
OPT .F • '1~·. JI, MIC.Rvl , ,(Jl : 

t<A"'GE n: Fl. Hl --
SIN ,PII'! P JC[.F~ sr :P 1,~ = 
PIN BKt;f-1O-S,ST ef!Cl~t = 
J\A~Gt Jt.· Fl,Rl = 

$IN,PJN f"llLE SfY l I, = 
FIN EK~r-T~-SYST.NO}Sl = 
II xto F~M 1 

<;- • f OU 
, • r· u 
(• .11.t 5 
r.4C;iCj 

10(/(' .ooo 

J L.f· CiO 
C. [ CO 

c.200 
1. :'lf 0 

'.10 . r o 

'.l!00 

o.r-~o 

4C.COO 

tJ.l~a+l 0~ 
o.1.t~·1t M, 

~l• • f'C10 

o. 7~0[. 01 
0.-.~;1[ O(i 

(11· U • ' E f'•t• • l l\l LI[ G • U, J E P'1t-' :. 
J-ihtM~P.u~i.c;c r-1r.. ,rir = 
A~.Al HL~f.Ih ~/~1S2 = 
~IN KlSP.JN AIW,S: 

L/lSE.H PL,w: PwH Tl\' ~.Pl = 
IU Cl. 1 \I• 1 ~/1.'tSi•1 I1 • .1?. : 
T~~G.L.Ifl ~[A~'~ M,LT: 
l,LC. t.it', Ll.[ V.,"LG,f..-,S: 
IU.C.HI I,, Sf· rHl\l.:,"'U~, G/lf : 

~.ono 

o.1e5E ll,­
o.6t3E 00 

lJ.9119[ (JJ. 

0.613l OU 

0.2 ... r 02 
o.7'6£ oo 

c,.1n~r 02 
o.7 .. 6£ oo 

c-4 

300 • (\(IC, 
2.roo 
0.4CO 
o. s;oo 

16.C'0l1 

O.AOO 
o.~oo 

09.~3t 
90.00l 

n.uc;o 

o.2E>7£ 02 
o.9e2t oo 

o.137[ Cl2 
o. 9C2E. C\O 



• SKY ~l\r.1N ,.1sar~n. 1c ,1. = 
PrtEAr0 P.Cl'P.H. PF,C: 
1\V.OC IH'SP. Ji'; ,\/' ,S1 -:: 
A\I.Dfdo1 ruJ-.1"1 ~'"tI,".v = 
PUJ f.API( CU . • H f' /11 Jt· Jt •: 

Vl~lrlLITY l ~ ~I, V: 
X M J TT • Tr. f 1-c ~ 1 1 T • , T l = 
U\ SEP r . ,., H ·, h H. 1 S , 1 = 
r AR(;(_ T PrFL. ,HHO = 
i<EC,flf\l fJLL{1,(j f'C, , ,>$ J :: 
Tt<" ,FM! SJJI iflU,L,llj J•l·l : 

• (' 0 0 
u.ruo 
r.1c.;!i 
r .~ c;<: 

1 o o. r, or. 

1 <., r. no (1 

(1 • I O C, 

1~c . oue: 
(. • ' 0 (1 

" •' •, ( 

cJc.t GU 

S/h, PHI rIOl•[ SM' I iJ : 0•11e t f,~ 

PJ~ oKr,r-T0-SYSl.i'JOJ.,f : o.L~f .9f-01 

S/N,rJ"t r,J(;Lf SI\ PH: : 
PJI\: Bt<[;C'-TC-SYST .r~OIS[ : 
11 xtn rnr.c,1 

2 !; • (, 0 O 

0,7f7l 01 
o.~~"r-t•1 

JI I" ~ • J [ ~ t' • I I Ll E r, • ll , H _ I". t • : 
ft'[f.f iF.r·.(lJ~E Fir-. ,H· : 
A\J.I\L P[, .. t~.11 : J\/t,: 1 S2 : 
Pl~ t-<[~P.Hl 1\/H,S: 

L It S ll Pl f , t- P ~J n 'fl l-lt f' l : 
f- l l l. 1 V • 1 r ,, f I S J•i J T • , l ?. : 
T /\ R {~ • L • l I•- r· :: /\ ~-, Tr! t1 . LT = 
H . C • I'- t. t r, t L r: V , , r f ( , ~-I' t : 
k [ C , I M , 51 r~ r ,·, P , " C (, , l-i Ar : 

U.5UU 

c, .22f'E. oz 
u.l?lt:: Ot 

G .1~ ~E O,· 
Oel71L Ot, 

1 • 000 

O.'+~bf. <'.3 
0 • 3,1 ~[. OU 

c,. ~.,~r (ii! 

0 • ?,,, 3[ 00 

C-5 

~uo.ouo 
2.oto 
o.ttoo 
o.~oo 

lC.-• c: 0 f, 
O.t:OC1 
o.~oo 

A~.1'50 
•,o.oon 

u.76UC n.s 
u. ,,e. 7t no 

C.4C\6E Gt> 
o.607£ no 



I' 
I 

I 

SKV f'Ar..rr" ,. / ar✓ 1 r:, IC, i' J : 

r HE I\ I : f' • r r p • J l•J p ... • C = 
AV.Or rr~~.l ~ A/ ~ , S] = 
A V • U f , r W r lJ I . • 1 /.! l•J /I , J I\ v : 

P If f.l t\ " V C L1 F, • I N ' ;.. , I I' H 1 : 

V 1 S 1 f. I I IT 'f Ii, r I , V : 
x .-~ 1 Tr. rr n~ i:.· r 11 • , 1 1 = 
LASER P 0

1 1 Ir 1H H h!:,,l : 
1 M< G [ 1 I· r Fl. • , : O· U : 
1£(.fl. f"I.' Fl. LO,t ;[ l- , P~ J: 
TRfl-" .F"/\ 11 ~H·l. f1'l , L£.C, ~••·l = 

U(C.I\P 0 f'l'Ef' I l'l ~ ULr, ,/t< = 
OPT• F • r~• . l I. :--1 1C fW IJ, LL = 
RAt. GE Tt FT,Rl = 
S/N,PHJ r.JCLE SNF J ti: = 
PIN tK r.r-TC-SY~T .r~o J~[ = 
t<M.Gf rr · F 1 , t< l = 
S/N,PJM rl CI.E SM-' 11 , = 
PH. 0 1<r::r-TC-SYST • rio I !.:[ = 
II xrc F'··f.L I 

' • I· (1 0 
0 . ~-G 0 
(l • 1 '1 ~. 
r • • 11 s <) 

1u .LOO 

] :;f, .fl (;f, 

r..,oo 
:i • : , 'l ' 

'; I · • CC 

,, • H : 0 

c.C3U 

,.r,.r•co 

o .~ fl2 r o;, 
r: • ] :- lf. (,1 

5 (! •(IO 0 

0 . 1 {1 .. r. C\, 
t· ,l Z· ll" 01 

M·O. l[r·.P .JIJ Ut:G.u,rn , . = 
l·t<t:M·P.f·. (J~C Ftr-., tJF =­
f,\t.At l\[SP.11~ 1'/W,52 : 
l· IN HlSP,J 1I A/W,S : 

LASfR PL .~ PWR TN W,PJ : 
Rl C(l\l.Tl.l- d Sl l JT.,T2::: 
lf,hG.L.1 1. nEM', H i f', ,Ll : 
iit.C.l·lt.r', lL[V. ,rt.r, ,tr~. = 
ILC.f/1 • .. 1-RrAn,'""~ri.cflr = 

5.0(10 1..000 

0.237l 0,' o.~rp[ 0~ 
0.16'tl 01 0.1. 0 i'f. OJ 

0.12H 0, 0 .1 :s 7f (' 2 
Clel6 .. l Gl 0.1°7[ 01 

C-6 

.300.ruo 
2.0(\0 
o."oo 
o.~no 

H) eflOrt 
0. l\(J(I 

0 • • oc 
A'J.~30 
90.00 0 

A.O(lO 

Q.323[ r 2 
o.2i2l ll 1 

0 .H,5t £'2 
o.26?t 01 



' .1 

. 
l 

~ 

t\ V Rf· • Tt, , /S er / ~: ]( , rJ = 
PR[,'\ ·-~P • r /I.,_• 11 Pr , L : 
,v.or. ~rc:r. u\ J\l' ·· ,. , 1 = 
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C PHJ~T t!Afl OF (1UTPL;r t-'"UM-~UU1s 
90 rrN',f,1(//f i</\11Gf t,\•,T1,,'h(li,TIVt::•,12e,•Pf..OOAB.f"r-•1• IN FT•,T1;:,•s 

HTSI1JVI1Y J•,l~ h •'LJETlC:lJOti •/) 
.,r.TTE C3 .,'3 0 ) 

C CI\LCfll rll JIil txnu:r:rs OF r-,r /R MIC rAR cu1-orr 
sr;r'Al=SC: ,.i •. (l{,1 
sr.: • 11; =s •_;r r.2... (; 1 
c- r- r: A~:.:> r, I" /I 3 • • (1 • 1 
f-'~T:t-!.ilt.001 
'.:'fl ll: :;F: LT ,ll. •.001 
R l :B/ C T ,~ C fJ SI +S(·F I, 1 ) ♦ l r, Cl E l.1 f,+S G r., Ac +SGf", I\ 3 > ) / 12 
r ": (t +C)/(T G( l•ll TA-sc,,~1.,. -sc r ,.~ )-Hi (SG ~ /11) )/1'2 

C SETT n ·r- l 'f' Tt1E. f-' AH UTl EHS ur TH[ [·O LOOP 
d]:RJ•JO•l(' 
J:--: Cf .; ; : +~ 0) -..1 0 
~,~: 1 ..,,·,=• I, 
HF1:tf-

C STrt: T rALl. Ul./lTH:r. ILL R-orr•rr10 ::.~11 P;.HM1ETEPS 
~n TC 10 IJ2 

1r.n1 J:'-=H 
J] =J• 1 1) 

1no2 rr 1r n J:Jt,J~,J~ 
C st T tr '1 l r. L " M lJ L C F l ti r r. 1 l. r. ht, Ls 

r,=o.r 
Jr: 0 • l . 

T:':O. i: 
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µf :-111 J 
1-'f.:hl ; 
f?f'll l -J / \ (l . 
A:1-.1 ; 1 t 1 • 

I\ l ::S( r l* I 
)'?::f":it • ",J /l h .. t J ) 

>'P = n r r. x, *:it ~ IL41 1-
" "= A1I c n::, 1, l 1-1( J1Y r •/,){/ (rt >-:;: ->.P))) 
l'Y::F-1 - <.: 

l·.' Ht: 1 pr 01 r i~ L Y F Ll( lJ ::if L , =0 

"="·' C I-. Hf.i'-1 CI ' T lJ~ F 'Jr: S 
J r ( ) . .. r- • n . (, ) A= I l (I l '( * " I< /I ): / ( F ·O'. t" - X f ) ) 
r. = - ' L I) :-; ( y ~I (. X I ( F .. X ' - >: r' ) ) ) * * ~-

c CO Pf.'ff TJ\• r= , Cl Of\ F H · 1 ric,; -
~'::(Hl, / 'hl ~ . )_.:t :i 

JF rn. Gt . H! • l 2 .) 1 =1 
Tf( k . G ~ ohF.t l '° •) r-, : (1 : f-,'hll l ' • ) ll :it,3 

C CALflll /\lf ALL ti • S 
1-11=-•·1!•. t( ( f1 +1"1)/l , -I C ( rLTf1-~r,rri2-scr-1/\:)) 
H;>:-F-/ ! .. , (1 :+l,! )/ R-H, , rr LT h -S U •· /1,c)) 
11~::-f 1 1': 1· ( [1/k-T G Cl' l L l 1, .. SH' Mt. )) 
Po: -r· /:-, t ( • / H - l (. C fl [ L f /\ • S ( : Ar t SE • /' 3 ) ) 

Hl: Cl (l: l T/'-~Ci ~ /\ 2 - r:.u · t, :, ) -lC: (f1tl lf-Sr; r,;1, ~) t•fl/P ' 
{'HII•: ( r GcP rLT/\+S r.F ? +c;U /\3)-lC:((;ll lA-t Sl:,.,f, r.) ,.-r1t• 
C'P:t1a.- l-' t 
JF(0~. ~l.~.O) CO 1 · 100 

C CHM, r- Tr 'G 1 h [ IJ Jf,, f C 1 I U 11, 0 F Ir ' 1 H, I , . 1 1 C I~ 
H1,):l •1 
.. , (?) =1 •2 
U(:,'):j 1j 

H (11) =I• ➔ 

H ( ~) :f ~ 1 
"i(( ):: t.,1; 4 

Hf7):h ;-_i 
µer, :1-:~ 
t-tt:•h(4) 
H~:-H(3) 
H~::•h12) 
HCt:•t· ,lt 
I)~, =-t·ic t:,) 
r~u,:-t ,,s, 
m l:•h l ~) 
HF':-t1 ( 7 t 
r ►•:t1~ -t-'l 

1,; SELtrT Tt E H . TEGH/\L~ ACCOJIUJ ISJ C• 10 TH[ HEIG .. H CF THf' Ir- f.Gt 
lOri tF(t i&f 0 'i f. hF -t11.flf·JO.HJ 0 Ll.H: ♦ 1'+A~) GO l<' ~ 1 (.(l 

IF(t-•t; u : .Hr •f,1) GG TC i+ro 
IF(hl. Gl .hF ♦ l\-t~2) GO TO 'tC'U 
JF"(HLG~ .1 F+I\) (, O TO ~C.(I 
JF(t,t. r,f. .H· > -0 TO 201" 
H ( t1 1 • , I: • 1-f· • I\ J ) l, l , 1 0 l 4 
1ro◄ '1.r,r..1tF> r e Tt.i 11 
IF ( IH-1 • ·, • • w : - ,. 1 > f;(, 1 0 lf 
Tro-1.:; i.: .I .t·J ) lC 10 11 .3 
JF"O· l. ri[ .t tr -6'1) GlJ TO 
IF ( h••. ,;r ... ,,,:, C CJ TO 3 
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,_ ... ~' • I .., • 

t F I ► ;, • ,·:: • I ; - 1• l C l ' 
Jr , 11 ::' • i: • • U - f , 1 ) (, l- T Li l f' ; 
r" l(, I " , 

?, Tr ( Ii ; • 1J T • I . 1 - ,.: • • ,r l i • I I j • L l' • I . ~- ) f- 0 1 C l O • ♦ r I t ;· • r. T • t : 1 r . , , T c ~ 1 , ~ 

TI I I ; • ; l • I I - , 1 t , () T l ' :i.. h 
, r 11 :· • ,. r . , , ' - , , > •~. o 1C 1 7 
T f.' ( h :- • L l • I I ) , .. 1. I O l li 11 
r. r TC '\.fl 9 

(, TfO i, .tl.l t ) :-11 
Jr( l •':' .LT.I r ) ,_. (' 

lf(h;. l; T. h ! • ) ,r, 
rr H , ~ 

1 , I r 1 1 , ':.' • L 1 • 1 - 11 , 1 
JrrH;.LT.lf-/11 
r r 1 1 !. 

lU l . l 
10 , ](, 

TO u , 

l,0 1 0 
GL' ' ( 

lHi 
1 r. . . . ~· 

1 , H I Ii: . l. T • I . r • ; ; I • I·· , .r, l • I 1 I ·- ,., 1 ) r O l(, 11 7 
rr 1t1; . • ·; r .1 .r• , ,=l · rLi 11 , 
J r c 11;. • u r . ~-r - , J I G u 1 c 1 'J 
I r I h ~ • L T • h 1 - ,. 1 ) r. • T : 1 ;, n 
TF ct ~ .LT . .... r ) GL1 TO :.2, 
r.r Tl j22 

11~ JF fl 1 ~ • l. T • H > r, Ct T (..: 1 2 7 
Hr ~.LT.111 l (U ro 12, 
T F' ( h, • L T •HF ) c~ 0 TO 1 ~ ,, 
C: f'I Tr 1 ?.!; 

l O J T3 = ., , 11 I Hi? • Ill : - t, l ) + P l l. :" I I ~ • t 1 2 )+ P 11? Cl , ,, , r ! ) 
r..r, TC ?.00 

10? Jl::Pll ?. (l·<.1 ,t,r •- fi l )+Pll 3 (1 4 , h 3) 
,.,,. l( ~:10 

10 7 ll::Pll.5Cl-14,1 1rJ- / 1J 
r,n H • ?. o o 

10 11 T!::PJ11C H2 ,1 1r:-il>•Pll?lt •3,t,~)+Pll3(H~!,t 7 )iP123(11c+,t1td 
r,r TC· 200 

1 0 5 T 1 : I' 111 ( H l·l , ti I !. f, 1 ) + P 12 l p ..i c> , n:, ♦ f-' l ~" ( H 3 , t c. ) i P 1 2 3 ( ll 4 , H ~ l 
r,r, TC· ?.00 

106 Il=FlllC H2 H .f' -Al >•Pll;:>P ' · •• •;:HF1~2(H3,11t ' )+Pl~.3(Pt1,H .. ) 
r,p 1C 2tl0 

107 IJ:l'l l~(t; fJ.Ht, -/\1 ) ♦ Pl2 3 (1 · 1•,~~: ) 
r.r, tt 2no 

1 0 ~ J l : fJ l 12 ( H .3 , h i I• I\ 1 ) + P 11 , ( tir-: , J: 3 ) ♦ fo 12 3 ( 11 .. , • it l 
r.r. 1r .:ioo 

1 09 Tl::f'll~Ch · ,nJ-fll , ♦ r>J2 ? C t:3 , r · , ◄ r1 2 .3o , c+,. !3 ) 
r.r TC ~ilO 

110 rt :JJ l 11 ( H2, ~I 1 ) ♦ P 112 C ti~ t ► ;. ) ♦ P 113 (Ht, , H3),. P 1 £. 3 C tf4, Pt!) 
c:r. 10 21'.10 

111 I1: Pl 1 t ( ~ . , It 1 ) ♦ 1 ;> 1 ( H 1 • I· ~l , ♦ r 12 2 (I I~ , t-, 2 Hf' l c 3 C H .. , 11 ~ ) 
'f.C' TC 2 O G 

11? ll:-P]Jl(H2,ttl 1 ♦ f'll 2 H1 ~: ,1 · ,~ )+fJH' ' (t ~,~1r1: )+Pl,3CH4,f'3) 
r,r, TC ~00 

ll~ T1:PJ ~ J U·2,t .l J+Pli-21~~. •• • 2 ) ♦ PJ~3(t '4,H3) 
r. r H ~00 

1l1l TJ=r1 ;, 1 ct-£,t1l) ♦ P l;'· ~(li?,I •~ +J.l);\.3(t F•Al,113> ◄ Pl33P'''••·F-f1) 
r.n re 21J u 

11 5 Tl :t ; l ( t• 2 , II l ) + (' 1 ~ 2 ( n · - t l , t ; ) ♦ P 1 j c:' ( h~, I tf • /I 1 ) ♦ P 1 ii~ (t 14, .. , 3) 
r: ( 1 C ., I) 0 

l l <- • T 1 : P 1 ;. 1 I ... r - I\ 1 • t • 1 ) + ~ L :, U ~ , I· r - , •. I >+ f· 13;: t t1 l , t-? l + P J ~ ~ nu .. t 3 ) 
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, r' T( _; 2 11) 

l 1 7 ! 1 :: P l . • 1 ( H F - ,\1 , I • i ) ♦ P 1 :~ ti c , t • I· - /I 1 ) + f- 1 ~ ;: ( I Z , I • - ) + JJ 1 , ~ ( Hf , I 1 3 ) 
r: 1( . ~ (J 

11 ~ T l dJ J.· 1 C H - J. 1. , , 1 l + r l ~; t ( I r , I r - / 1 ) 
r.n TC ;.iro 

119 n = 1; t (I r-r,, , l · J l ◄ P l ] ~(I ;_ .I~-(; } )+l •l :, ? (Hf ,1 12 ) 
r,n , , ;i no 

1 ?. o J , = ,'r 1 ;,. 1 , 11 2 , 1 : 1 , + r 1 : ~ 1 • :'- , 1 ., , + P 1 ;, 3 c 1, t- - r, 1 , 1 ; - > .. r 1 3 .1 1 , 1 f , HF - , 1 , 
r.o l\, ;, 1111 

12] Ii ::P] i-- 1(1 1 ,I ! ) ) ◄ l-' J ;;. · 1 1 - ,r -t" 1 ,1 .; )+ 1·1 ~~ .1, HJ -fl )-111~:\ (l !F ,• 3) 
r:~• TC ; ' 

1 ~;:, T l :-P l ;. 1 ( fJ £' , I l l ◄ i • l c: ~ ( I , F - / J , I·· ; ) ◄ P ~ ~- ( h t- , !IF-· - I- 1 ) 
f:C' TC ;, fiu 

]2~ Il = l' l ._ ! ( 11 ? d i] ) ◄ IJ J ~,"> ( f . ~ ,I .. Hf · l:l:S tl •f, h >:. ) 
r:r. T 2il 

1214 JJ=Pl : ! cw: dt l )t f-' l :? ( hF ,I ~ ) 
Gr- TC 2' u 

12~ 1,:Pl..: l(i 1F,ltl) 
r. r-• T l ' C• Ii 

12 6 Tl= P, 1 1 ct 2 , , , 1 , • f 11 ;, c , : ~ " ;: > + r j_ 1 ~; 1 , 111 , 3 , 
r.n lC, i C 0 

127 tl:Pntct .~ ,t'l J+f l !.~ ( 11~ ,1 ' 2 )-+Fl~ :1 ( h 1t,h3) 
20n JF<D>..E 1l.O.l> c.t.1 10 3n ·; 

IF n, t, • LE • I · I > c:c TC 11 o n 
J r ( t-1 l • ~ £ • ~! r- > , U i C 3 5 
T F ( H 11 • r, F. • Hr+ /1 ) f: u T 0 3 .. 1 

J r ct-a. • - t· • t r , r. CJ 1 c1 ~ 1 
tr (HJ . ·.,l .t :, +r• ) C,O Tu ~.1: 

1ro,1. c; £..t ,~ · , r:. c 1v 2 1 
JF(t it1. r; (.l t', +J\) lG TO :;> 11 
TFH•~ • . ,r .Hi; ) £:CJ lC .i>O] 
Ir n--:~ •GT• Hr-; ) r,O 1 C ~ 'i ~ 

• r.o TC 2~3 
2 .. IFOif.GT.11r .;. ,w .1 1 ... LT.t1f ♦,'\ ) 

T F c H ~ • f- T • tH- 1 + r. ) r; 0 l CJ ;, 0 r 
l r C ... ;> • ,., T • H ~ ) f:, r, TU 2 0 F-
T F' ( H ~.LT. t t 1 · ) r,C TO ;:CJ7 
lF(H~.LT. r ♦ 1\ ) GO TO 2uc: 
~o TCJ 20<J 

27 IF(HC..LT.Hf 1 ♦~) r-u TO 2c( 
TFfH?.LT.~ +Al ~ \ TO ~lr 
J F (he• r, 1 • H . • ,\) t O T 21' 
GO TC 2J2 

31 IF(H?-.L1. ►ir,'r,o 10 214 
t J' t h , . • L T • II r ) GO T O ~ 1 5 
GO TC, 2Ui 

-
(:0 10 2(,4 

32 JFU: ?-.LT.1,F+11.fll,. r:.H :-! .r-T. ► f l en TO 217 
tF•~~. ~ T. hF•11 ro Tu r1 c 
t f' f H ~ • G r • ~: r ) ,; f, T Cl 2 1 9 
JFft➔ ?-.LT.ltr) ;,c TO 22() 
Jf (H~.LT.~r+t) ~~ TU ~~l 
t;(' TC .2~2 

3~ TFf ... ~.LT.H·+/,J CO TO ~c.7 
J F',..., z . 1. r. •Jr+,, , \... c 1 ,1 , ~:..: 
_JF(H2.LT.H+/• ) C,u TO ~;:i, 
GC" TC' ?.? ~ 

201 Ir':P2110 1 ?. ,t•rq+P ~12(113,t-2) tf-~].:,(tt'4,tl~) 
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r.r, , ( • ' u 
20? 1 ::>= • r') '.? (1- d1 l.)+ l ' ? :l~ ( H4 •1 ::' ) 

C,('l(. . 1 0 
2 0 ~ T ; • = P ~ .,. ...'. ( • • I ti ) 

r. (' 1 _ ·1 G 
? 0 11 T ? = r ~ l C t • -'. ti ti • l ,. P ; · .t. ( rl? • I . ,, ) ,. f , l .:> ( I.~ + ti • t- :' ) ,. J' ::> 2 3 C h ,. • fir . + ti ) 

r..r H :nu 
2 I) 5 1 ~ = p C J l ( hi•. + f1 • I : r . , .. r :.> ~ l ( I t ; • • I I I "T {.. , + "- C: 2 ( b ~ ' t ; t' ) + p 2 2 -~ , I 1 4 • H ~ ) 

r.r 1C .~n r, 
206 J 1=P2.1 l(I :": ,I i i )-41' 2 l ? ( H + f . l :c. ).+ F,.> 2 ;::- ,H t , Hl ·+ f. )+r2~3 ,1 , LJ , H:3 ) 

r..c· T( ], C 
207 r ;:..:-P; 1.3 <1 •1, -41 , rr · )+f 2 ..- ..S ( hL, .l tU-+ t) 

C: r. TC' ·3 II 0 
20 1:, T~=P ?) ;t (l - .'5 .; 'l.' )i~ ? l '(l if ' ➔ ,I ~ )11' ;:;>~, 11 1~ 11 1,·' -t f• > 

r<' Tl ,!:1G 
2 o c:- T ;:-= fl ~ 1 ;; 1 H .. r. , 1 : . , + P 2 --2 , h :,. , 1 ·, , ➔ t. , + r ~ ~ 3 , h '1 , , , ~- , 

r,r. 10 ::no 
210 T::'=Pc: Jl (l ,?d11 Hf-' " J ,: (1 1 ?, I i l ➔ f>,· ] .3 (hf.+ A ,t- :-5 HJ- ~::: 3 (Hl 1 ,1 ,fl '+/1,) 

r.n H 3'l0 
211 T, = P ~ 1 1 < r. ! i ◄ , . , ~, 1 , + r ? 2 1 , 1i ? , , • ,. , + t, , + P;;: 2 2 ( 113 , 1 ;. , + r, 2?. 3 , , :t1 , H 3 , 

Gr H , 300 
2 12 I ? = P r 11 ( H '.? , ► i 1 , + I-' ;, 1 ? o ~ r .: + ,. , 1-: , > .. r 2 ~ ~ , H J , h r • + , , + P, 2 ~ c H ~ , ► 3 , 

r,0 H :3 'l0 
21:!°• T;>:P"~1<t-?d1t)+P~~?(l-< ? , ► 2)-tfJ "' ;- 3 (t-,~,tt 3 ) 

r.f' 1T ~00 
2 111 1 ? :: J' ~ ' l ( I-' ~ , H l ) + r 2 c.' ~ ( 11 ~ , I ~ )+ P c: ;- ~ ( ~ J- , ti 3 ) + f' ; ~ 3 ( h 4 , PF ) 

C: l( jOll 
2 l 5 T ;, :: P, ~ l H ' ?. , II 1 > i r , 2 2 ( hr , I ' ~ )+ r-~ 3 2 0 1 ! , II F H P r ?, 3 (t I c+ , fJ :'i > 

r,() lC' 300 
2Jf, T;>:P.? 2 l(l •F,II] )+P ;'3 t(I ;>,1·. F )+F-;3 ~ (M.!,t1lHP,. 33(11",ll~) 

r,('l 10 300 
21 7 t ;, = P ~ 21 o, r , h 1 , .. r- 2 31 o ,? , 1i F H P;. 3 ~ c H ~ , H 2 , .. r;. 3 3 <t· r +" • tt Y, , 

r:r ll, 300 
211\ l2::P2cl(HF,lil)+F23t(HF+ ,t•F) 

(;(1 Tl 30 0 
219 t:>::P;clll•F :t·l ] HP.2::'.UH c: ,H HP~. 3dll~+/\,H;;>) 

r.r H 1 ~l'J0 
2 2 0 T ;> : P ;> ~ 1 ( I-2 d 1 ) + P 2 :' ;> C t l '3 , tt 2 ) -t F f ;.> 3 ct 1 f , t13 H P ~ 3 3 Ct tr -t " , Hr ) 

r-n T 300 
221 T2::P,'2 1(112,IIJ) ♦ P2c:~(l ~ F,.2)+r ~ 3~(h3,HF)+Pc~3(HF+~,H3) 

f;() T( • 300 
2 2 2 t 2 = P ;. 2 1 ( I! c?. , ll l > + P 2 ; • ;, Cl IF • t-- ~ ) -t P c' 3 2 I t--: F + A , h F l 

r::n Tr .300 
223 J;>:P~31( ►-' 2,t l l )+1',~?.(H3•1 ◄2HPc:33(Hf+l\,h:-'· ) 

r.n lfl ~00 
224 tc>:P~~l (H2,H] )+P232(HF+f· ,t i;:) 

r-o H • 3'l0 
2 l5 Jr':P<'310:F+l\,hl) 

r,o TO :300 
2 2 G Y ;>:: P ~ 1 1 0 -2 ' • l ) -t r· ~ 1 ~ 0 I ~ , I · , H P, 1 3 0-' if , II 3 ) 

r;o TO ~O(t 
227 Ii>:• , _q (I i ' ,H 2 )+Pc.' :' ? (1 1J,t 12)+f ;:>3 ., (hct,11~) 
3 0 C T r ( H ' ' • l E • H . + I\ > t . O • T fJ ,, 0 t, 

J f- I I t 1 • G E. • I • F t /1 ) I : 0 T L; r f, 
Jf:'(11~, GE ,tif'.+J\+~ 2 ) r,o TU ~3 
Tr (t11; .u: .11r i r,) GO TL ! 2 
JF(~l.r,f ,tll•' +l\+J\ ?. ) (',(, TO ~ll 



r 

Jr 1Hl . r, r .1-,r H) Cl) l C 11(· 

JF (Hlf . r;t: . HI' -+ l\ + r.;,n 
Tl" ! '1 ~· . CT . ti • /, ) C 
Jr I : • G 1 • I I ♦ , , I ':-0 
r:r- H -~ () ~ 

GO TU '•! 
TO _:,,t;, 

TO ., O; 

lf5 Tr<1 1~· . 0 1.I 1~ 1+ ,\ . tl' '. . H .LT .t • f.+/l ♦ f, c: ) (O To t·I ' , 
JI (I ,~ 0 ( ; f . Hi" +/\ +/ ;.' l •;(' TO .=i ( !J 
IF(l 1, 0 1; T. h~-h\ ) t •O Tv ?,V( 

H ' (H ~ 0 l.T. t t1• ·+ ;1 ) •.,L TO ~117 
lF I H? • I 1 • H i -t i-; + ,~ ;- l GO TO ~ G t. 
(. (' 1 Ci .i O 9 

4f. Tf(Ht, 0 l.T . l-1 i' +r. ,. . ~ ) CO TLl : .;' t 
H ( H~ .L 1 . 11'•; -t /\+ ,'\ ' ) ~O l(J .:i 1 (: 
J F ( t , , ' • r; T • t I r •. + /I -t f, 2 I r r. T ll '?- l 1 
r. 0 T< :512 

5~ Jrn,~ . LT . hrt 1) ) C·u TO :ui: 
I F f H ' • L T • I-' f: + , l C, T G 7 '" 

r.o TC.. 3 1 f 
5,. J r ( ,., ::: . L T • ► I r + /I + / ?. • f.1-4 (' • I IC. • (, T • I' ◄ /1 ) (· 0 TO ~ l 7 

Jf( h~ . s r.• •F+ll+/\ ~ ) GC TO ~ J C 
T F ( H ;. • C: T • Hf- ◄ / \ l f , O Y C- ~ 1 '• 

IF r H ~• • LT • h F t r., C, C, T(, 3 2 l 
IFO13 .LT.l !F~/\+M: l GO TO 3~ 1 
r;(l TO 322 

56 JF(H4.LT •• F+A+~;) G TO 3~ 7 

:301 

302 

303 

304 

?05 

• 306 

307 

300 

:309 

310 

311 

312 

:313 

314 

315 

JF(l·P .Ll.hF+ A+M· ) GO TO 3~·~ 
J ~ ( t1 t' •LT • t, F + r . . t? > r, C, TO ' ·: 4 , • 
r. (', H .S2 5 
T:7:P. l (~:2,1.r :+/1)+ r312 (1 1 .. ,I I2 HP3 1?dh'f,t ,3 ) 
r::r TC: 400 
J ~ = P ~ 12 , H 3 , Hr ,+ A > + P ~ 1 3 0 1 •~ , , , ~ > 
r,(j TG 400 
J '!: P 31 3 ( t-i If , Hf I ◄ A ) • - - - - • •• • •• ·--
r: C' Tt 400 
I ~=P 3 l l 0-t~, Hf I+ I\ ) +P 312 ( H :,-. , I I 2) +P .313 ( HI~ ♦ I\+ Ii;.. , t13) +P ~;, 7 0-1'l , WJ+ I\+ A~) 
r,n lC. 400 • 
I ~ = f' ~ 11 ( ~ t , + A + /\ <. , H , + f, ) + I-' ?• 2 1 ( H 2 , tit i +A+ A~ ) + P ~12 ~ ( h 3 , "~ )+ P ?- ~ 3 ( ~ 4 , H 3 ) 
r,o TC 400 
J ~: P 31 1 ( I-' 2 , fl f,! ♦ 1, ) + P 312 ( Hr ·+ f, ♦ f, ~ , 1-1 ? ) ♦ P 3 ~ 2 ( 11 ? , tit I + A -t " 2 ) + P 3 ~ 3 (t1 t+ , II~ ) 
GO TO 4~0 . 
T :!i = P ~ 1 3 o- r,; + A + A .:.' , Ht, + A > + P ~ 2 3 , 1-: 4 , Hr , .. r + A 2 , 
t: T O 400 
I :-:-P~ l 2 0 3, I If'+/\) +P 313 ( 11C.!t A ♦ A, .t-i3 )tp 3~ 3 r h ' I , ll~J+ fl+ 11 ~ ) 
f. (\ l(l 400 
T~=P~12ct1r·: +t.+t12,t ·N-tl\)+P:;:>? ~:. ,tH.t +fi+A2)-tF- !~<:, (H'+,t-1~) 
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76 .on CJ. 7 6( ,£ -ni. 0 .1 , l-,CH, l"' -O fi 
77 • CJ n u.260t:-oi. o.1, , c. r,r-0 0 
78.CO Q.(:3 ~l - O~ o.lfi t,3 £-ca 
79.ro 0 . El2 3£ •O t o.l i: 7? 1: r- r.a 
oo.Cln 0. t~':1L-o7 0 0 1<7~7f- Ou 
01. no CJ.00(l[ 0 C 0 • l E 7:i 7l - f , n 
r2.r n :l.00tL CJ l· o.1 r 1 :--. 1~ -r h 

II XEO P'E JI . 

E-72a 



I ' 

u 

APPENDIX F 

BIN POl1r1,UtHY Flil\oCTIOrl , 1ST P. [.CllV(k 

f\:EAR f{l\t'r.E H : FT, f<tJ ::: 
x,i11.orr.i .11: Mf~M , , fJ[LT/\: 
XMIT. PlllH l N i"H1\ L, sr: ~~A 3 : 
RE c . r L n, . F lf v> n 1 r·, R 1, ,_., , F s 1 = 
fOCJ\l tr.t :Gl1 1 I N H J. ,F : 

2.0 
10.0 
C. 5G 
40.0 

0 • li 00 
H[C • /\Pft, T • H :,tlT Jr J If\J • , YI'-". /\X 
[!lKJr,11 ,.,.H, , r.J [/\ll, H I 1~. ,H f•J 
OASlL tMf. ! N IfJ., E, : 
SIGrJt,l.-T C' - ~, ( IS[ ,,,,r10,sr, : 

kAl'\!Gf H 
IN FT 

o.9n 
1.00 
1.10 
1.20 
1.~o 
1,CfO 
1.50 
1.60 
1.10 
1.P.O 
t.C:C' -2.Ml 
2.10 
2.20 
2.30 
2 • ,, 0 
2.50 
2.60 
2.10 
2. eo 
2. 9 0 
!.oo 
... oo 
s.oo 
r,.oo 
7,00 
e,oo 
CJ.oo 

10,00 
11.00 
1;,,no 
1~ 1 rn 
1'+.(lO 
1s.oo 
16.00 
17 ,0(' 
1r.oo 
tCJ.on 
20.no 
21.ro 

~f.. Ll\llVE 
SLNSI'flVlTY I 

o.ooot oo 
O.OOOE 00 
o.OOClt. 00 
0.000( 00 
0.000£ 00 
0,00P[ 00 
o.ooot: 0(.1 
o.oooE. oo 
o.237E-c3 
ue367i-Ol 
n.t30 E oO 
o.262£ O(I 
0.Cf:37£ 00 
0,610E oo 
o.779E 00 
o.91'1E 00 
O,CJB~E 00 
0,100[ 01 
0,100[ 01 
o.100E 01 
o.1oc1E 01 
0.100£ 01 
o.1oot 01 
0.l00E 01 
O.lOOE 01 
0.100£ 01 
o.100E 01 
o.996l 00 
o.o~OE no 
o.5t t c oo 
0.27G[ 00 
o.12'JE C'O 
o.51 11 £-01 
o.1e2E-n1 
ll.51!t.o2 
o.9sot:-o3 
o. ae.n: -o'+ 
o.7AL[-ot:. 
o.oooc 00 
O,OOUt:: 00 

: 0.&.'00 
=- fl •(: 107 

1.20 
;:6 .l fi C, 

PP.OF Ml• Of 
DElfCTIOJ,. 

0,1(73-,l•OB 
o.lt.7Z7t-08 
0 • l ( 1 ~ 7 f. - 0 l:i 
O.H·737E•O~ 
o.H737f:.-08 
0 • l (,"/ 3 7 [ • 0 8 
0,l(,737E-o~ 
e • 1 f . 1 ?, 7l-OF.1 
o.17tl!lf.-CO 
o.17 629t-os 
O. fl ~3?. SE•C1l 
o.9~G3f.f oo 
o.1r1ooot 01 
0 • 1(, 0 0 0 E. ()1 

0 • 1(: 0 0 CE 0 1 
0.10000[ 01 
0.10000£. 01 
O,HJC>OOE 01 
0.1(1000[ 01 
0.10000[ 01 
o.1c:oooc. 01 
o.1cooc,E 'Jl 
o.1oooot 01 
O.lr.OClC,( Ol 
~.lOOOC,E. 01 
O.lGClllc,f. 01 
0.10000[ 01 
0 • 1 c· O t o E O 1 
O.HiOOOE 01 
0 • l r, 0 G t, £. 0 1 
0.9C?l-~2[ 00 
o • u n 9 •• 1 E. - o 1 
0.2M:20t-Cl4 
o.6;,u 3E-r.7 
u • lf 7 fl I' i [ • C A 
0 • <- r I~ r) '+ C • r, b 
0 • l 7 t lj 6 E - (I C 
o.1<-1,~oE-0O 
o.1£737l•Cf, 
O • 11, 737f-Ce 

F/IR HIH :Cr. OJ f'l, RF = 
t.,LAM (H VL~ G.IN '·'l:ffl,S<· MM! : 
Xl"·Il.l\PEl ·. l.Dlfl.T~J Jt.1.,0: 
RlC. tH.l.Jf~ J"l · MHII D ,SG~l /\1: 
lt1AGE iJJ~T11~•;u.: ,r~ JrJ .. P: 
1r-.ocx 0r- ~rF,~t.CTIOr·. , ,., = 
ulKll\:l t1<;h T ,F Ml, Jr IN. ,f:F : 

F-1 

lC,.ll 

o. ~u 
o.,u 
o.sG 

0.40]..,.3 
l.!->1 ·1 

t.nr ou 



I 
I ..... 

u 

NEI\R HM 1r;L H .: FT, r.r-~ : 
XMIT.nrc, .Jr , r11Rill,1i(Llti = 
~MIT. f',ll'k 1 .. 1 r•Hf.D,SC, (; I\~: 
1~ E c • r Lr v • r 1 r:. UJ It, r•: ,a. L , P s 1 = 
FOC/\L LP 'Glt· H · I 1\1 •, F : 

t • Cl • 
1c.c 
O.!;(, 

'+0.c; 
0 • 5(,0 

H[C.M 1rf-lT.•l•IIT P : Jr j .,Y~il\)( 
~Itctr 1t f!r.t-11 ,u: r.ri ,Jr: 1r-i .,mi 
e AS l l I 1\1 [ Jr.. J t'J • , [, : 
s I G N ,, L - Tr: -rt: T s [ I' An C • s r.. = 

I\ /\t-t GE. 1• 

IN FT 

~.re 
3.CJ0 
Cf• 00 
Cf• 10 
'+,20 
-..~o 
Cf.40 
q. !in 
4,f,0 
ff• 70 
, •• {\ 0 -4,YO 
5,00 
5,10 
5,20 
5,30 
5,Cf0 
5,50 
S,60 
s.10 
~.~n 
5,90 
6,0(1 
1.00 
e.oo 
9,<'0 

10.00 
11.no 
12.00 
1~.00 
lCf,OO 
1s.r.o 
16,l"0 
17,00 
18,n(l 
19,00 
20,(10 
21.nn 
22,(10 
23,00 

t'lL ,\TIVl 
i l r~ S 11 t V I rY I 

o.ooot: oo 
O,OO(Jl no 
0,000[ 00 
0,000( (10 
0,0lJ0f 00 
O,OOOE 00 
0,000[ 00 
0 • 9CJ2E-O'i 
0,126L-Ol 
0,59':Jf-c,1 
IJ.14ll Q(J 
o.254£: oo 
u,38E[ (l0 
o.s~7E no 
0,68(,[ ()(i 

O,f1Cil 00 
0,'313[ co 
0 • <J7•i L O 0 
0,99P£ Oll 
0,100[ 01 
O,lOOE 01 
0,100[ flt 

. 0,100( Ol. 
o.100E 01 
0,10(1[ 01 
0,100E. 01 
0,lD0E t'l 
0,l00E 01 
O,lOOl 01 
O,lOOE. 01 
0,100[ 01 
O,lOOl 01 
O,lOOl Ol 
0,100[ 01 
o,1onc 01 
0 • 1 Ollt. 01 
O.lOOE Ol. 
0, 1 O(ll C! 1 
o.99~Jr. on 
o.s1r..t: t'0 

= o.~60 
:•f el'lfr. 

~. 0 (1 

Pn.<.:r ,W .Of 
crTH.lJOt. 

O.ll,737[•0~ 
u • 1( 7 3 7 [ • (Hi 
o.it737E.-oo 
o.H737L-Ni 
(i.1<7~7E-08 
O.lf737E-rie 
0 • l(, 737[-(,0 
0 • l ., 0 f' ~ t- C· A 
O .2H·2Sl-o7 
O,t',PlZe.£.-(4 
o .1!:1£.£!£ r:o 
(1 • •; 9 c' ., 1 [ (1() 

0 .1:1~.•9';~[ 0 0 
o,1coool 01 
O,lC(JOOE. 01 
0, 1(,00 0 E 0 1 
o.tfooot 01 
0 • lf· li (1 Ct C O l. 
o.1oooct 01 
0,l(l0f,O[ 01 
o.1nooc,c l'l 
o.1oonor tl 
o.10000E. 01 
o.ltOCJOE 01 
O,HOllCt 01 
0.10000[ 01 
u.1cooor. 01 
o.1cc,oot c1 
o.1r,O(iQ[ Cl 
0 • 11: 0 OU E O 1 
0 • lr! O O OE O 1 
0,1(,000( 01 
o.1roccr_ 01 
O,l()CiOuf 01 
0 1 1( 0 (I Of ('I 1 
Cl • lf'. 0 C O [ 0 1 
c. u. u o or o 1 
o.1nr,(JOl Cl 
o.1r.onut 01 
o.1rLOOl 01 

FAR f-M!Gl HI Fl, PF : 
ulAM LlVFI-G,11\1 ··Hr·D,Sl',Mh2: 
xrIT.AP[Hl.OIA.TN IN,,O = 
F,;t:C, et LI ·. IfJ . Mf I\C,SGMfll : 
Jrl,AGl O1!-,lf,.tJCf. n : u~ .. P : 
H,lJ[X Of E !:FH ACT I GN, f ' : 
BlKII.Jl HG~·T,FAl~,H: IN.,rff: 

F-2 

~5.0 
0,:)0 
0.30 
O.!"ili 

o.!-61n.~j 
1 • ! ~ l 

0 t O ( ( I (I 



0 

24.()0 
~5.nn 
2 6 .(· C. 
27.C'U 
2F •('In 

2CJ. r· n 
30. 00 
.31. (10 

32.PO 
33.r,n 
3 11. PO 
35.00 
3 (:. . 0 () 
37.00 
3A.('n 
J9.no 
40.c,o 
41.rn 
42.(10 
4i.ro 
,, 4 • 0 0 

i+s.n.o 
46.no 
41.nn 
4l'.rn 
,,c;.oo 
5<'.00 
51.00 
b?.rn 

// XEQ P'8H 

!J.500L 00 
n.r1n nn 
1) • 5 (, 7 £: tl 0 
\J • ~ 9 2 l C• C 
0 • ?. 5 14 l fl (l 

l) .l !-: 1L. C 0 
·) • C 2 ?E - iJ l 
O •-. 1 (I[-(, l 
OelfJ~iL-Ol 
0 • 7 ?. t; l - r ;, 
i-, • ? 2 {i [ - (J ;.; 

0 • ~0 9 l:. -IE 
[) ef: CJOE.-OL, 
o.~9',E-nL 
o.ooOE. on 
,J • O O fl l o li 
O.OUUl 00 
O.OOUl 00 
0. (JUOt. 0 e 
o.ooOE:. oo 
CJ.OOUt CJ li 
O.OOUL 00 
O.OOOL CO 
o.ooot oo 
O.OOlll OC 
O.OCIOL 00 
o.ooot oo 
o.oooc 00 
u.ouoL oG 

o.1c,occr 01 
O.l r:(IGOE. 01 
o.1rrcor c11 
U • '; ~ t ,1 '.l S [ (' 0 
(, • Si~ ? 7 !: f r, 0 
o. ? 1:~3~~ E ()0 
0 • l ::· l. (, 4 f - r, 2 
c,.t7?~tif.-o5 
(J • u : fi ~ '• [ - ()7 
0, 7?1 ,:: f.uE -O A 
(1 .,:( 7~ Sf-Ob 
0 ,l f5 '.l f. f-C0 
0 • 'l.r c_· q 7 F - (i fi 
u, 1, .. -,41r -r1,:i 

o.1r7~:'. 7E-rw 
o.1r1:.111r.-oe 
O.l ( 7 :S 7[-CU 
0,1 C,737E-C 8 
o.1 c-,~ 1r.-0 3 
lJ.l t 7:-nr.-c,B 
0 • l C'. 7 :n I: - C £; 
O.H.7~7E.-0£1 
0.11. 737f•OO 
o.1 ( 737t-oa 
O.l f 737f-O J 
CJ.1'.,7 Z7E-Cd 
O,H 7~7E-oe. 
o.1f737E-ra 
(1.1(737[ -GO 

l 

' I ., 



J 

- ­ ' 

l\iEI\R Rt\fl'~E H~ FT, l ·: f\ : l!:.O 
XMIT.nrri . • H. r'.R,,r..rrtlt, = lO.rJ 
MU T • Pl II R I l ~ n : "0 , Sr; i' , /\ ~ : 0 • f l. 
R EC • E L E' V • F lF. L ) If'.. i-~ r: id , r' S 1 : ;: 3 • 3 
FOC~L 1.rr-Gll lN IN. ,r = 2.~!3(' 
HEC.ti.PrPT.~~HT 1'! Ir ,.,yr,l\x: l.12t 
8 It<H'I ► ' C"tl1, ' J [ Al i .IC : lL.,HfJ :•l,C•3~l 
BASlLINr I~ I N., A= l.Oc 
SIG~Jr..L-T0-t•filSE F. f.TIO,sr~ = ;( ,HO 

HJ\t-!G[ t< 
IN FT 

13.?:0 
13.40 
13.!:0 
13.(,n 
1.3.70 
13.fO 
1~. ~('I 

l'f.00 
l'f.10 
l'f.20 
1 Cf• :30 
llf .'fO 
lit.SO 
llf.60 
l'f.70 
1'+.eo 
l'+.~O 
1s.oo 
15.10 
15.20 

• ·1s.~o 
:..5.40 
15.50 
15.f0 
15.70 
15.~0 
15.~0 
16.ClO 
17.l"O 
1e.oo 
19.00 
20.00 
21.l'0 
22.00 
23.(10 
2'+.0C 
25.nO 
2f.no 
21.r.o 
20.r.o 

hl.L ., 1 JV[ 
St r'J SilJVITY l 

o.65CJE-Ol 
o.ec!.il-01 
0.114l fJO 
o.t42f.. oo 
O. l 71i [ O 0 
0 • 20 ;Jf. 00 
o.2'4~.E oo 
o.2i.14E OL 
0 • 32!iE oc, 
o.3H~r oo 
o.t+llE no 
0.4~5[ OU 
o.490E. oo 
o.si+or: oo 
o.~01c nc 
0.62U.: CiO 
o.658E 00 
o.69~E no 
o.73~E oo 
o.777E oo 
o.at5t oo 
Oe84':1E 00 
o.aeor oo 
O.CJ07E 00 
o.930E ou 
o.CJ50t oo 
o.c;67E oc 
o.CJaoE.. ni 
O.lOOE Cll 
o.100L 01 
O.lOOE. 01 

·o.lOOl 01 
O.lOOE 01 
0.100£ 01 
O.lOOl lll 
O.JOUl 01 
O.lOOE Ol 
o.100[ C,l 
o.tOOl OJ 
o.100E 01 

PRO f:/,1: .or 
or 1 f. cT ro~, 

O .1 !: (,~t+[--03 
O • 2 11 l·= o ~ E - O ;: 
0 • 2 7 0 (. 5 t: .. 0 1 
o.l<-6f.6E (10 
0 • 5?.597£ co 
O.l.lf9 22E 00 
o.9r~95E 00 
o.~'194t:t (lo 
o.':1~9~•<;,f oo 
0,9C:'1 l:- ~[ 00 
o.lr00oE 01 
o.1roooE. 01 
o.lCOf!O[ 01 
O.ltOCOF. Cll 
o.1r.ooor. 01 
0.1(1000( 01 
O.lOCiClO[ 01 
0.10000[ 01 
0.10000[ 01 
o.1r•Ci00E 01 
0.lC!0O0E 01 
o.1r-ooot 01 
o.1coooE 01 
u.1cuc,cc 01 
O.lr.OfJOE 01 
o.1oooor. 01 
O.lriOOCiE 01 
O.l.r·OOOE 01 
0.lG0(!0E 01 
O.ln.OCtOE 01 
o.1coooE 01 
o.H!OOOE 01 
o.inonoE 01 
O • 1(, li O OE O 1 
O • 1(, 0 C: 0 f. 0 1 
O • lrl O O O l O 1 • 
o.1roooc 01 
O.llliOOF: C11 
O,lt'lJOC,E 01 
o.1rouoc 01 

F~R H~~G[ IN FT, ~F: 
Hf\M Ulvtl,r. .JN P-r-l/1(),~F ,"1(\c'. = 
X~IT.~Pl~l.OlA.TN IN.,O: 
klC. 6LU~ IN MR~O,SG~Al: 
Jl"/\Gl n1sTM~tf- Tf.l Jr..t. ,P : 
H ·DE X OF FCFHAr. T J OtJ, r. : 
t-' J KIN l h(+ T, F J\t, , H '. U~ • , RF : 

F-3 

so.u 
o.so 
0 • '.10 
o.:io · 

2.?5P.4't 
1.~nl 

a.or.or. 



29.~0 0.100c 01 o.1coooc 01 

30.ClO O.lUOL 01 0 • l.C Or, Ot OJ. 
31.rn O.lOOi:.. 01 0 • l n O l1 li l 01 

u 32.(l'l o.1oot: (J] o.u1 or,oc 01 
33. (10 0.100[ 01 O.lC Ul:Of. 01 

3'1 • on 0.100[ 01 0 .1 (1 (, 0 (I[ Cl 
35.oo o.100E ul 0 • 1(10 COE (1 1 

3£, • 00 U.lOOl Gl 0 • l C CJ (1 Ol Cl 
37.no 0 • 100[. Ol 0.1(10 00C 01 
30 .CP 0.1001:: 01 O.lflOCOl . 01 
39. (!0 O.lOCl[ 01 o .1 r, u n (· E 01 
lio.ro 0.100[ C'l o.icooor_ 01 
41.ro 0.100[ 01 0.1.r,tCC,F 01 
42.nn o.1oor: 01 O • H 1 O l l G f. Cl 
43.no o.C359E 0 r, O.lr- OC10f. Cl 
(l I♦• (1 (l (l.99CJE. 00 O.HOl'C[ 01 
If 5 • 0 0 0. ':39~[ (j L O.HLOO[ tl 
46.(10 Ct.97flf or u.11 OO(IE 01 
'47.oo 0. 9 1♦ 9[ OC• O • 1 c Ci Ci Ci E 01 
qe.co 0.907t. (l (, o.1n.: c,0 £ 01 
4'3.(H) o.e54E (I(, o.1eiooot 01 
50.00 c,.79!f[ 0 (, o.ir.ocor. 01 
51.0fl o.6a~E no ll,.lrOOOE 01 
52.on. 0. 5(!2[ 0 Cl o.1roor:E 01 
53.00 o.4eot:: 00 o.1ooovf. 01 
54.0(l o.'+03E 00 0 • 9~,9~5[ 00 ' 
55.00 o.32~E CJ (1 0 • •)~59~[ co 
56.00 tl •?. 6 4 E. 00 0 • Sc;•r. 7 ;:[ 00 

57.oo o.21nt oo 0.8f-0:'J8[ 00 

51'.no u.16ct:: OC· 0.'+25t;7E 0 (I 

59.(!() 0.131[ (J (, 0.8730'♦ [-01 

t>0.00 o.lO~l 00 0 • ~ f: 3f, 5 E .. O 2 

61.0C O • 7CJ 1tE-o1 0.9770b[-03 
62.oo 0.611£-ol o.eu;cof.-oat 
63.00 o.lf65t.-ril O.~CA~,(f.-05 

61f.00 0.351E.-ol u.1352'fE•05 
65.0(l o.2G1E-ol 0.2737£.E.•OE-

\ 

66.00 o.1c,1£.-01 c,. 71,f;f.l;E-07 

67.00 0.137f.-Ol o.;.ir-6e~t-o7 
Ge.on o.972L-n2 0.120,.i+r-01 
69.('-0 ll.672l-OiZ 0. (,(- 0'4-l)[-06 

10.00 0.l.l53E:-Cl 2 O.4,' 4OC.[•Ob 

71.00 o.29i:i[-02 o.3CJO~ot-oe 
12. r.,o 0 .18ll E..-02 O. 24E:f, ll•08 
7~.oo o.114r .. o~ o.~1192t-oe 

1 •• • r. (I o.G6tl-o~ O.l~l~lt-(16 
7~ 1 ( l Q O. 36H.-n3 o.1ro31t-oe 
76.CO o.1e3t-o3 o.17.3t -c.t-oe 
11.no o.e47E-n'-+ o.11033t-rA 
7~.oo o.~-.ot-0 1+ 0. lf i!,(it -Gb 

79.no o.111t.-o'+ o.ir:77lr-oo 
80.(l(l n.2ri3t-o~ o. H . 7'+c.t-oe 
a1.co o.27~[-u6 0 .1( 7 ?,ff.-('18 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148
	0149
	0150
	0151
	0152
	0153
	0154
	0155
	0156
	0157
	0158
	0159
	0160
	0161
	0162
	0163
	0164
	0165
	0166
	0167
	0168
	0169
	0170
	0171
	0172
	0173
	0174
	0175
	0176
	0177
	0178
	0179
	0180
	0181
	0182
	0183
	0184
	0185
	0186
	0187
	0188
	0189
	0190
	0191
	0192
	0193
	0194
	0195
	0196
	0197
	0198
	0199
	0200
	0201
	0202
	0203
	0204
	0205
	0206
	0207
	0208
	0209
	0210
	0211
	0212
	0213
	0214
	0215
	0216
	0217
	0218
	0219
	0220
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