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AB S TRACT

9 A supporting research program was initiated at Frankft--td Arsenal

to examine a esapon system concept, known as POLCAT, vw!ch utilizes semi-

active homing and terminal projectile control. The ultimate objective of

this work was to demonstrate the futctional feasibility of the POLCAT

system by firing projectiles from a gun and correcting their trajectories

Into an illuminated target by operation of projectile gaidance and control

elemnts.

This Information serves to support current work being conducted by

Frankford Arsenal in the development of weapon systems which utilize semi-

active homing and terminal projectile control.
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1.0 INTRODUCTION

In December 1960, a program was initiated at Frankford Arsenal with

the purpose of demonstrating the fwuctional performance of a weapon system

concept known as POLCAT, Since this program was undertaken as a consequence

of prior supporting research activities, a sumnary of the early POLCAT work

is presented.

The POLCAT concept was originated during a study (i) that investigate'l

the feasibility of applying post firing correction techniques to a pro-

jectile in order to increase the long range accuracy of recoilless anti-

tank weapons. The application of POLCAT proposed that targets be illumi-

nated semi-actively to establish a homing link, and that the projectile in-

corporate a frame fixed target seeker for guidance and impulse steering for

control. The results of the initial feasibility study were deemed to be

sufficiently promising such that a series of supporting research efforts

were conducted to examine methods for implementing the POLCAT concept.

Analyses and tests (2) (3) established that impulse control offered

an effective technique for increasing the accuracy of gun systems (pro-

vided the honing link functioned as intended) and could be developed as a

practical and a reliable means for correcting projectile fligbt path.

Studies and field tests (4) (5) were conducted to determine the require-

ments for target seeker design and the effects of the tactical environ-

ment on guidance performance. Further, studies (6) were made considering

the application of the POWLCAT concept to other weapon system require-

ments.

-1-



While the technical objectives of this work were limited, the

nature of the results served to enhance the interest in the possible

application of POLCAT to the requirements of the Infantry Heavy Assault

W-apon - Long Range. It was recognized, howeYmr, tbat the critical

questions of system feasibility remained and that a conclusive demon-

stration of system performance was required before a POWAT weapon

devolopment program could be seriously considered. Accordingly, the

aupporting research program described in this report was initiated by

Frankford Arsenal.

1. 1 PROGRAM OBJECTIVE

The aim of the program was to demonstrate the functional performance

of the POLCAT concept by conducting a series of range firings with a POLCAT

"demenstration" system_: The flight test plan prescribed that a projectile

be fired from a gun and its trajectory., then, be corrected into an illu-

minated area of a target by the integral operation of the projectile

guidance a.nd control elements. While it was not required that the firings

be conducted under quasi-combat conditions or that the test projectile

incorporate a warhead, the task (f developing a POLCAT demonstration system

was a formi&•dr.e one. No flight hardware suited to the requirements of

the contemplated test program had been developed by past alupporting research

efforts. Further, a complete underetanding (if the phenomeua which vere

to significantly affect hoing link design vws lacking. As a consequence,

the supporting research program was directed toward the generation of

basic design and experimental data as well as the development of flight

hardware for the demonstration.

-2-



1.2 SCOPE OF REPORT

The material presented herein sumiarizes the analyses, design

studies, and tests of the POLCAT supporting research program that was

conducted in the period of December 1960 to October 1962. In order to

provide a more complete treatment-of semi-active homing, as utilized in

the POLCAT concept, these data were augmented by additional analyses and

design studies that were performed during the preparation of this report.

The following section, 1.3 Sumzary, outlines the major achievements

of the supporting research program.

Section 2.0, System Concept, describes the general operational and

functional characteristics of the POLCAT concept. This section was pre-

pared, specifically, for those readers who have had no previous exposure

to POLCAT.

A complete design description and analysis of the POLCAT demon-

stration Eaystem is given in Secticn 3.0.

Based on what bad been acc=plished in the supporting reaearch

program, the status of the POLCAT technology is evaluated in Section 4.0.

Finally, a companion report "Design Data Supplement - POLCAT

Supporting Research (Dec. 1960 - Oct., 1962)" has bee prepareA containing

those data considered significant, but too detailed to inclade in this

report. The Design Data Supp1rment contaJns detail design drawings,

test equipment design specifications, and component test and inspection

procedures.

Reports by the following organizations prcr-ided the primary data

sources for this report:



Arthur D. Little, Inc. (under contract to Frankford Arsenal)

Ballistics Resea-ch Laboratories, APG

Bulova Research and Developrient Laboratories, Inc. (under contract
to Frankford Arsenal and BRL)

Frankford Arsenal

TILts report and supplement were prepared by Techhical Analysis Group, Inc.,

under Contract No. DA-36-038-AMC-969(A), in conjunction with Frankford

Arsenal.

1.3 SUMMARY

The primary objective of the POLCAT supporting research program

(December 1960 - October 1962) was not attained. The inability to demon-

strate POLCAT functional performance w.as due to budgetary limitations

rather than technical difficulties. However, a useful and substantial

body of design and test data were generated. These data include

(a) Aerodynamic and structural design characteristics of a l20mm test

projectile, (b) design and performance cheaacteristics of a control unit

(pulser) capable of delivering an impulse of 20 lb-sec, (c) design and

performance characteristies of a target seeker capable of operating after

being subjected tL an acceleration of 10,001) g's and (d) measurewenits

of target reflectivity. These results have gZreater significance at the

present time than when the program was curtai-ed. With the development

of laser technology and the proposed developw-nt of a laser illuminator,

the application of semi-active homing is once again being eveluated by

-4-



Fr& o'@d Arsenal in the LASH program. Since the LASH systam concept is

uiala r to the POWM conept, the ultnmate uinificance of the POLCAT

omppirtlig research program ill be determined by it. usefulesa to the

current LASH effort.
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2.0 System Concept

The POLCAT concept was conceived, and its application as an infantry

antitank system evaluated, during aperiod when the efforts to increase

the long range hitting capability of these weapons -ere limited to two

basic developmental approaches: increasing the fire control accuracy and

muzzle velocity of gun systems; and the development of cormmand, wire guided

missiles. The increased effectiveness of gun systems -ras accompanied by

an increase in system weight and was limited in nature, since the randm

errors of projectile flight remain. The limitation precludes the fulfill-

ment of high first round probability of hit requirements at long range by

conventional gun systems.

While the cormmand guided missile system offers a direct solution to

the problem of accuracy at long range, it has also presented the problems

of increased weapon cost and complexity.

Conceptually, all cormmnd gidance techniques possess t•ro undesirable

c~haracteristics: 1) accuracy" decreases with range, and 2) the neet -o re-

late the earth referenced coordinate system of the conzaand transmitter to

the missile referenced coordinate system- Df the receiver. "he basic sim-

plicit,- of the POLCAT concept can be attributed to tbe use -f semi-active

horing for gdancc.

PrLCAT utilizes a terminal correction concept that combines the capa-

bilities of pred&cted fire control and self-contain+•nd projcc-tile guidaare

ý-nd control.

Ninthin this concept, the primary function of predicted fi re control is

4 establish relatively accurate projectile trajectories. "'Aile this accuracy

-7-



Sis insufficient to obtain the desired hit probability at long range, it does

I restrict projectile miss distance enough to permit the use of simple, almost

J:j crude guidmnce and control components to effect terminal correction of the

projectile flight path. A significant aspect of the POLCAT concept is that

it is possible to apply it to all gun systems that rely on predicted fire

in defeating tank type targets. The following discussions present the func-

tional characteristics of the POLCAT concept (Section 2.1) and a definition

of the basic elements that constitute a generalized POLCAT system (Section 2.2.).

2.1. Functional Description

The terminal correction to projectile flight path is achieved by a

i frame fixed target seeker for guidance and a single impulse for trajectory

control. Projectile spin is induced at launch, and wAintained during flight.

Since the target seeker is fixed to the projectile, the scanning function of

the seeker is generated by offsetting its instantaneous field of view from

the axis of the spinning projectile. See figure 2.1-1.

Operating as an angle measuring device, the seeker is required to

determine when the angle, between the projectile longitudinal axis and the

LOS (line of sight) to the target, has reached a mgnitude that indicates

an impending miss. This situation oc,.rs dovmange, relatively close to the

target, where the LOS angle diverges rapidly if the projectile is destired

to miss the target. An illustration of the variation of LOS angle for hit

and miss trajectories is given in figure 2.1-2. By selecting a specific

LOS angle for trajectory correction, the steering law of the projectile

guidance and control system is established. If this pre-selected angle is

not generated during flight, a hit on the target occurs. The guidance and

S~-8-



control system will function only if the projectile is destined to miss the

target.

if the projectile is destined to miss the target, the I.C^ angle will

Increase, and at some point along the trajectory it will equal t1,e pre-

sel,!cted scar. angle of the seeker. At that point the seeker senses the

illDminated target in its field of view and initiates the impulse control

unit (pulser). The pulser has a fixed orientation relative to the seeker,

21) 0so designed, that on receiving a fire signal from the seeker, it delivers

a single impulse in the desired direction, to correct projectile flight

toward tVe target. The pulser generates a force that is impulsive in

nature so that the projectile flight path change is achieved, for all prac-

tical purposes, instantaneously.

The basic function of the POLCAT guidance and control system is to

convert an impending miss on a target to a hit. Thus, the effective im-

provement in hit probability of the weapon system is obtained by increasing

its probability of hit at the longer ranges as shown in figure 2.1-3. At

shorter range, where a gun with its predicted fire control system can bit

a target, the frequency at which PDLCAT guidance and control system will

be required to function is low. This is a significant advantage of the

POWIAT concept since a malfunction of the guidance and control system does

not represent the loss of a round but rather the reduction in probability

of hit to that of the basic gun-system.

?. 7= -MT . of 111M.A'! SYr¶"M

¶he basic elements of the POLC.T system are: the gim, the fire control

system, the target illuminator, and the projectile incornorating the required



r
guidance and control components for terminal trajectory correction.

The Mg need not be defined because its use in the POICAT application

does not require any modification in design, performance and,/or use, pro-

vided the gun diameter be a: least 105 m. While the previous work has

f: been primarily concerned with the use of recoilless rifles., the POOIZAT con-

Scept can utilize closed breech guns with equal effectiveness.

Similarly, the fire control system need not be defined. Previous

POLCAT systems analyses have considered the use of sub-caliber spotter

rifles and conventional tank optical fire control systems. it was shown,

however, that the ability of a POLCAT system to maintain high hit probabi-

lity at extended ranges is dependent upon the accuracy performance of the

basic gun-fire control combination.

The target illumineotor irradiates the target with a narrow, modulated

beam such that the reflected energy from the target is of sufficient inten-

sity and discrete character that a reliable guidance signal is established

for the projectile seeker. Previous applications of the POLCAT semi-active

homing technique utilized are discharge lamps as an illuminator source.

Sinne then, the laser illuminator has been considered to be the most prac-

tical means for generating a homing link. The narrow band spectral radia-

tion of laser illuminators is the characteristic from which improvement in

homing link performance is derived

he POLCAT projectile is fin stabilized, relying on gun rifling to

generate an initial roll rate. A near constant roll rat* is maintained

throughout flight by beveling or canting the projectile tail fins.

The seeker optics, detector, and electronics are located in the pro-

-10-



jectile nose. The instantaneous field of view of seeker is offset from the

projectile longitudinal axis thereby establishing an annular scan pattern

as the projectile spins.

The Elser is incorporated within the projectile so that its thrust

axis passes through the center of gravity and -normal to longitudinal axis

of the projectile. The impulse rtquired for control i, generated by the burn-

ing propellant in the pulker chamber. The burning and discharge of the pro-

pellant occurs in a sufficiently short time period so that imnulsive force

is delivered to the projectile inducing instantaneous flight path change.

From this general description., the report now proceeds to a detailed

discussion of the POICIO :oncept and its implementation.

-11-
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.0 System Design

This section presents results of the program that was undertaken to

develop a test system capable of demonstrating the function-,. performance j
of the POLCAT concept. A program plan was adopted which took cognizance

o- the limited resources available for execution of the contemplated flight

tests. ft the outset, it was etablished,

(a) that the demonstration would not atterst to
simulate tactical performanee at ma.,'tm'un
target ranges or under quasi-combat rconditions;

(b) tha' the existing M.M89 recoilless rifle would
be used for testing, and that the T149 rro-
Jectile would be modified for test purms~es
rather than develop a new round;

(c) that the design goal for pulser develcmvrnt be
limited to 25 lb-sec impulse.

Accordingly, analyrses., design studies, laboratory tests. end field

tests were undertaken to develop the necessary fl.ight hardware, and to

generate operational and fi&Ld data esvential to the successful evtcution

of a firing program.

Oection 3.1 presents the results of the aerodynamic design and test

effort, and an estimate of the projectile flight characteristics.

lection 3.2 gives tVe structu-al design and an%.1ys.s of the vo'A ifted

XM,19 projectile.

Ce-tion 3.., Control, describes the design studies and tests that were

performed in the development of a 25 lb-sec pulser.

Section ;.A, Guidance, presents a thorough analysis of semi-active

homing link performance. Further, it describes the designs of the seeker

and illuminator, and the tests that were conducted to qualify theSe equipments.

-15.-



3.1 AEODYNAMICS

The objective of the aerodynamics effort was, specifically, the

development of an experimental or test projectile for use in the flight

test demonstration of the POLCAT concept. While the test round would not
1

possess the characteristics cf a tactical rnund, it was required that all

the basic elements of guidance and control essential for tactical use be

incorporated within the test projectile.

The aerodynamic develoment effort consisted of two primary tasks:

design and test. The nature and scope of tasks are described in Sections

3.1.1 and 3.1.2. Based on the results of this work, an analysis was con-

ducted to provide an estimate of 6crodvramic performance. The expected

flight characteristics of test projectiles are given in Section 3.1.,.

Finally, a sna•ry of the overall aerodynamic effort including spe-

cific recoamendations for future development work is presented in Section

3.1.4.

The aerodynamic notation used throughout this section of the report

is given in Table 3.1-1 which also provides equations relating aerodyna-

mic and ballistic coefficients.

5.1.1 Aerodynaaic Design

The scope and the nature of the aerodynamic design effort was esta-

blished early in the program when it was decided to adapt an existing

projectile to the needs of the contemplated flight test demonstration

rather than attempt the development of a completely new round. This de-

cision was quite practical since the objectives of the flight demonstra-

tion could be achieved without incorporating a warhead in the test pro-

-16-



Table 3.1-1 Aerodynamic Notation

C drag coefficient, Force

Force '
CL lift coefficient, -orce

CL variation of lift coefficient with angle of attack

Moment
CM pitching moment coeif"!e ient, qSd

C variation of pitching moment coefficient with angle of attack

CM + CN. Pitch damping coefficient

CN normal. force coefficient, Forcqs

MomentC1  ".aLt.ag moment coeffient, qSb

C1  " damping coefficient
p

C1 , tarietion of rolling moment with fin cant angle

b span of projectile fin

A-projectile diameter

W xroiectile mass

?MAch number

dynrmic pressure, 1/2-V

p roll rate

S projectile frontal area

V velocity

a angle of attack

e pitch angle

roll angle

S fin cant angle

5b fin bevel angle

dcensity of air

/ -17-



Table 3.1-1 (continued)

Since considerable reference is made to ballistic literature, the relations

between the aerodynamic and ballistic coefficients of interest are listed.

below.

2) C
KD = (S/2d2CD

1c. , (S/2d 2) CL
La

S= 
(s/2d 2 ) CM

=CA (S/4d 2 )(C + Ca)

K, = (S/ Cp

These equations are based on the use of projectile 4I•,+r and front&l

area as characteristic length and area, respectively, for aerodyn!mic

notation; projectile diameter and the square of the diameter as charaot-

eristic length and area, respectively, for ballistic notation.

-18-
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jectile. As a consequence, an existing projectile could reasonably

accoodate the elements of guidance and control after its warhead had

been removed. I

An aerodynamic design study of the 120m XH41 9 round was subse-

quently undertaken to determine the nature and the consequences of the

modifications required for conversion to a POLCAT test projectile. These

modifications included:

(a) the replacement of XM419 nose assembly
by a seeker head;

(b) the introduction of cant or bevel to
the XMI19 tail fin assembly to induce
a constant projectile spin rate through-
out flight.

It was recognized that modification of nose shape would establish drag

characteristics considerably different from those of the XMI19 round.

However, no great changes or difficulties were anticipated relative to

the pitch stasility of the test projectile.

Any increase in projectile drag would be due primarily to the seek-

er optical configuration. The selection of an optical design, however,

had to be based on optical performance and structural requirements as

well as aerodynamic considerations. The actual optical design that was

chosen did, in fact, ccomit the test projectile to a blunt nosed configu-

ration; the degree of bluntness being a function of the size of the

seeker aperture. The POLCAT test projectile shown in figure 3.1-1 re-

flects the final decision relative to a nose shape which provided the

maximtu possible aperture and the acceptance of higher projectile drag.

This decision was made after a drag analysis had indicated that thv

-19-
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expected increase in drag would not be inordinately high. (This expecta-

tion later proved to be "inordinately" optimistic.)

[ Fulfillment of the requirenent of providing constant projectile

I spin rate throughout flight involved problems of both aerodynamic design

and tail fin fabrication. The aerodynamic design problem consisted of

selecting the correct tail fin cant or bevel angle so as to maintain pro-

jectile spin rate within limits acceptable to the functioning of the gui-

dance and control system. The question of whether a desired fin cant or

bevel angle could be machined with sufficient accuracy and not distorted

in the gun tube during firing was not examined extensively. However, a

limited investigation favored the use of fin bevel rather than firn cant.

At the time the aerodynamic design study was initiated, the most

useful experimental data available had been obtained in wind tunnel tests

j, of the XM419 round. These data provided estimates of drag, lift, and

pitch stability only. No information was immediately available relative

to roll damping or rolling effectiveness. The following discussion de-

scribes the methods t;At were used to estimate the d-ag., pitch, and roll

characteristics of tne test projectile.

3.1.1.1 Drag

The technique for estimating test projectile drag coefficient util-

ized the available wind tunnel data on XYhI9 round (1). First, an ana-

lytical drag build-up for the XM'Jd9 round was performed that matched

these test results. Once a satisfactory match was achieved, the same

drag build-up method was used to obtain test projectile drag coefficient.

Since the only external difference between the XM419 and the test projec-
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tiles was nose shape, the drag build-up only had to be modified for the

nose pressure drag. In performing the drag analysis, the following con-

ditions were assumed:

(a) completely turbulent boundary layer.

(b) standard NACA sea level density (for
Reynolds number).

(c) drag due to lift is negligible in
ar.gle of attack range of interest.

The drag build-up accounted for skin friction drag, nose pressure drag,

afterbody pressure or boattail drag, tail fin pressure drag, and base

drag of the tail boom and fins.

Skin friction drag was calculated using the average okin friction

coefficients given by the extended Frankl and Voishel analysis for a

turbulent boundary layer (2). In the computation of skin friction, the

entire body length, including the boom, was used as the characteristic

length of the body whereas the mean aerodynamic chord of the tail._-as

used as the characteristic length for the fin.

The nose pressure drag coefficient of the VMI19 round was estimated

analytically by applying transonic similarity techniques (3) to free

flight, test data (4). Nose pressure drag coefficients at the higher

supersonic Mach numbers were obtained from the Taylor4-accoll conical

flow equation. Me nose pressure drag coefficient of the blunt nosed

test projectile was estimated directly from experimental data (5).

The afterbody pressure drag coefficient was obtained from wind-

tumnel data in the subsonic and transonic range (6) and by the second-

order theory of Van Dyke at supersonic Mach nm'bers (7).
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The estimation of tail fin pressure drag coefficient was obtained

by an analytical method that applied transonic similarity techniques to

the determination of the pressure distribution over non-lifting airfoils

(3).

The base drag coefficients for the tail boom and fins wer'• obtain-

ed from existing compilAtions of test data (8-11).

The variation with Mach number of the total drag coefficient of

the test projectile considering the sources of drag described above is

presented in figure 3.1-2. The experimental data for nose pressure drag,

afterbody pressure drag, and base pressure drag, used in the drag build-

up, are given in the Design Data Suplement.

3.1..2 Normal Force and Pitching Moment

Estimates were made of the normal force slope coefficient and the

pitching moment slope coefficient nf the test projectile using the same

general procedure that was followed in the estimating drag coefficient.

Experimental data were utilized to estimate the normal force and center-

of-pressure of the tail assembly, boattail, and nose of the XM419 round

(1), (12), (13). The experimental data were extended by appropriate

similarity techniques to obtain an estimate of the change in normal force

and center-of-pressure location caused by the blunt nose of the POIEAT

test projectile.

The estimated variation of normal force slope coefficient and pitch-

ing moment slope coefficient with Mach number is given in figure 3.1-3.

For the purposes of the subsequent performance analysis, an esti.-

mate of the coefficient of damping-in-pitch was made from experimental
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data (14i-18). A value of (C~y C*~) of 2. 0 per degree,. constant over the

Mach range, was selected. This estimate caot be considered reliable in

view of the lack of test data directly applicable to the test p. ojectile.

3.1.1.3 Roll Deping and Rolling Effectiveness

Since test data of roll characteristics of the XM4I9 round were

not available., an extensive design stuly was aondcucted to datermine the

roll damping moment and rolling moment due to tail fin cant of the test

projectile. The study of these characteristics included the application

of existing theory and the correlation of experimental data.

The theoretical estimate of roll damping moment coefficient (CIp)

was obtained using subsonic and supersonic thin airfoil theory (19-21).

The estimate based on test data (22,23) was obtained after these data

were normalized with respect to transonic similarity parameters to ac-

count for the effects of aspect ratio, thickness, sweepback and aero-

elasticity. The results of the analysis are given in figure 3.1-4. In

view of the limitations associated with the theoretical determination,

it was decided that the value based on the test data be used in the anal-

ysis of test projectile roll performance. The estimated value of -. 139

for Clp applies to a pair of tail fins where damping moment is expressed

as,

S= Clp(qSfb)(pb/2Y')

where n = number of fin pairs, Sf = area of a fin pair (ft 2 ), b = span

of fin pair (ft), and p = roll rate (ra&/sec).

In the case of the XM419 round or the test projectile, the span of

-23-



z

a fin pair (b) equals projectile body diameter (d) and the number of

pairs of tail fins (n) eomtals 3. The table below gives the effect of

number of fins on d-tr.ping coefficient as determined from test data

(22, 23).

n Clp(/rad)

2 -. 139
3 -. 129
4 -. 119

S6 -. 099

The estimated value of total damping coefficient, (C4 ) based on pro-

jectile frontal area (S) is -. 277 (/rad).

C =n Cl(Sf/S)

The rolling moment coefficient (C!6 ) was estimated by determing

the lift curve slope coefficient of a tail fin pair and. then, convert-

ing to rolling moment coefficient. The estimated values based on theory

(24) and test data (25-27) are shown in figure 3.1-4. In the subsequent

performance analysis, the estimate of rolling moment coefficient based

on test data is used.

Rolling moment due to fin cant is defined below.

L6 = n6(C! 66)(qSfb)

!where:
n6 = number of canted fin pairs

6 = fin cant angle (rad)

Using this notation, the steady state roll rate is expressed as,

p =. (n6/n)CCl6/Clp)(2V/b)6

.• -2k-.
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3.1.2 Aerodynamic Test

The plan for qualifying the design of the POICAT Zzst projectile

defined a oeries of wind tunnel, spark range, and field tests which

would assure fulfillment of the aerodynamic requirements during the

flight test demonstration of the POLCAT concept. At the time the plan

was formulated, it was recognized that the full test program could not

be accmplished within the available resources of, the overall program.

An aerodynamic test program was undertaken that was consistent with the

immediate objectives of the program; namely, to obtain initial test

verification of aerodynamic design effort described in the previous sec-

tion. Thus, the wind tunnel tests that are described in this report re-

present only the initial phase of the aerodynamic test program that was

contemplated.

Based on the test projectile design that had been established,

wind l•unnel models were constructed and two series of tests were con-

ducted to determine drag, lift, pitching moment, and rolling moment

characteristics.

3.1.2.1 Description of Wind Tunnel Tests

Supersonic tests were conducted in the Supersonic Wind Tunnel Num-

ber 3 at the Ballistics Research Laboratories, Aberdeen Proving Ground.

Data were obtained at Mach numbers of 1.36, 1.58, and 1.78 using a one-

third scale model. Maximum body diameter of the model was 1.71 inches

and its axial moment of inertia was 0.81 lb-in2 . Despite the reduced

scale, reflected shock wave impingement was encountered when testing at

Mach number equal 1.36. Hence, some doubt exists as to the accuracy of
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data o;btained at this condition. Static tests were conducted of the mod-

u
el with three nose sections providing nose cant angles of 0, 2.0, and

3.5 degrees. Measurements were taken of normal and axial forces, pitch-

ing moment, and base pressure. After the static tests were completed, a

series of tests were conducted with the model mounted on a spinning sting

to determine roll damping characteristics and rolling effectiveness in-

duced by beveling the leading edge of all the tail fins. Data were ob-

tained with a 15 degree bevel, a 45 degree bevel, and a 90 degree bevel.
i

Transonic tests were conducted in the 8-foot transonic pressure

tunnel at NASA Langley Research Center. Data were obtained in the Mach

number range of 0.7 to 1.2 using a full ;scale model. Static force and

moment measurements were made at a stagnation pressure of 1 atmosphere

and a stagnation temperature of 1200 F. Roll damping measurements were

made at a stagnation pressure of 1/4 atmosphere. Static tests were

conducted with nose cant angles of 0, 2.0, and 3.5 degrees. Spin dyna-

mics tests were conducted with the uncanted nose and with the leading

edges of the fins beveled at 15, 30, and 45 degrees.

3.1.2.2 Test Results

The results of the transonic and supersonic tests were consistent

and exhibited a smooth transition between data from the two tunnels. In

addition to presenting the combined results of the two test series, the

test data are compared with the estimated aerodynamic coefficients de-

scribed in the preceding section. The comparison is significant in re-

viewing the Aerodynamic Performance, Section 3.1.3, in that the per-

formance analyses utilized the estimated values of the aerodynamic coef-

-26-
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ficients. The test data were not available at the time the analyses were

performed.

Drag measurements at zero angle of attack indicated that the test

projectile demonstrates an early transonic drag rise and extremely high

supersonic drag as shown in figure 3.1-5. These effects have been attri-

buted,, primarily., to the --lunt nose and, to a lesser extent., to transonic

separation on the projectile afterbody. If the estimated drag coefficient

is interpreted a-- an aerodynamic requirement., then., the blunt nose of the

test projectile design must be modified for drag reduction.

The variation with Mach number of normal force slope coefficient

and pitching moment slope coefficient is presented in figures 3.1-6j, and

3.1-7. The discontinuity in these data occurring between Mach numberat

-.90 and .95 is believed to be caused by boundary layer separation on the

boattail. section. The data indicate that the :Ast projectile possesses

" high degree of stability particularly at subsonic velocity; this being

" usual characteristic of blunt nosed projectiles.

Measurements were made to determine the effect of nose cant on pro-

jectile lift and pitching moment. The angle of zero lift and the angle

of zero moment were determined at transonic and supersonic Mach numbers

for nose cant angles of 2.0 and 3.5 degrees. Since displacement of the

lift curve would not have a significant effect on projectile flight for

nose cant angles of intarest, only the zero pitching moment ang7le is

shown in figure 3-1-8. Nose cant can be considered in the same manner

as any type of aerodynamic malalignment wherein aerodynamic balance of

trim is achieved by projectile yaw. The test data show a static trim
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angle of less than 1.0 degrees. Since the primary purpose of inducing

spin in fin stabilized projectiles and rockets is to eliminate the effects

of aerodynamic malaligrp nt, the magnitude of the zero mment angle will

be substantially reduced at the roll rates contemplated for the test pro-

jectile. Therefore, it is unlikely that nose cant alone would establish

a trim angle large enough to affect seeker operation provided that roll

resonance is not induced. (It is to be noted that the ratio of project-

ile roll rate to pitch frequency will probably exceed 2.0).

Measurements were ina-e of the projectile roll damping character-

istics and the rolling effectiveness of leading edge fin bevel. The

results of these tests &re shown in figure 3.1-'. The roll damping data,

obtained without fin bevel, indicates tkt the rcZi.in, damping co-,fficient

is constant with Mach number. Some degree off urdcertainty exists with

rolling effectiveness data because the effects of friction could not be

accurately accounted. for. It was found that the 11ri':tional torques in

the bearings were not reproducible from test to test.

3.1.3 _Aerod2ynic Performance

The successful implementation of the POWAT concept requires that

a number of fundamental relationships between the aerodynamic proper-

ties of the projectile and the operating characteristics of the control

system and the guidance system must be maintained. Without fully anal-

yzing the natttre aud the consequences of these relationships, the criti-

cal aerodynamic perz'ormance items were investigated.

1) time of flight 2) projectile yaw 3) roll rate
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The goal of POLCA? aerodynamic design is to minimize, insofar as possible,

each of these factors. A following performance wualysis was conducted

and the results eyaluate4 relative to this goal.

A sumiary of the aerodynamic coefficients used to de-temine the

flight performance of the POLCAT test projectile is given in Table 3.1-2.

While a major discrepancy exists between the estimated values and the

wind tunnel values for drag coefficient, the subsequent performance re-

sults based on the estimated drag coefficient can be treated an goal or

requirement for any future aerodynamic design effort to reduce test pro-

jectile drag.

The performance analysis also considered a larger caliber POLCAT

projectile since interest bas been directed toward the possible develop-

m•nt of a 152= POLCAT system. The known mass and dimensional character-

istics of the test projectile and the estimated characteristics of a

152= POLCAT round are given in Table 3.1-3. The estimated values of

the aerodynamic coefficients were used in analyzing the performance of

the 152 projeitile since the wind tamnel results were not available

when the analysis was performed.

3.1.3.1 Trajectory Characteristics

The variation of velocity with range was determined for the POLCAT

test projectile based on estimted and test -alues fur drag coefficient

and are presented in figure 3.1-10. In addition, the velocity variation

of the XM419 round is given to demonstrate the improbability of maintain-

ing supersonic velocity at long range with a uzle velocity of 1800

ft/sec. Given ti-at the POLCAT systea mist operate at this muzzle velocity,
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STable 3.1-2

Summary of Estimated Aerodynamic Coefficients

M .8 M 1.31

CD .225 (.60o) .590 (1.19)

CN .o57 (.061) .065 (.o6o)

CM -. 195 (-1.53) -.101 (-.100)

(0
II C• CM d.OC?.

C -. P77 (-.210) -. 277 (-G-2O)

C1 6  .146o .509

The values in parentheses are wind tunnel test data.

Table 2.1.-

Projectile Characteristics

1?0Omm Test Projectile Proposed 15mrom Bound

m (Slugs) .61 1.214

S (ft 2 ) .I2 .i96

d (ft) .39 .50

Ix (,lug-ftp ) .Ot.• .O24

Iy (slug-f+2) .p06 .665
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and that it is not possible to design a POLCAT projectile with less drag

than the XM419 round, then, the aerodynamic design must provide adequate

transonic flying qualities. This requirement is fulfilled to some degree

with the blunt nosed test projectile which is capable of maintaining pitch

stability in the transonic regime.

The time of flight of the test projectile is shown in figure 3.1-11

where time of flight is given also for a vacuum trajectory as a function

of range. These data are presented since many POLCAT system errors are

a function of time of flight. The guidance performance (false alarm rate)

of the POLCAT demonstration system is dependent upon time of flight. Fur-

ther, the tactical application of the POLCAT concept requires that time

of flight be minim•!zed in order to maintain system performance against

moving targets.

The effect of mAzzle velocity on velocity variation with range and

on time of f]ight was eXamined in a trajectory study of the • POLCAT

projectile. The results, presented in figures 4.1-12 and 3.1-13, indicate

how effectively increased muzzle velocity can be used to fulfill time of

flight or downrangc velocity requirements.

3.1.3.2 Yaw Characteristics

An analysis was performed to determine the effect of initial distur-

bances and crosswind on projectile yaw characteristics. The estimated

aerodynamic coefficients given in Table 3.1-2 were used in the investiga-

tion of the projectile dynamic behavior. The initial disturbance was

characterized by an angle of yaw of 1 degree; this value being based on

test firings of the XM89 system (29). (See Design Data Supplement for
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test values.) An expected value for crosswind of 10 ft/sec was selected

based on availablt meteorological data (30).

The steady state yaw due to crosswind is shown in figure 3.1-14.

Orce again the advantage of high velocity is apparent. The transient of

yaw is not indicated since it is negligible downrange where effects of

crosswind are more serious. The assumed damping-in-pitch coefficient and

the induced spin rate which is considerably greater than the pitch fre-

quency provide the necessary conditions for the rapid damping of any tran-

sient motion. This is illustrated in figure 3.1-15 where the response of

the projectile to initial disturbance is shown for various values of muz-

zle velocity. The actual periodic variation of yaw angle is not given.

Irstead, the envelope of the yaw amplitudes are plotted.

Other phenaoena such as mass asymmetry, projectile malalignments

(nose or tail cant), and yaw of repose have not been considered in the

analysis since it is unlikely that their contribution to total projectile

yaw is significant. However, based on the results obtained in the anal-

ysis, it appears that the design of the seeker and the choice of scanning

angle must be predicated on operating with yaw angles of at least 1/2

degree; 1 degree under less favorable conditions.

3.1.3.3 Roll Characteristics

The effect of tail fin cant on the test projectile roll rate was

investigated using the estimated values of the aerodynamic coefficients

given in Table 3.1-2. A muzzle velocity of 1800 ft/sec was assumed and

initial spin rates of 15 RPS and 9-0 RPS were examined. The results for

the initial spin rate of PO RPS are shown in figure 3.1-16 where project-
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ile pitch frequency is also given. The results indicate that canting tail

fins does not appear to be a practical technique for controlling roll rate

be=ausc small changes in cant angle induce large changes in roll rate his-

tory. (0.2 degree change in cant anagle induces a change in roll rate of

15 RPS.) Since roll rate proved to be so sensitive to fin cant angle, it

was of interest to compare the relative effectiveness of fin cant to lead-

ing edge fin bevel. The cant and bevel angles that provide equal rolling

effectiveness were determined by combining the estimated and the tect

values of the rolling derivatives. (See figure 3.1-5)

C15 eat test

3.1.4 summa

At this point, the POLCAT test projectile is evaluated relative to

its expected perforwance as a flight test round.

(1) The blunt nose induces extremely high drag

resulting in long time of flight and rapid

velocity decay. However, it is unlikely

that drag reduction can provide supersonic

velocities out to a range of 1000 meters

unless muzzle velocity is increased. See

figure 3.1-18.

(2) The test projectile possesses adequate

pitch stability throughout flight. For
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(2) cont'd. the expected initial disturbances,

the projectile yaw will be sufficiently low

for ranges beyond 500 meters p permit func -

tioning of the "-idance and control system.

However, yaw a.. to crosswind imposes a

severe operating condition for the seeker

which can only be mitigated by increasing

muzzle velocity. It might Se noted that the

pitch damping of the projectile h&s not been

thoroughbly investigated and this could ulti-

mately be a serious design deficiency.

(3) The requirement for establishing constant

roll rate for guidance and control system

operation precludes problems associated ,rith

roll resonance. Beveling the leading edges

of the tail fins appears to provide a satis-

factory roll rate time history. The required

bevel angle cannot be determined without ad-

ditional aerodynamic tests.
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Figure 3.1-4 Damping and Rolling Moment
Derivatives vs Mach )fumber
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Figure 3.1-5 Comparison of Estimated Drag
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Figure 3.1-7 Comparison of Estiuasted Pitching Moment
Slope Coefficient with Test Datm
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Figure 3.1-9 Dsmping-in-Roll and Rolling
Effectiveness Coefficients vs Mach Nuzber
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Figure 3.1-10 Velocity Variation ve Range

for POICAT Test Projectile
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Figure 3.1-11 _Time of Flight vs Range

for POICAT Test Projectile
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Figure 3.1-12 Effect of Muzzle
Velocity on Velocity Decay
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Figure 3.1-13 Effect of Muzzle

Velocity on Time of Flight
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Figure 3.1-15 Damping in Yaw

Initial Yaw Angle: 10

Roll Rate: 20 RPS-- -- --
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Figure 3.1-17 Comparative Rolling Effectiveness

Fin Cant vs Leading Edge Beyel
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A design and test effort was conducted to establish the required

structural modifications for converting the XM419 round to a test pro-

jectile incorporating a seeker head and a pulper and capable of sustain-

ing the loads imposed at launch and by impulse control.

! The structural design of the test projectile is described in Section

3.2.1 The tests that -were conducted to oualify the design are described

in Section 3.2.2. A summary of the overell effort is given in Section

3.2.3.

3.2-1. Structural De.sign

The decision to develope a POICAT test projectile from the X419

round and to utilize the XM89 gun for the planned demonstration firings

clearly defined the critical considerations of structural design.

(a) The aft assemblies of the XM419 round (aft body adapter,

tail boom adapter, and tail) were retained in the test projectile

design, these assemblies were capable of sustaining the axial

loads at firing; an ecceleration of 10,000 g. It remained, then,

to determine the ability of these structural elements to sustain

the transverse loads imposed by impulse control.

(b) The seeker optical and electronic components, and structural

housing had to be designed for both the axial loads of initial

acceleration and the transverse loads of control.
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(c) In order to obtain adequate muzzle veloc'ty with~n the per-

formance ratings of the XM.85 gun, the design of the seeker head

and the pulser, and the subsequent modifications to the XMI19

round had to be achieved such that tVe wei'ght of the test pro-

jec:tile did not exceed 18 pounds.

(d) The arrangement and installation of the seeker and the pulser t
compcnents had to provide for locating the pulser nozzle at the

center of gravity of the test projectile,

The test projectile design that was estabLehed for these requiremerts is

shown In figure 3.2-1. The weight of the projectile is 19.4 pounds and

the length is 32.8 inches. A projectile weight and belance summary is

given below.

Distance from
itern w'eight (Ib) Nose (in)

-eeker head 9.32 3.6
Pulser 5,29 9.1

Boom adapter 4.03 16.0

Tail _J1 31.9
Total Weight 19.35

C. G. 8.7 inches from nose

The load analysis that was performed (Section 3.2.1.2) used the

following distribution of weight to simulace the test projectile.

Veight (ib) Distance from

Rose (in)

Nose 5.9 1.5
Center Body 9.0 9a
Tail 1.9 34.5
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3.2.1.2. Stress Analysis

Stress analyses were performed at critical stations along the aft

body adapter, the tail boom adapter, and tail to determine the structural

integrity of these assemblies under transr.rve impulsive loading. An over-

shoot factor of 1.5 ws. used. It was determined chat these XM49 assemblies

could be used if Impulse was limited to approximately 20 lb-sec. If the

magnitude of impulse for control were increased to 40 lb-sec, then, the

outside diameter of the tail boorr would have to be increased from 1.375

to 1.62 inches at the forwari end and allowed to taper to 1.375 inches at

the aft end.

The seeker head assembly shaotn in figure 3.2-6 was analyzed for a

longitudinal load factor of 10,000 g and a lateral load factor 855 g

imposed at the time of control with an overshoot factor of 1.5. Computations

indicated the design to be adeiuate for both the transverse and axial load-

ings. The results are given in Table I.2-1.

The design of the support structure was conceived specifically to

minimize the bearing pressure on the optical element during axial loading.

This was achieved by, first, providing a large bearing surface and, then

placing a groove at the Deriphery of the structure, below the bearing sur-

face. The purpose of the groove Is to prevent a condition of edge

support of the optical element by establishing a structural cross-section

the e-iminates deformation of the inner portion of the bearing surface under
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It IF' to be nntel 4h-"t the 9-an Pngle of' the 'r~ehr is offs~et

f'rc the longitudinal ayis of' the prol-ectile by th~e inclination from

th-n riomtn of' the betqring cu.rf'ewe o~f tte suppTort stri-!t-iroý (scee Figure

'n purose ýf thA 's 1 -vas to Investigpi-e the structural behisivior

"-f' the tyýt q 0nrojec-tile unier s transverse! i'-nulsive 1'wl. T1he .usual

~rrn-t-ur- -ýM' Rnalysis i" tn assume the- Trt)Jer'til- Jq A rtglý body and

'-t--rnino- +h-! trt;tl'it -vv-s lictribution or. thi- hod-y thrat ,131 'out It in

---.iiHbrizam vith th'- c'xt:?-rnid app)Jied system of losils. Thv-se "Lon-Is are.,

th~--:. =ulttr1 Iel by -i -Iynzr1'- -ve-.-1oct fpctcrr --Ieo P.1"~A?7, -lep-nd-

-Ig un'-, +ho- rigidi-ty -f tb- bony and. t". time Ouretion of' thot externa.1)y

12prii lcwd, to tdete-min'- on Pquive~lert static- load. In the &ctugl 3tress

in-y- I thj - 1at vas r'er-ormed, Rr- overshoot fac-tor of 1.5 was assuned. This

---r~esrrtr- k.n u-nrs- bomir1 V' Ct an'rled impulse is -qsum~ed to be tri-

orqvulei-. Therefore: thn 93'epifiec objeýctive of this task was ttv obtain a

ri~aycl-,?e e-rnrinaticn. of' the dlyn'Amic Over!*h'v-t -factor in order to

ve-ri fy the Pissumed margins of' ssf-ty, In order to determine the over-

shont t'rIt v~neeeszary to "s~sur'e an el.astic mod)el- and compa~re the

4 n'-thi~ 1o,, ith theo,.c obtained for the rigid model.. Corv-equent'.y,

thr tr'3nsitnt structur-0. is -,..ell as rigid body rresponzse. to qtransverse
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impulse vas determined. The test projectile, because of its variable

section properties, is beet described mathematically by a ceries of

partial differential equations having variable coefficients, but because 4

of the complexity of this type of analysis, a simpler mathematical model

was formulated. The model essumed wa, a three mass sy3tem connected by

two springs as shorn in figure 3.2-2. A transverse imrulse was assumed

at the center mass (ml). The structural response of the configuration

was estimated by determining xl(t), x2 (t), x (t) and 0(t). However, only

x2(t) and x3 (t) are reqvired to describe the elastic deformation. The

general equations describing these quantities are given in Table 3.2-2.

In the derivation of the equations, structural damping was neglected sine

only the initial transient was considered criticbl and structural damping

would have relatively little effect on the first peak of the transient

stru:tural response.

Based on these equations, the tail inertia load was determined for

an impulse of 20 lb-sec and a duratlon of .005 seconds. The values for

the masses, lengths, and spring constants used in the analyses are given

in figure 3.2-2. The maximum inertia load for the elastic model occurs 9

.003 seconds, whereas, for the rigid model, the maximum occurs at .0025

seconds (time of peak impulsive force). The tail inertia load and the

deflection of the tail as functios of time are given in figutas 3-2`? and

3.a-4.
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The dynamic overshoot factor was calculated to be 1.378. The re-

sponse of the elostic body and the rigid body with en eccentricity of 0.'-6

inches between the transverse impulse and the center ot' grovity is shown

in figure 3.2-5. This analysis established that the eccentricity had a

negligible effect on structural deformation

• Ž.2 Structural Test

A program of structural testing was planned for the qualification of

the test projectile prior to demonstration firings that consisted of air

gun tests, static Impulse firings, and range firings with dummy ceekers.

The limi-ations of the overall program precluded the execution of this

plan. As a conze-uence, the testing that was conducted represents a

relatively small pc-ton of the teet effort reouired for oualification of

a test projectile.

Air gun tests were performed to investigate the ntructural Integrity

of the seeker head under the ayiel loading of gun la-mnchling. The impulse

test firing (only one we. conducted) was pe~rfor-ed to det#-rm!ne if the

test projectile could sustain the transevrse imputse loading of control.

3.2.2.1 Air Gun Te.ts

Tests "vere conducted at the bir gun facility, Frankford Arsenal in

"whih the acceleration was at least 10,000 i. The seeker housing was

modified in order to adapt It tz the air gun fixture.
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Initially, the seeker electroniks including povpr supply yore

tested. In the first test, the a' ctronics package was severely

damaged; the c~use of failure, however, was attributed to incorrect

assembly prior to insertion in the air gun. Subsequent tests Vere

performed in which the electronics package successfully sirvived air

gunning. This wvs established by performing functional tests (see

Guidance, Section 3.4) with the teat samples before and after air gun

tsts.

The optical element was damaged in three tests that were conducted.

In etch case, the damage was in the form of fractures along the periphery

->f the optical head- It was concluded that the bonding material (EK 910)

used around the periphery of the optical element created a rigid lock

to the supporting band of the seeker houstig and caused the glass to

fracture under load. To er.amiie this possibility, the method of install-

ing the optica3, element was modified. A groove was machined in the

supporting band. On installation. the optical element vw positively

seated on a .005 inch te'lon spacer and polys-lfide base adhesive W 801

with accelerator ED 1063., Spec MEL-5-1103kA, was injected into the

machined groove of the supporting bank. The assembly was placed into an

oven for curing the adhesive (1650'F) with the seating pressure being

continuously applied. With this molification, an optical head was sub-

jected to two successive air gun tests without sustaining damiage.
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K 3.2.2.2 Static Impulse Test

Suspending a test pro,;etile and firing the pulser. provides a direct

technique for measuring the 2ulser performance as well as determining the

ability of the aieframe to withstann- the transverse ýmpulse ].ding. The

only test performed was unsuccessiul when a pulser, designed to deliver

24 lb-sec of impulse, shattere.i the aft body adapter in the region of the

nozzle. As a consequence, no test data were obtained as to the structural

behavior of the test projectile when subjected to this type of impulse

loading.

P..• suvmary

The test projectile strictural design that was developed partially

fulfills the given design rixqrauieents. The structure is adequate for the

expected axial loading of 10,000 g at launch and for the transverse load

of inflight control if palser performeance is limited to 20-25 3h-sec impulse.

The projectile center of gravity is located 8.7 inches aft of the nose. The

pulser nozzle centerline is within 0.31 inches of the center of gravity; as

required. The design is slightly overweight (19.4 lbs), however, the target

design weight of 18 poinds could be achieved by a design modification. One

possibility that had been examined was incorpoýatlng the pulser in the

seeker head section. This would place the nozzle in the cylindrical portion

of the projectile forward of the stop band.

Although the test effort was extremely limited in scope, the results

were significant; namely, the POLCAT seeker head with optics, detector, and

electronics can function properly after air gunning at 10,000 g.
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Figure 3.2-2 Model for ElMstic Analysi,
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Figure 3.2-5 Compariscn of M1astic
and Rigid Body Response

Impulse: 20 lb-sec
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3.3CONTROL

The conspicous feature of the impulse control development was the

need to produce a lightweight, reliable pulser unit without the benefit

of a well established technology. While the feasibility of utilizing

impulse control for projectile flight correction had been previously

demonstrated by flight test (1), the success of this earlier effort had

been achieved with hardware that delivered relatively low impulse

(7.0 lb-sec). As a consequence, a substantial test effort was undertaken

to extend the technology by generating bas'.c design and performance data

for higher impulse. These data, then, were applied to the development

of a pulser capable of fulfilling the specific control requfresents of

the contemplated flight test demonstration.

The nature and the scope of ipulase control developaent that was

conducted is presented as follows; the design effort is described in

Section 3.3.1, the test effort in Section 3.3.2, and a sunay of results

is given in Section 3.3.3.

3.3.1 Design

The limited nature of avaiilabe experimental data and existing

theory had two significant effekt3 on the development plan that was

formulated. First, the magnit.e of impulse was selected to meet minimum

requirements for control of the test projectile during a demonstration

firing, recognizing that in a tactical application, larger impulse vould

be required. -" "rid, an effort to develope and to verify pulser design

technology vb E xecuted prior to the fabrication of a pulser unit deuigned

to fulfill the requireauiru of the flight test demonstraticu.
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Consistent with this plan, the following design tasks were under-

taken.

(a) Theoretical analyses were made to establish the

range of required design characteristics that would

provide desired impulse performance.

(b) Based on the results of the theoretical analyses.

two test fixtures were designed for testing to deter-

mine the influence of the critical design parameters

on performance.

(c) The prototype pulser was designed based on the

experimental data obtained from test •xsur• f-rings.

O'he feilowtng sections O.escribe the specific tasks of the design

effort; the internal ba1list~.cs study, the control effectiveness analy-

sis, the test fixture design, and the prototype pulser design.

3.3-1.1 Interior Ballistics Analysis

This initial task, undertaken as part of the impulse control

development effort, was the analysis of the pulser interior ballistics.

The purpose of this study was to establish preliminary design parameters

such as chamber volume, propellent weight, and orifice area for the

desired control performance char&cteristics (total Impulse, discharge

time and peak pressure). At the oatset, it was recognized that the

ballistics of a pulser were not in all respects representative of those

systems for which available theory (2) (3) had been developed. How-

ever, the results of the anAlysis were to be used in the design of test

fixtu, es rather than the design of a prototype nulser. Final vulbjr
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design was to be based on the experimental data obtained from the fitings

of the test fixtures.

The analysis ol pulser perforrmnce consisted of estimating the

conditions during burning and, then, after burning. The votation used

in the equations describing the interior ballistics is gi'-n -in Table

3.3-1. The assumptions associated with these equations are as follows:

(1) Constant tenperature of gases during burning (this

establishes that impetus (k) and discharge coefficient

(Kc) are constant during this period of time),

(2) Burning rate is proportional to pressure, r = BP

(B may be chosen so that the area under the linear burn-

tIg rate curve equals that under the exponential burning

rate curve, r = Bpn).

(3) The gas flow through the nozzle which converges

and, then, diverges, can be treated by the classical one

dimensional apprý ch.

(4) Heat and friction losses are neglected.

(5) The velocity of the gases in this chamber is zero

and no pressure or tempeiature gradients exist in the

chamber.

(6) Gas discharge through thp nozzle is an ideal,

adiabatic expansion.

(7) Mass flow is maximum; !onic velocity exists at the

nozzle throat.

Based on these assupnutions, expressions were derived for peak chamber,
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Table ,,3-1 Interior Plallistl.cs Notation

At nozzle throat area (il2)

Ae nozzle exit area kin2)

B linear burning rate coefficient (In/aen)
lb71n2

B' exponential burning rate coefficient (l/ne)

C propellant weight (Ib) * + 1 1/2

K0  sonic discharge coefficient, 2. ) ,(e
4

m weight of discharged gas (ib)

N weight of propellant burnt (Ib)

ehamber pressure (lblin2)

r burning ra&.t (In/sec -pet)

S propellant surface area .im2\

tb time to peak pressure (sec)

tf time to pressure decay of .20 of peak pressure (see)

Vo initial chamber volume (in 3 )

Vb chsaber volume at till-burnt conidition (ind)

Wb propelian web (in)

per-ent charge burnt

ratio rf specific heats

pev-cent discharge of burct propellant

a propellamt density (Ib/in3 )

I ectv#)ive ,e (in5/eb)

* ffective near. impetLus (ft-ib)/Ib



prresurc, 'A1'"h'irge- tit'n, inn, impulse. The derivations are given In

'J' i r the ejuntlion thait were developed, the perfPorm~qnce of' the

-Zulýer eie"ribil belcw~ vas~ caleulated.

At - 5in2

Ac - 7P5 i r

- " rqin" f.14 SI' .r"6" vreb pro"elirnt)

Th ti-t- ruls'!r w-erL'or-a~nnc is given belcw- Rand -r,¶ vtb the

-ý-7rfl~flt43' -cznultr t~het -,.-re bbtoine~i l~uring 4th? tskzt "Irrige.

Estimated T~est

T4ne t-~ Perl' Pr-ssure 1--) 3.5 - 6.

i frerr P?-! t-- .P Peak Pres~sure (MnS) 1.001. 4

imus- 26b 24 2

The 'lif'fternce be-tween the estimated and test vwalues of' peak

'nrc's!urc r~rbsbly results f'rom the nss-.,iptIon, used in calculatirg re-ak

-res sure, thqt all the -rroTll1ant burns in the chamber. It is knoun

from. Purr!ent v'epoil1ess gun technology that a 'cnside,-ible portion of

the'- unburnt rripellnnt leaves the noz~le before the rrojeettle letves

t11he gur ý5). This re-tlts in n Increane in peo-k pressure rind, ilso, st

A-gressrvw' burning eff'e(t vht'h decreases the time to p~eak prtssure. It

ii likely thst a s~inila' tvff'-,ct occur-s In the pulser. Ir aiditior', timve

vc',p pressure was rhc-,rn to be significrintly affected by the initiql
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Table 3.3-2 Derivation of Performance Parameters
L

Peak Pressure

The equation of state for gas in the chamber is,

PIVo - C(l - $)/ - Nn-u V 12 A (1)

For a single perforated propellant grain, the burning surface is constant

(neglecting end burning) so that the rate of gas generated is only a

function of pressure given by,

C d$/dt . Sr = 8SBP (2)

Since for single perforated grains,

BS = 2C/Wb (2a)

the percent of propellant burnt can be expressed as,

$ BM'ib £t P dt (3)

The gas discharged during burning is given by,

in=KcAt ) P dt (4)

The flow factor, representing that fraction of the gas generated which

is discharged, is defined as,

=m/C = KcAtWb/2BC (5)

Using this equation, the gas remaining in the chamber at any time during

burning can be expressed as,

N = (l - '•0C) (6)

Substituting equation 6 into equation 1 gives the chamber pressure as,

= 12 CX(l - II'). (7)

lvo - -)l - c(l -7W7,

This expression indicates that pressure increases as $ increases, reach-

ing a maximum when all the propellantt rs burnt (1 = i). Peak pressure,

then, is given by,

P- - 12 CX(l - '.-)/VB (8)
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Table 3.3-2 (continued)

where VB is the effective chamber volume at all-burnt

VB " Vo "(3 - :J)rr (9)

Discharge Time A
The discharge time is considered to consist of two intervals; the time

from the start of burning to the all-burnt condition (tb) and the time

from all-.burnt to a chosen condition of reduced pressure (tf - tb).

The time to all-burnt (tb) is estimated by assuming the free volume

to be constant where , from equation 1, the instantaneous free volume

is given by.,

Vf = Vo - (c/) - - Mrr1  (10)

A constant free volume is set by letting 1/2 represent an average

value of $ and for an average N = 1/2(1 - T)'C. With ;k equal to 1/2

(typical value for high-low guns, N can be given as,

Si c/8 (,,)

The free volume becomes,

Vf = Vo - (C/25) -.-•C8 (12)

and the equation of state can be expressed as,

P = 12 C $ x(l - q )/Vf (13)

Differentiating equation 13,

dP/dt 12 C X.( - ';)/Vf d$/dt (14)

or, dP/P = 24 C X 3(1 - l)/VfWb dt (14a)

Integrating equation 14. between the limits Po to P% and 0 to tb,

where Po is the pressure generated by the igniter, the time to

all-burnt is given by,
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VC. IWb 1n(r-rJ~

SC X 3\ ,4

In eri~virng the time fran all -burn~t to equil1fbritm, equillbrtum is

viefired as that time, vhex' pressuire 1has decayed to .20 peak preszure,

Since the pressure at afllburnt 15 equal1 to the Deak pressure,

,vh-~re Nm In the velt ui f N at peak trressure,, N. = C(i .t)

A,"t!r oil I-burnt, th': gp-s 'lscharge rate Is given by

c~/t -Bd:t=KC.(TM!IT) At P (1

-he'-e thE. -,ubn~r~ri-ti +!notes the ',onl3Ation at ro-etk r'regsure.

As=r Pictlonle'-,. nl.itictbltir -lciw of ide~al goe

fr%/-1/%1 '1/2

Subtstituting 'oquatinr.m '8 prni 10 irtvj ui ion 17 ýn~d integr~ting

b-,tv-o limits PI an,1 P, (P,. .2POP) "d t-0, und trý the tirae frome

~2lb~t to equiI1'ritr is given 'hy -2.

I~ th C!( 2i0 ~ ~)

vhp'-e the_ assimea rv-Ou', for thrust cow'V1icient (U.) inc M'-tR forr

th'- ~-'tij oP everag- c-h,,=bvr pressure to atmospheric pressqwre and

thr- ratio cf nor~le exit -rea to n077le thront Rrea.



igniter pressure both in the theoretical calculation and the test firings.

However., the magnitude of thif effect was not accurately predicted by

theory. A reasonable theoretical estimate was obtained for impulse e.id

the time for pressure to decay from peak to a selected, reduced value.

Generally, it can be concluded that the assumed analytical model

used for computing pulser performance was not adequate for accurate

estimation.

3-3.1.2 Control Effectiveness Analysis

The previous section discussed the design parameters associated

with the performance of the pulser unit as an impulse generating device.

The followLng discussion 13 concerned with the performance of the pulser

as part of the projectile system. Without fully establishing the inter-

relationships between the aerodynamics, guidance, and control of the

projectile, it is recognized that the aerodynamic properties of the pro-

jectile and the functional characteristics of the seeker will determine

the choice of projectile spin rate. Therefore, the pulser must be de-

signed to provide the desired imnulse cortrol at the established spin

conditions. An analysis was performed considering two questions; how

efTectively does the pulser deliver impulse to a spinning projectile

and what are the requirements on pulser discharge time relative to main-

ta-uing effective control? The problems associated with projectile

pitching motion and control response have been discussed previousI1 in

sufficient detail (1) and design solutions established such that con-

sideration here would not contribute any additional understanding.
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Since the discharge time of pulser will not be extremely small as

compared to projectile spin period, impulse must be examined in terms of

a rctating thrust vector that is applied during the control cycle. A

measure of control effectiveness, then, is the ratio of the useful impulse

delivered to a spinning projectile (le) as compared V) the impulse gener-

ated by the pulser (I.). An expression for this "effectiveness" ratio is

derived as a function of projectile spin rate (s) and time to peak thrust

(tn).

In deriving the control effectiveness ration (le/Ip), the thrust-

time variation of the pulser is assumed to be triangular shaped. (See

sketch below.)

IThrust

H-- *1 Time
- 2" -

It is to be noted that the time to peak thrust (tp) define3 the rise time

of pulser thrust. To account for any dolays that might occur in ignition,

>D



thle ti. ff-rm- coi9.rOil system initiation to pea-W tnrust (T ) Is Indicated
p

by "td

The Impulse generated by the pulser is given by,

-2t- 
.4

Ip Tdt (-)
0

For the assumed thrust-timem variation, the integr1A can be e(presed as,

Ip = T% (t/tp)dt +) (2 - t/tp)dt' (2)

pLo. t PJ

The solution to equation (2) is,

I = Tr N, 5

The effective imwuse (ie) te defined as the ixmulse delivered to the

spinning projectile In the dil-ctini of the peak thruot vector, This

iuantity is derived by modifying equation (2) so as to account for the

instantaneous orientRtlorn of the thrust vecDtor throughout the control

cy-le. (See figure 3.1'-L.)

I -(tP dt + ~2t P(2 t t (4

T/ )c



Since projectile spire rate can be assumed to be constant futring control,

and since it is desired that the effective impulse be determined along the

peak thrust vector, the instantaneous angular orientation of thrust can

be expressed as,

Substituting eauation (5) Into equation (4) arm integrating, provides a

solution for effectiveý 1m;.ilse.

- -o •(6)

The control effectlviecn ratio car. be expressed, then, an a function of

time to rpeak thrust and proJectil' spin rate.

(Tel.tp) - CO21 BCos t,,
e /rP (t 0\ .P 7

P

*Since cos y '- (1 +,
2 2

(I/ ) - 3 "

where tp is time in seconds wii'i Is spin rate in radians/sercnd.

Figure 3..-1 shows the variation of the control effectiveness ratio with

time to peak thrust for a projectile spin rate of 2, RPS.

On the basis of effective delivery of impulnev it appears that

"14.Kvi t.i ne az•D a 'ncrac ar d • 5 iillisee-mds, thereby,
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reducing peak chamber pressure, without significantly degrading pulser

performs'nce. Generally, it can be concluded that the loss of impulse

effectiveness due to spin rate is a relatively minor consideration in

the selection of puleer discharge time (as related to pu!,fer rise tine).

It will be showAii u the following section that pulser disal•Arge time

has a significant effect on control system error and the selection o?

this critical time parameter must accont for this error.

3.53.13 Control Error

In order for impulse control to effectively operate in the POLCAT

concept, the impulse muct be delivered in such a manner that the peak

thrust occurs at a specific projectile roll attitude as determined 6y

the seeker. This, theoretically, can be achieved if the roll rate is

constant and the .time delay associated with seeker-pulser operation is

fixed. If both conditions are not fulfilled, the impulae rill be deliv-

ered out of the control plane by a polar angle defined as 4•. This error

is related to the vari tions in roll rate and time delay as follows.

= tA$ td + btd 0 (9)

The magnitude of the miss distance (d.) at the target directly attr.-

buted to this control error Is a function of the magnitude of juWise or

angular projectile correction (ý), and the raong to the target at the

time of control (r).

m -P r - (10)

At this time, it is known that roll rate will vary but that the vri-

ation in time Ulay (td) will be small. Thus, calct~lctims were nade



assuming that the total polar angle error (LO) was caused only by roll

rate variation. The relation between the total time t(.- peak thrust (td),

miss distance at the target (d.), and target range (r) is given in figure

3.3-2. The following conditions were assumed:

Projectile roll rate (0); 20 RPS

Variation in roll rat. (.4): 3 RPS

Impulse control angle (6): 0.05 rad

It is to be noted that these r'.sults cannot be directly applied to the

final selection of iulser disclharge time until the statistical di stribu-

tions for r and 4 are determinLe-i and the resu.lting error due to control

is combined with other system er-rcr& wh ver, a preliminary estizate of

allowable delay time was made based om available trajectory data. These

data indicate that for a correction angle (/) •,' 0 05 radians; the 3a value

of target range (r) at the time of control is ap )rorimately 300 feet, and

the 3a value of roll rate variation (4) is aprcximately 3 RPS at target

ranges of 1_500 meters. For these conditions, tbe maximum- miss distanme

(3c) caused by this specific function can be limited to 1.5 feet if delay

time (t ) does not exceed 5 milliseconds.

3.A.1.4 Test Fixture Design

Based on the design studies described in the preceding sections, the

preliminary control performance requirements were set at 20-35 lb.-sec of

impulse to be delivered within .003 seconds. Further, it was estimated

that the desired performance ctuld be obtained by the range of design para-

meters given below.



Peak Presaure: 20,000-30,000 lb/in2

Chamber Volume: 9-13 in3

Nozzle Throat Area: 3-.7 in 2

Two test fixture designs, both suited to eventual incorporation within the
A

test projectile, were established. Each design provided for changing noz-

(*~,2 3
zle throat area (.3, .5, and .7 in ) and chezaber volume (9 and 13 in ).

Test Fixture No. 1, as shown in figures 5.3-3 and 3.3-4, contained a

simple bottle type chamber with the axis of the cylindrical chamber co-

inciding with the nozzle axis. C hswber volume was varied by installing a

sleeve.

Test Fixture No. 2, as shown in figures 3.3-5 and 3.3-6, placed, the

nozzle axis perpendicular to the axis cK the cyliradricýý. chauber. Chamber

volume was varied by two end plugs.

3.3.1.5 Prototype Pulser

The design of the pratotype pulser .tilized the interm3. geometry

of Test Fixture No. 2 sirce this tesign e',uld b^e orc readily incorporated

vithin the test projectile by modifying the boattail sectloi of the XN419

projectile. This is shown in figure 3.3-7. By placing the pulser chambler

in the aft bod~v adapter, the axis of the nozzle passed throagh the center

of gravity of the test projectile transverse to the lorgitudinal axic.

The pualaer section maintaine6 the samer boattail angle of the X>k^19 pro-

jectile and was designed to mate with the tail boom adapter of the pro-

jectile. The seeker se-tion was mu(nted or the forward portion of the

pulser section.



The mass and dimensional characteristics of the pulser capable of

r delivering 24 lb-sec of impulse are given below.

Weight 5.3 lb

Chamber Volume 9.0 in,

Nozzle Throat Area 0. 5 in

Propellant:
Type M5 SP 021" web
Weight 885 grains

Initial test fixture firings established that MP SP .016" web propellant

consistently provided the desired impulse with a time of 1.0 millisecond

to peak pressure. However, the prototype pulser failed structurally in a

test with the M2 propellant. As a consequence, the slower burning M. pro-

pellant with a larger web is recclmended for use with this design although

the time to peak pressure is longer (1.5 milliseconds).

3.3.2 Test

The test program executed as part of the impulse control development

consisted of 150 firings with the two test fixtures and the prototype pul-

ser. These tests were cvnd~cted in twc, series. The first series of tests

were conducted to determine the fundamental relationships between pulser

design parameters and performance, and are described in Section 3.3-.21,

Test Fixture Firings. The second series of tests were conducted to esta-

blish the performance of a specific pulser design. These tests are describ-

±4 in Cection 3.3.?.2, Pulser :Zaalification FLringW.

The dcta o6btainr during this tept program and the previous pulser

development (4) were analyzed and an empirical expression for relating cham-

ber volJfume, nozzle throat area,, peak chaaber pressure. time to peak pressure,
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and impulse delivered, was developed. The empirical relationship which

could b^ extremely useful in future pulser development work is given in

figure 3.3-8.

3.3.2.1 Test Fixture Firings

Initially, firings were conducted with Test Fixtures No. 1 and No. 2

with 9 in3 and 13 in 3 chambers to determine the effect of nozzle area and

ignition system on impulse performance. Then, firings for charge establish-

ment were conducted with Test Fixture No. 2. All firings were made at

ambient temperature. The results are presented in Tables 3.3-3 and 3.3-4..

Pressure data were obtained from a piezo electric gauge and impulse was

measured by penduima displacement.

Due to instrumentation difficulties in the initial firings, few

usable thrust records were obtained with the load cell. Consequently, the

magnitude of the impulse delivered to the system could not be determined

accurately. A special pendulum was constructed to permit direct measure-

ment of impulse. Recoil was measured by mas of an electronic water-bath

system. Load cell records were taken, concurrently, with the recoil to

serve as a coaparison.

3.3.2.2 Fuhlser Qualification Firings

The prototype pulser was tested in an assembled test projectile

(duvny seeker head) with an 800 grain charge of M2 SP .016" web propell-

ant. The purpose of this test was to determine whether the test projectile,

particularly the tail bocw adspter, could sustain the impulse loading of

control as well- as test the performance of the pulser. The firing of the

pulser shattered the prqjectile aft section (pulser chamber) in a manner



Table 3.3-3 Test Firing Data - Design Investigation

CPropellant: M2 SP .016" web

Chamber Throat Ave. Peak Ave. Time Average
No of Charge Volume Ar a Pressute to Peak Impulse

Rds (grains) (in) (in ) (lb/inc) (millisec) (Ib-sec)

Test Fixture No. 1

2 800 9 .5 24,000 1.0 19.54

1 800 9 .5 17,200 .8 22.0

3 800 9 .7 1-.,o00 .7 17.3

800 9 .3 36,700 .8 21.3

Test Fixture No. 2

2 500 9 .5 8,700 1.0 13.9

S800 9 .5 21,000 .9 20.6

3 800 9 .7 114,70o .8 18.5

3 800 9 .3 28,200 .8 20.0

5 1200 13 .7 22,000 1.0 31.8

6 1200 13 .5 26,000 1.0 33.0

1 1200 13 .3 35,000 1.0

10 820 9 .5 20,000 1.0 23.4

9 820 9 .3 31,000 1.0 26.0
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Table 3.3-4 Test Firing Data - Charge Establishmenv

Test Fixture No. 2: Chamber Volume - 9 in 5

Nozzle Throat Area • 5 in 2

Time to Peak Pressure - 1.0 millisecond

Propellant: M2 SP .016" web
4

No of Charge Average Peak Average Impulse I
R ds (grains) Pressure (psi) (lb-sec)

Aluminum Cartridge Cases

5 800 17o,500 24.7

4 900 27,300 27.3

5 1000 29,200 33.0

82o(a) 13,000 22.4

1 800(b) 15,,000 25.2

1 900(b) 29,000 29.2

Modified Aluminum Cartridge Cases with Steel Sleeves

3 400 3,500(c) 10.0

2 600 7,300 16.7(c)

3 800 17,000 22.3

3 goo 23,500 22.7

(a) Cardboard cartridge case
(b) Aluminum nozzles
(c) Only one measuement recorded
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Investigations were, then, performed to determine the cause of fail-

ure. During the test fixture firings, the M2 propellant ignited by the

T20F.1 detonator hWd consistently developed peak pressure within 0.8-1.0

millisecondz wid, as a consequence, it was believed that actual dynamics

of the pressure rise in this short time period had not been fully accounted

for. This was confirmed by subsequent stress aaalyses wh!cb indicate.d that

the measured peak pressures could not possibly cause failure of any pulser

components. This led to the conclusion that unequal pressures existed In

the chamber during the pressure rise causing a rupture at scme criticel

point in the chamber, thereby initiating complete failure of the structure.

Firings were conducted with Test Fixture No. ? instrt-nented tc mea-

sure prensure et the end o" the charber opposite the datonator PS1a. B)

and zt the center of the cherdber (Sta. C'. These data shown in Table 3.3-5

aubstantiated the thev)ry that a significant pressure difference exiated

in the -hambe in firing& with M2 propellant.

To reduce peak 'oressure, the larger web M5 propellant was uaoid in

test firings. The result3 presented in Table 3.j-5 indicate a pressure

reductioný however, this is accompenied by a wide end undesireable vari-

ation in impulse deliver-d.

Curtailment of the test program prec~u6fe setermination of the true

cause of prototype pulser failure.

3.3.3 §

The most significant achievement of the pvlser development effort

was the establishment of basic experimental data relating the design

-90-
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Table 3.3-5 Test Firing Data - Propellant Study

Test Fixture No. 2: Vo = 9 in' At = .05 in2

Round Charge Peak Pressure (psi) Impulse Propellant
(gains) Sta. B Sta. C (lb-sec) Type Web

101 800 17020 12060 27.0 M2 . o16"

102 800 19780 13i 0 24.8 M2 . 016"

103 800 15970 12130 27.0 M2 . 0169

io4 885 8730 7880 22.5 M5 .o 0"

105 885 8350 788o 2ox,4 M5 . On"

106 800 5600 5910 18.0 M5 .021"

107 800 4670 6070 18.0 M5 .•?21"

io8 800 -- -- 20.3 M3 .019W

109 800 6780 60o0 15.8(a) M5 .019"

110 80 7130 8560 13.5(a) M55 . 019"

11l 885 6700 1500 13.5(a) x-5 . 01"

i11e 800 6620 5460 13.5(a) M5 .021."

11 885 680 6880 26.6 M5 .02"

ý1, 885 .... 27.0 M . 021"

115 885 8930 854o 27.0 M5 . o0"

116 885 8880 8270 22.5 M5 .021"

117 885 9470 8560 22.5 MS .021"

1.18 885 9670 8700 22.5 M5 . o0"

119 885 9270 8140 22.5 MS .021"

(a) questionable measurement
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sign capable of generating 20 to 25 lb-sec of impulse has been established

although additional qualification testing is required with instrumentation

better suited to the design goals of POLCAT impulse control systems.

The interior ballisvticas analysis indicated that p.ilser impulse can

be estimated theoretically --ith an accuracy that is acceptable for the

purposes of preliminary design. This was not the case in tha estimation

of peak chaber pressure and discharge time. Apparently, these perform-

ance parameters are extremely sensitive to the particular conditions asso-

ciated with pulser ignition and thus, the simplifying assumptions that were

made, preclude their accurnte estimation.

"T"he data obtained from the test firings revealed the most signifi-A

cant deficiency of the overall control development effort: the lack of

adequate instrumentation. The available load cell instrumentation was not

stifficiently reliable and the pendulum measurement systems were not suffi-

ciently accurat*.

In view of the POLCAT system requirement for the accurate delivery

of impulse, it appears that the first consideration oa any future control

sys+-m development should be the aequisitlon of suitable test instrumenta-

tion.
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91 Figure 3.3-8 Empirical Relationship, for
1mpu15@ an~d Pulser Design Paraimeters

A - throat, area (in 2 )
Vow chamber volume (in')
P a peak pressure (psi)
t . timi to peak ~rrusure (as)
I . impulse (lb-icc)
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).4 GUIDANCE

The development of a P&LCAT homing link was directed toward the

fulf3ilment of two primary objectives;

(a) the development of a seeker-illuminator combination
capable of providing an adequate guidance signal
for the tai'get seeker under test firing conditions,
and

(b) the development of a seeker capable of performing
ita intended function after being subjected to the
high acceleraticrs of gun launching.

Accordingly, design studiea, laboratory tests, and field test measure-

ments were conducted to establish basic design data and to qualify the

.hardware that was fabricated. The following discussion describes these

efforts and, in addition. presents a guidance analysis that was prepared

specifically for this report.

Section 3.4.1, Guidance Analysis, considers the semi-active guid-

ance techtiqae used in the P(OLCAT concept in the light of communica-

tion theory. The analysis defines the optimum receiver, the advantages

of coding, and the relation of signal recognition and false alarm

pxobabilities to sig i.-to-nolse ratio (SNR).

Stctiomr ).4.2, Noise Analysis, d-iecusses the various types of

noise that must be conaidered in homing link design.

Section 3.4.3:. Sig1 al Analysis, describes the illuminator that was

developed and the effects of the atmosphere and target reflectivity on

t-M guidance signal.

Section 3.4.4 , Seeker Design, presents the characteristics of the

seeker that was developed. Finily, the field teats that were conduct-

ed with the seeker are desecibe& in 3ection 3.14.5.
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A•ble .4-I Guidance rOtitlon

A antplitude of voltage pulse (volt)

--- Ad area of detector (cm)

b twhrehold level (volt)

c velocity of light (ý x 1010 cml/s-c)

C capacity (farads)

D diameter of entrance, pupUl of tranamMtttng optui• (cm)

D detectivity (cm cps "/,Vt~tt)

E energy of received signal (watt-aec)

f frequency of signal (cyclefsee"

f(t) input ftunctlon of time (volt)

2ýf mearurement.t b;dvidth ,,cycle/see)

f scan rate (cycle/sec)

g(t) output fmnctlon of time (volt)

h 'Pianck's constant (6.6? x 10O4 waet-secideg)

hrt) impulse response (volt)

specWtral incida.te at receiver doe to target signal (watt/cm2 -mzcron)

x current (amp)

10 averW bias cu-rent (awp)

k BIoitzann Constant (1.58 x J0 3oulea/deg V)

kx, ky tra-zfoi- variables (cycle/ra:ian)

L y,&th length ( cm)

Tlo loss involved in mistaking a signal for nnise

Lol loss involved In mlsWtking noise for signal



M effective aperture of receiver (cm 2 )

n number of samples

n minimum number of sequel pulses

mean squared n.rise (volt 2 )

N average total number of free carriers

R average rate at which photons are reflected by a unit area of
bach<round into a normal un t solid angle per unit wavelength
interval at X microns (/cm -steradian-micron)

N Tveage rate at which signal photons arrive at a unit area of

receiver per unit spectral interval

x priori prom&bility that a signal will be present

P• a priori probability that there will be no signal

PI(vdv conditional probability density correspionding to the probability
(if receiving voltage v if a signal was present

po ;v)dv conditional prckability density corresponding to the probability
of receiving voltage v if there is no signal

p(v)dv probability that voltage v vill fall in a region v-dv/2

P(2.!/v) probAbility that given a particular value of v, a signal was present

P(o/v) probability that given a particular value of v, there was no signal

spectral power" in the beam (watt/nizron)

r coefficient of diffuse spectral reflectivity (micron-l

R resistance (ohm)

equivalent input resistance

F distance betren target and receiver (cm)T-R

SNI ratio of signal energy to noie spectral density

t spectral tranmmissivity of air -ath (micronl')

-xo



T absvlute temperature (°,elvin)

v Jfhvoltage sample (volt,j

V wind velocity (cm/sec)

V visual range (ki)

w precipitable water (m)

1W T% spectral sterance of backgrou~id (watt/cm2 -steradian-micron)

2
W spectral sterance of source (watt/cM -steradian-micron)sX

X, Y angular dimensions of scanned area (radians)

pitch angle (degree)

optical beam widt' (radian)

noise spectral. density (watt/cycle/sec)

""Qv Q0 angular dimensions of instantaneous field of view (radian)

Q C line of sight angle: average radius of scan annulus ,radimn)c

wavelength (-,* micron)

wavelength at the midpoint of a spectral interval of interest (micron)

wavelength interval (micron)

/1% spectral efficiency of transmitter (micron-"

spectral quantum efficiency (micron-])

V) photon frequency (cycle/sec'

distances between diaphragms (cm)

viiri ance

I• ts Cangular tolerance on c.irrective impulse meoasured about. spin axis (degree)
.. idequenciy (radians/sec)
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3.4.i Guidance System Analysis

The elements of a semi-active guidance system are indicated in the

block diagram below.

transmitter channel get hc l reiver

Figure 3.4-1

The received signals are attenuated by the atmosphere and scattered

by the target. In addition the receiver must process extraneous fluctu-

ations due to random effects in the transmitter, channel and receiver,

and interactions between them. in general, the receiver has two functions;

first, it must decide whether it is receiving a signal plus noise or noise

alone and, second, it must decide which of all possible signals that could

have been transmitted was indeed sent. Figure 3.4-2 shows the general

case for a single transmitted signal.

witch closed

(signal sent)
a +switch open

randos (no signal)
ornos

deterministic
random

Figure 3.4-2

If the receiver decides that the switch was closed when actually it

was open, this represents a false alarm. On the other hand, if the re-

ceiver d,_os not recognize when the switch closed, this is a mins. It will
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be shown that the a priori requirements for the false alarm probability

axnd recognition probability establish the energy required in the sigral.

Systems in which the receiver can dMternine the phase of the trams-

mitted signal, and hence tell whether a signal f(t), or its negative -f(t),

vas sent, are called coherent; those in which phase information is lost

are called incoherent. The POLCAT guidance system is an incoherent system.

On the basis of signal detection theory, there is an optimum manner

in which the received signal should be processed (1). Upon reception, the

signals and noise pass through a bank of parallel filters, one matzhed to

each of the possible signals. For incoherent systems, the outputs cf the

matched filters are envelope detected; for coherent systems the detector

is omitted an4 the phase is preserved. The value of the output, measured

at the end of the transmission intervzl, contains all of the information

relevant to identification of the signal transmitted. In the case of

white, gaussian, additive noise, the probability of correct reception of

each signal is a function of the ratio of the energy of the received signal

to the spectral density of the noise. It is important to note, therefore,

that this probability is independent of the shape of the signal, its dura-

tion, and its bandwidth (2).

To put the foregoing on a more secure theoretical basib, the re-

lation of the singal-to-noise ratio to the error probabilities is derived

and the advantages of repetitive pulses established. For continuity, thie

will be done first for the simplest bixtary 6yztem. Then, the criteria for

deciding whether or not a signal has been received, and for establishirg

the threshold level and optimui receiver design will be developed for a
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POLCAT type binary system.

N.4.1.1 Probabilistic Criteria

Received signals are corrupted by additive fluctuation noitie and

therefore their wave shapes or amplitudes can only be estimated in the

statistical sense. Statistical decision and estimation theory enab~eI

one to determine how to "best" perform f estimates.

The simplest problem is that of detecting the presence or absence of

a signal pulse. In statistical terminolog, given the value of a statis-

tical sample, swy voltage (v), at a particular instant of time one mist

select one of two hypotheses, H or Hl. Hypothesis H may correspond to

saying voltage (v) representn noise and hypothesis H1 , the alternate by-

pothesis, then corresponds to saying a signal is present. Either choice

could be in error.

If P(iv) is the joii. probability of occurrence of a signal and

a received voltage of value v is the range v + dv/2, it can be expressed

as,

P(l,v' ,plvd

It can also be expressed that,

P(!,v) = p(v)dv P(II•) (21

Combining the two equations,

P(l/v) -Plp1v)/p(v)
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Similarly,

P(O/v)= P po(v)/p(v) (4)

Given a specifled sample value (v), equations (3) and (4) are used

to calculate the conditional probabilities P(i/v) and P(O/v). For the

case where H. and HI are of equal importance, th,- decision procedure

simply involves choosing H1 if P(l/v)> P(O/'v) or HI if reversed. This

Insures a minimum number of errors over a large number of trials.

In the event that the two types of error have different signifizance,

the above rule requirea some modification. One possible procedure is to

assign some loss values to the different types of errors and mii-imize
average loss (3). The choice of hypothesis -H corresponds to,

to p1DL(vI J olropo(V)

The effect of repeeting a '-1nary signal n times in an attempt to

improve its detectability is considered, assuming that the a priori

probabilities P. and r- are known.

The signal and additive noise at the receiver results in a random

voltage (v). If voltage is sampled n times, the problem, then, is how

to '"best" process the n samples, vl, v. .......... vn, directed toward

minimizing the overall probability of error in deciding between hypotheses
o H1 . As before, the conditional probabilities P(l/v1 , v2, ... vn)

and P(O/vl, v2, ..... vn) are evaluated with the decision H1 or H. based on

the larger of the two.
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Ar- imortant reise is~ where ",he successive sn-,%e of v ar'q

st-itist~i-ay 1ndcr,-ndnt, iqnd In which instance the 4olnt probtbi7ity

4ensity fun-ticns becrme the product of tlheir reir-ctVvc fr"t i-'V-r fle-

rity f~mr-ti~nnf. The' ter-t for chocndng hy othcsi-' ., ttAs

P1(v1 ) p1(v2) ...........P1 (v P) (6)
p0(vi) P7(2) ......... *Po(vn 1

'Thr thl s case the P-in3 Ing Interval~ I/B urith B theý -y9ter. ban-3width

If the- signali 'nul-e Is of a ftnile A Prg9 the slt4tiv,ý nclie I.-

griinsipn t-rith vnrienr~e 1., then, thp Vt s-pi of voltege v vii) have,

-ei the signal is 'e~?t the folloving probability distribution:

p0 2 -v) e1 1/2
L kv ep -v - A) /2N/(2rnN) (7)

If the zignal Is absPTrt,

2 1/ 12
=,vj exp (-. vj /2N)/(2gN) (8)

Uqlng the raetio crite3rion of equation (6) to determire' the 'on011tion f:r

,1-iling on bypoth-ý.,es H11 rind tsking nnatural ýcgaý-th-mq '1fcth niles

n 2
vi -(vaA)> 2N oge~ (=

n n
3 2 A P v



This establishes that the optimum way of processing the n indepen-

dent samples of signal plus gaussian noise in order to minimize the over-

all probability of error, is to add the samples and require them to either

exceed or drop below a specified threshold level which is given by,

b + I o(11)
2 A 1

The threshold setting depends upon the signal amplitude (A), noise

variance, the probabilities of signal transmission (Po' P1•, and the

number of samples integrated.

The probability of error is a function of the above parameters and

in the case of Po = P1 = 1/?, can be expressed as,

112_1 - erf(? A/2#ý N)] (12)

x

where erfx f exp(-y6dy
X6

This indicates the improvement possible with repetitive signals for a

simple binary system.

-. •.1.2 POLCAT Detection Criteria

The previous discussion has been given to provide a basis and serve

as a comparison for the analysis of the class of guidance systems into

which the POLCAT semi-active homing system falls. It was implicitly
assumed that the a priori .rohabilities, Po and P 1 were known. In the POLC.&T

concept there is no way of knowing in advance whether or not a signal

reflected from a target will appe.r. Most of the time the voltages

in the processing circuits will be due to noise. A procclure for minimizing
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the overall probability of error cannot be used. The testing procedure

developed by Neyman and Pearson (4), has been widely used; is parti-

cularly appropriate in this case. It is based on specifying one of the

error probabilities. The two possible types of error that can be made A

are,. a: the probability that Ho will be rejected althougl true: and 1:

the probability that HI will be rejected although true. In applying

these definitions to POLCAT, the following notations are useful:

P, (equivalent to a) fs the probability that
noise is ,-voneously called signal.

P. (equiv&Lkvi- to 1 - 1) is the probability

of detecting a biTnal when it anrears.

The ottimur. processing of n reflected pulses, spaced at large

enough time intervw.ls to ensure independent noise samples, corresponds

essentially to that derived using Bayes' decision rule as outlined

earlier in the section and given by equation (10). The only difference

in this case is that, since the a priori probabilities are unknown, the

critical region chosen will depend upon the choice of Pn' rather than

Po!PI.

Thus, interpreting equation (10) in the Neyman-Pearson sense, the

detection procedure consists of requiring 'he sum of n voltage pulses

to exceed a specified threshold level. This level is determined by the

allowable false alarm probability (Pn). The recognition probsbility (Ps),

that signal plus noise will exceed th. level (after numming or integrating)

and be identified correctly as signal, is dependent upon the signal-to-

noise ratio (SNR).

The application of this test procedure is independent of the actual

signal amplitude or SNR. It is optimum in the sense that it defines
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minimum SHR fxr a given Pn and P54

Figure 3.4-3 shows the relation betweun the false alarm rate (P.)
and the SR at the izpat to the enflope detector as a function of niiber

of pulsne added for a reconition probability of 98 percent.

The foregoing has not considered signal shape, system bea ith and

filter characteristics, etc. The ratio of the volhap esaed at the Sig-

nal peak to the rms noise, Ai, vas determined and the probability of

error established. Since both A and N depend upon the system transfer

function., the transfer function is chosen to maximize A/jN.

If a signal f(t) is passed through a linear filter vith impulse

response h(t), the filter represents the entire systea between the point

at which white noise is introduced and the point at which A/' is maveared.

The output g(t) of the filter at sie time(t• is given by the conYalttimn

integral.

The mean squared noise output at this same point, due to white noise of

spectral density(Vi)at the filter point is,

N = 1/2 3h2(7')dt_ (i14)
- 00

The filter impulse response appears Im the equati~ms for both g(t) and N.

For convenience, consider the square of the ratio of g" 11)/-k, Vith tc

defined as the time at which g(t) has its peak value A.

g2 (to) _ S 
-2

-I!

h o -- ) -

t .. . . . .... . . . .



in order to maximize this ratio, an artifice is used in which it is assumed

that the signal enar&¶ (B) is a known cinstint given by,

E Z/-f,2( tldt (16)

D11viding equation (15) by a Inmwn constant -iUll not affect the maximizatAion

nrocess azyi leads to the folleing expression to be mxinized:

"v~~(i (7)
PjtdtA2, ~ ~

by Schwarz's inequality

S h(t )•, f2t)dt jhr)d-r (18)

with tie equality holding if,

f(A h(t0 - )
i.e. h(t) = f(to -r) (19)

This condition, calltd a matched filter, provided the maxirm vav.e of

peak SNR. This maximum SMR is gi-n by substituting equation (19) into

equat!on (15).

(S,)x _ (20)

The ma-dimum values of the peak SM., then depends only mn the sigm!

enery and the whit- noise spectral density.

The binary signal decision problem in the caae of "colored" noise

(noise of arbitz-ary spectral density) can be treated similarly by first.

equalizing or pre-filtering to convert the noise to band limited white
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nolRpi Ann thpn mrcw&Ppdtna with tho auntrh.R fi +ort dani-sion pracedure (5iY

Equation (20) indicates the important design considerations for the

POLCAT guidance system. .qssuming the optimum receiver (matched f.ilter) and

best decision procedure (Neyman-Pearson in this case) the signal-to-no-se

ratio will be maximum if the energy of the signal is maximized in the region

where the noise spectral density is minimum. When the peak power of the

illuminator is limited, the energy may be increased by making the signal

duration as long as possible...

As the signal length is increased the ability to resolve the spatial

position of the target decreasers, therefore, the maxiamn signal duration is

a function of the error probabilities. If the noise is white, a single pulse

of energy (E) would produce the same SN?, as a series of pulses with the same

total energ'.

In the following d'iscussion of the various sources of guidance system

noise, it is shown that the spectral density of the noise, which limits

POLCAT; to not white and that it is desira•be:to shape the signal so that its

power is located in the most advantageous region of the spectrum.
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3.4.2 Noise Analysis

The term noise defines those random electrical fluctuations that are

added to the signal between the transmitter and the point in the communica-

tion link where the decision as to whether a signal is presot&t or not is

made. The previous section showed that the probability of the POLCAT re-

ceiver detecting a signal in noise was inversely proportional to the noise

spectral density. The additive noise are those fluctuations which are

present even when there is no signal. The noise may be due to effects in

the channel or receiver or due to interactions between them. This excludes

those random characteristics of the encoder and transmission medium which

only modulate the signal, since they are multiplicative noises and must be

treated by different analytical techniques.

The limitations on PDLCAT guidance performance due to additive noise

are determined by examining photon noise, semiconductor noise, atmospheric

scintillation, and scanning noise.

3.,4.2.1 Photon Noise

The photon noise effect is due to the random arrival at the detector

of the discrete energy carriers, photons. According to the best accepted

theory, the mechanism of photoconductivity in lead sulfide detectors is due

to the increase in charge carTiers liberated by the incident photons. There-

fore, assuming that the rate of arrival of photons is a random process, the

variations in detector current are determined by the statistics which de-

scribe the rate of absorption of photons by the detector. The photon process

may be due to thermally emitted photons fru the background and detector

surrounds (wrich are described by Bose-Einstein statistics) or they may be
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due to photons riflected from the background or they may be due to photon

fluctuation in the signal itself.

The dominant noise phenomenon affecting PO1CAT guidance performance is

due to the reflected sunlight from the background. The average number of

photons which arrive at the detector from the element of background which is

viewe4 during the measurement interval is,

%+AX

2 -- '-.Af L, dX photons (1)

The average number of photons which arrive at the detector during the

measurement time when there is a target in the field is:

NtXOv Oh M + NT(2

2 24f D(2

Since the random process can be described by a Poisson distribution

the vari~ace is equal to the average. ITe number of free carriers due to the

target photons can be detected against the carriers liberated by the background

photons within the specified error probabilities, when

- 1/2

X 2 Af 2. T

When the distribution of N•, N,•/ , tx ae unifo over LNX

2L ,-_ý 2• L
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Since the phot.o- energy is hvL, the above can be expressed in terms of the

signal spectral incidance at the receiver (HT) and the background spectral

sterance (WBX) as follows (20),

HTX/(X M i-XW X t v O M 4 1 /
2 a hv - R 26f hv _

which establishes the requirements for signal spectral incidance in terms

of background spectral sterance for a photon noise limited system.

F, 11/2
C,12BXtX he v Oh batt

,T in ,1M 1 (6)

where X defines the spectral wavelength in centimeters. The photon noise

equivalent power (SNR = 1) is obtained from equation 5 in terms of back-

ground sterance and expressed as,

-1/22 'dB% t% hc Lf Ov &n M P_.
Nphoton = h _ 4 X watts (7)

3.4. 2.2 Semiconductor Noise

The characteristics of the semiconductor noise depend upon the physi-

cal properties of the material used and the particular operating conditions.

The various types of noise may be categorized as thermal noise, generation-

recombination noise (similar to shot noise) and current noise. Figure 3.4-4

shows the relative frequency regions in which f;ach of these occur.

Thermal noise is present in all conductors and semiconductors and is

caused by the random motions of the charge carriers. This noise dominates
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at high frequencies. The mean squaru thermal noise current is given by:

2 4 k TI6 2(8
Sthermal R

This noise spectrum is independent of frequency up to about 1O13 cps where

quantum-mechanical effects occur.

In semiconductor materials, the stati6tical fluctuations in the con-

centration of charge carriers gives rise to generation-recambination noise.

It is analogous to shot noise in electron tubes and is associated with photon

noise in photon detectors. This is the major source of detector noise at

intermediate frequencies.

The power spectrum of the g-r noise (8) is given by:

2

4 1o watt for extrinsic

N(fl +),5 ) cps semiconductors
= 2 (9)

2 12 watt for intrinsic

Flu + 4) cps semiconductors

which is essentially flat up to frequencies which correspond to the mean

carrier lifetime.

The mean square g-r noise current can be generally expressed as:

22

N g-r - K I( ff)2  amp (10)! ~i + ( f/fli

where the constants K and fl are related to the number of charge carriers

and their lifetimes, end are chosen to fit experimental data for a particular
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material.

The third type of noise which arises in semiconductor detectors is

current noise. It is also called J/f or m 2du2ation noise. current noise

source are associated with potential barriers existing at intergranular

contacts, at rectifying electrodes, at the seziconductor surface, at dis-

locations, at point contacts or at p-n Junctions. It has been suggested

that this noise is due to sno. iffect which modulated the carrier densi-

ties and thus the conductivity of the material.

The power spectrum of current noise may be expressed as (8),

U K2 I A
Wcurrent

where a2, Ozl and K2 is a constant related to the resistivity, dimensions

and other material constants.

3.4.2.3 Atmospheric Scintillation

When a point source is viewed through the atmosphere, the image varies

with time both in position and intensity. This is called atmospheric scin-

tillation noise. The turbulence in the transmission medium due to wind and

temperature gradients causes temporal variation of the propagation para-

meters. Measurements of this effect (10) indicate that:

(a) Fluctuations of light intensity caused by atmospheric turbulence

have a log normal distribution.

(b) Dependence of o2 = (log (I/Io)]' on path length (L) agrees with

the theory of the phenomenon, which leads to the formula a . L1/6.

(c) Confirmation of the theoretical conclusion that -#he correlation
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(c) function of the fluctuations of the light intensity depends on

(-/(XJ)I/2 and that the correlation distance is of order (%L)1/2.
1/2(d) The frequency spectrum of light intensity depends on f(%L) /V

and good agreement is observed between the intervals of time

correlation and space correlation.

The frequency at which maximum fluctuations occur is given by,

f = 0.32 Vn/(XL)l/2 cps (12)

Figure 3.4r5 shows the frequency spectrum of light intensity vrariation for

S~different wind velocities.

d eIt was also found that the amplitude of the fluctuations depends sig-

nificantly tn the dimensions of the collecting aperture. Figure 3.4-6

shows an eupirical relation between the amount of twinkling and the re-

ceiver diameter.

3.4.2.4 Scanning Noise

Guidance systems which employ optical search techniques requre rela-

tive motion between the lipe of sight and the target background. Any

spatial variations in the background sterance pattern will give rise to a

time variation in the received radiation. This fluctuation which is due to

the interaction of the background pattern, the optical field of view and

tbe scan function is the scanning noise. Since the optical and scan para-

meters are known for any particular system the randomness arises from the

background description. Those backgrounds of interest in the POLCAT gui-

dance concept are non-stationary, two dimensional distrilbw.•ione. Varia-
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j
tions in the patr.h1 and changes in the inteL~ity and direction of the sun-

light illumination make the background a non-stationary random process. It

might be developed when scanning a terrain with high contract objects on

bright clear days. It is also to bit expected that different classes of

scenes (fields, deserts, built up areas) might have different statistical

descriptions.

Analytical methods for trating the stationary version of the problem

have been suggested by Genoud (12) and Biberman (13), based on the more

general studLks by Elias (14) and Jones (15i) Appl.#ng these methods,
I

which -%suse the autocorrelation function of the background radiance to

be constant, the noise power per unit area from the background had been

computed (20) for a POLCAT seeker incorporating a rectangular scanning aper-

ture and ideal electrical filters. The limitation of this analysis was the

lack of knowledge relative to the background autocorrelation function for

the type of terrain applicable to POLCAT.

Accordaingly, a program was conducted which..deteruined, directly,

Fourier spectra for noise developed by scanning terrain representative of

the ground ccmbat environment. Figure 3.4-7 shows some of the scenes Vhere

measurements were made. All the data obtained during the measurement pro-

gram are presented in the Design Data Supplement. For the purposes of this

report, these data were reduced to the spatial frequency spectrum given in

figure 3.4-8. This single dimensional description was obtained by assuming

the background to be isotropic. It is an average representation; the

standard deviation 'or the limited number of scenes which were scanned is

three to five times the average.
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To use the figure 3.4-8, it is necessary to determine the spatial

frequency region in which the system operates. The spatial center fre-

quency (cycles/rad) is determined by the ratio of sigiA frequency (cps)

to line of sight rate (rad/sec). The bandwidth (cycles/rad) is determined

by wltiplying the spatial center frequency (cycles/rad) by the ratio of

the electrical bandwidth (cps) to the electrical frequency (cps).

3.4.2.5 Noise Evaluation

Te basic noise mechanisms of the POLCAT guidance system have been

discussed from a general standpoint in the foregoing paragraphs. It is

Snecessary to examine each in the light of the system parameters and tac-

tical ern'-roaient. A convenient method for detdoining the limiting

noise effect is to compare the noise equivalent powers due to each mecha-

nism. This will require using certain design values which will be dis-

cussed and derived in subsequent sections.

Using equation 7, the photon NEP is estimated for the following con-

ditions:

WBX = 5000 microwatts/cm2-steradian-micron (reference 8)

1.0 / 'l× 1 1.0

M = 100 an2 Lx = 0.4 microns

Lf = i000 cps X = 10"4 cm

=V % = Q = 0.025 radians

•photom = 2.2 x 101 watts

In photoemissive, photovoltaic or PEM detectors, background fluctu-

ations contribute to the photon noise. However photoconductors depend upon
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the change in concentration of charge carriers upon irradiation. The c.on-

centration of free carriers is determined by both the generation and re-

ccmbination rates. With radiation falling on the detector the carriers are

undergoing continuous photoexcitation and recombination. It has been shown

(16) that at equilibrium in a photoconductor the total noise power (photon

and g-r) can be no less than twice the photon noise power alone. This gives:

MýPphotons and g-r= 4A x 100 watts

A lead sulfide photoconductor was used in the POLCAT receiver. Ordi-

narily this type of semiconductor is current noise limited (8), where the

noise follows a power law that exhibits essentially a simple inverse frequency

dependence. From equation 11 it is seen that the current noise is a strong

function of the bias current. If the detector is biased from a constant

supply (high impedence) the noise current will remain constant under all

levels of illumination. However to minimize agi~g and other effects it is

often convenient to use a source impedance which is less than that of the

detector. This approaches a constant voltage supply. Under maximum illu-

mination within its linear range (105 to 1) the resistance of the POLCAT

PbS detector will decrease by less than a factor of two (9). Therefore,

the maximum current noise which can be expected, due to high ambient illu-

mination is no more than about twice the noise due to the dark current.

The NIT due to semiconductor noise is given by (Af)l/2(Ad)/2 /D* in watts.

1

5
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For,

D*(]•,2000,) =xlO0ca-cpsl 2/watt (reference 7)

At = 1000 cps

Ad = 0.026 a2

NEwcurrent = 2X10"I0 watts

To estimate the scanning noise, it is necessary to determine the line

of sight writing rate vhich for an annular scan is given by (%fs/90)tan1 Age

in radians/second.

.4 = 0.070 radians

f= 20 cycles/second

signal frequency = 2000 cps

signal bandwidth = 1000 cps

The line of sight rate is 8.7 rad/second. This givea the center frequency

in terms of spatial dimensions as 230 cycles/radian and the spatial band-

vidth as about 100 cycles/radian. From figure 3.4-8 the scanning noise

equivalent incidance is 5xlO"I 0 watts/cX2 -micron. For a collecting aper-
2

ture of 100 cm and a spectral bandwidth of 0. 4 microns,

N"Pscanning = 2xJO.0 watts

3.4.3 Signal Ana',Yis

The received signal Incidance, HTX, is a function of the transmitted

signal power and the various attenuations it has undergone. This is given

Sby: H P~t rx watt/cm2 -micron (i)HIS% = • -R
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This expression is randca to the extent of the uncertainty for each of the

multiplicative factors.

In this section each of the factors will be considered in the light

of the POLCAT concept requirements. The characteristics of an illuminator

designed for field operation with the POLCAT system and actually used for

related studies will also be described.

3.4.3.1 Illuminator

The signal source was designed so as to provide the maximumne trgy

in the region of minimum noise spectral power dendity. Since the power

spectrum of the noise which limits the guidance system decreases vith

frequency and spectral width, the light beau which illuminates the target

should have the highest possible power concentrated in the narrrwest pos-

sible wavelength band, modulated at the highest possible frequency, and

the receiver should be designed so it can examine the reflected power for

the longest possible time.

The pezk spectral power into the beam is approximated by:

(x/A)4 254D ýys watt/micron (2)

It is desirable to maximize all of the factors in equation 2.

In the POLCAT application, the illuminator beam must subtend no mo-e

than about two meters at 2000 meters which gives a maximm beawidth of

0. 001 radians. For a maximum diameter of the optics of 30 cm and an opti-

cal efficiency approaching unity, the spectral flux into the beam is approxi- I

mately,

5X1tly W watts/micron (3)
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The source most compatible with the POLCAT concept vrd available

within the. state of the art at the time of illuminator design vas the arc

discharge lamp. The spontaneous emission frow this source Oc-urs in spec-

traJ. lines which broaden as temperature and pressure a..' increased. Since

the excitation is electronic instead of therzal, the brightnets of an emission

band at modest input powers can be equivalent to a relatively high tempera-

ture black body. Most discharge lamps emit in the visible and ultraviolet

spectrum. The xenon lamp provides output in the near infrared. Figure

3.4 - 9 shows the spectral sterance of the c ercial xenon arc lamp used in

the POLCAT system. In the 0.88 to 1 micron region the zterance is about

400 watts/cm2 -steradian-micronr.

The radiation fro discharge tubes may be modulated by varying the

input electrical power.

An illuminator was designed and fabricated in accordance with the

POLCAT guidance system and environmental requirements. Figure 3.4-10

shows two photographs of the equipment.
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Illuminator Specification

Source - Hanovia Xenon Lamp type 844-C-1
arc length: 0.3 5n
spectrum: 0.8 - 1.1 microns

Optics - Parabolic reflector
aperture: 12 inches
focal length: 12 inches

Beam width - 3 milliradians (limited by optical aberrations)

Modulation - 2000 cps, mechanically chopped

Power supply - demand 28vdc at 5 amps
rechargeable battery capacity: 300 amp hr

The illuminator was designed to accommodate either a xenon or mercury

arc discharge lamp. Since mercury lamps cannot be effectively modulated

electrically, mechanical modulation was used. The modulaticn frequency was

limited to 2000 cps by mechanic;al considerations in the illuminator and by

the time constant of available detectors.

3.4.3.2 Atmospheric Transmissivity

Atmospheric transmissivity is predictable to the extent that weather

and battlefield conditions are predictable. Since tranamissivity is a

multiplicative factor on the signal, its variance has an appreciable effect

on POLCAT receiver performance.

Atmospheric attenuation in the infrared is due to three independent

phenometai molecular absorption, principally from water vapor; aerosol

scattering, by mist and fog; and particle absorption, by dust and haze.

Tre water vapor volume varies between 0.001 and 1 percent depending

upon geographical and m-teorological conditions. Figure 3.4-11 shows the

precipitable water vapor per foot of path length as a function of teupera-
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ture and relative humidity (17).

The particle and aerosol concentration is given below:

Atmospheric CantAminants

A Atmospheric Particle Particle
Condition Size Concentration

clear, dry (18) 0.1-1 micron: 95 percent 100 particles/cm3

Si1-10 microns : 5 percent

industrial haze 8) 0.03-2 microns 500,000 particles/cm

fog (19) 3-60 microns 50-500 particles/cm3

(peaks at 7)

clouds (19) 2-30 microns 1-50 particles/cm3

The attenuation at any particular wavelength thus depends on pbysical

factors which may be difficult to specify. Empirically derived factors or

models are used, in general, to determine the transmissivity. Models are

useful, not only from the standpoint of simplicity, but also sincr they

relate the transmission in the infrared to that in the visual regions.

There is some variability among methods of determining the atmospheric

transmissivity. The model given here is after Kruse et rl (8).

The model requires computation of two attenuation factors, ,rai due to

abs.irption in various regions of the infrared, and Tai dus to scattering.

The expressions are,

exp(-Ai wl) for w 4wi

i k(wiw)Bi 
for w>i

where w is the precipitable water in s.
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Th- -.- nstarnts At, ki, Bi. and wI are evaluab~d an follows:

. ts°2 r'egion A k Bw
( r-rons",

7P-0. Oh 0. 03.05 0. &800 0.112 5J

r.. c,4 1.1 0. 0363 0.765 o. i34 54

P-ex0 391 Xi (-)L vi

wh--- V is the visual range in kilometers (distance at which contrast is
1/3

rvduc',i tn P rerotnt), Rnd where = 0. 59 V for V 6 kin: 1. = 1.3 for

" rvoreg&" -onditionl; !7 visibility: and q = 1.6 for "excellent" conditions

-f visibhility.

ThI nvprail Ptvos-h-ric trnnsnissinn coefPicient is the product of

týv- abnorotinn and scattsrinF rcofficient. Figure 3.4-12 presents the re-

sults nf etmospheric transmission neasurements in the near infrared svec-

+tru;.r.

3.4.3.3 T"rget Refi-:tivlty

The bepim rif radiation -rron the POQL(AT illuminator is both attenuated

"ad s-atterpa by th- target. This is a result of the surface conditions

Slr'h s color and toyture Rs well qs the gpoatrica] shape. The target

r'nnot be described as n simple reflecting surface with a diffuse or

srec!ulcr -oefficient but rether the •attern of the r',flected power as st

fun-tion nf angle of incidence must be given, in order to attain this de-

flnition ,1').

v-vsure-ents were rnede of the field pattern of reflected power from
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an M48 A-i tank when illuminated by the POICAT illuminator (21). It was

determined that the reflected power could be generally described by a spec-

ular component and a &iffuse component. Table 3.4-2 lists some of the

results of the measurements.

The contour pattern of figure 3.4-13 represents a model for the field

pattern of the reflected power from a fully illuminated tank target.

3.4.3.4 Target Signal

The spectral power denkity at the receiver of the radiation reflected

from the tank (signal incidance) is given in terms of the source and the

attenuation factors sterance by combining equations (1) and (3).

S1.6 x 1O-4wax t% r• watt/cm2 _micron

RT.R

Figure 3.4-14 shows the total power incident on the detector for the

specified optical parameters as a function of target-receiver distance.

This peak signal power can be compared with the limiting system noise

(Section 3.4.2) and the resulting SNR related to the guidance system error

probabilities given by figure 3.4-3.
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S3. 14.1  Seeker Design

As established by the POLCAT concept, the seeker must perform two

basic functionss I) determine when the illuminated target enters its in-

sta neous field of view, and 2) provide a control signal to the pulser

if this occurs. The preceding analyses established the requirements for

performance where the seeker is considered a receiver in a coinunication

system. Thus seeker design must provide a) a spectral "match" and an

electrical "match" for the target signal, and b) provide a Ne]ym-Peerson

type decision process for non-coherent signals. The POLCAT seeker design,

showm in figure 3.4-15, is discussed from this point of view.

Descriptions are given of the optics, detector, electron-ic process-

ing system (amplifier and trigger circuit), power supply, and the func.-

tional tests that were performed with these components.

3.14.4.1 Optics and Detector

The design of the optical system was determined by the requirements

on angular resolution, spectral interval, optical "speed" and, particu-

larly, the requirement of withstanding 10,000 g acceleration at launch.

The latter requirement had a significant effect on the optical configu-

ration that was selected. Prior air gun tests indicated that all-

refractive optics, which are usually edge supported, failed during toot.

All-reflecting optics, which expose the detectors and optical filters,

lead to a difficult mounting problem. The refractive-reflective optical

design, shown in figure 3.4-16, was conceived as th* mest practical. The

arrangement permits both the optics and detector to be supported in such

a way as to distribute the launching shock uniformly against a large flat
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surface. The design also provides a double "fold" of the optical path which

results in a compact design. The refracting front surface acts as a dome,

offering protection for the detector and optical filters. The results of

air gun tests on the lens described in Section 3.2.2.1 indicated that this

optical design can withstand launch accelerations of 10,000 g.

The required optical resolution is reiated to instantaneous field of

view. This field may be found f the required sigral characteristics which

were discussed in Section 3.4.3 and in turn, shown to be based on the allow-

able error probabilities, viz., false alarm probability, recognitIon pro-

bability and hit Vobability.

The tangential dimension of the elemental field is given by:

tan 2(tan4)(taxr. + r

The radial dimension of the instantaneous field is 2 degrees where

a is the pitch angle in degrees. For the expected projectile flight chaxac-

teristics, the dimensions of the instantaneous field were established as

follows:

tangential angle 1 and 1/2 - 2 degrees

radial angle = 1 degree

For maximum sensitivity the total energy in each signal pulse should

fall on the detector. This requires that the resolution of the optics

be better than

taential angleegreesn + (f 4ci!•o0fs) der s
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that i3, better than about 1/4 degree.

The focal length of the lens was designed to be as short as possible,

compatible with the above criteria. This not only permits a compot design

but also minimizes the area of the sensitive detector. As mentioned in

Section 3.4.2, this also minimizes the noise potentials developed in the

cell.

The spectral wavelength region of the signal was discussed in Section

3.4.5. The optics were fabricated from a glass which would provide the

characteristics derived above with radiation from 0.8 to 1.2 microns.

Chromatic aberration was found to limit the resolution of the lens.

The lens spec'ifications are as follows:

Material: Borosilicate Crown (Schott type BK-7

Focal Length: 180 Mm

Aperture Ratio: f/l. 5

Resolution: 0.15 degree (on axis)

Flange Focal Length: 30 mm

Spectral Range: 0.8 - 1.2 microns

The manufacturing specification for the lens is given in the Design

Data Supplement.

The detector was selected so that its electrical characteristics

matched the signal and its physical characteristics were compatible with

the required field of view and the environment. The detector specifications

are as follows:



Material: Lead Sulfide - chemically deposited
(low sodium glass substrate) Infra-
red Industries type B1SA7

Detltivity: 3 x 108 cm (cps)ll2/attD• (,roo, 1500, 1)

Time Constant: less than 60 microseconds

Dark Resistance: less than a rmgob•

Active Area: O.160 x O.160 inches

Wave Length of
Peak Sensitivity: 2.85 micron

Figure 3.4-17 shows the optic-detector arrangement. To achieve the

required resolution it is necessary that the center of the field of view

be along the optical axis. Therefore the lens and detector ccmbination

were offset from the roll axis by the line of sight ---gle.

In order to support the detector and its lead wires during launch

and flight, and to prevent extraneous radiation falling on the detector,

epoxy potting material was added to the detector cavity. The surface of

the conical cavity was grooved to eliminated internal aflectiona and

coated with an optically black paint.

3.4.4.2 Electronic Processing System

The POLCAT electronic processing system first linearly amplifies the

detector signal with a "matched filter". It then provides a logic circuit

which decides if a signal is present in noise. In the event of a signal

a pulse of electrical energy is delivered to the control cartridp. A

block diagram of the seeker electronic system is shown In figure 3.4-18.

In Section 3.4.3 the signal was shown to be a train of sinusoidally
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modulated radiation. For a train t. seconds long and a modulation of

amplitude A and fre-upncy •,, the signal is described by

f(t) = A sinc•o -tt/2 5t • to/2

The -nergy soectrum is

2

4+ nin 4n(/o+ l)
Tin 4z7T/,o4. - 1)h + 1)

Figure 3.4-19 shows the 'nergy spectra'm for a it cycle train modu-

' ated st 2000 cpR.

Tt w•a shown in Section 3.4.3 that th- fil]ter impulse response shoull

be h(t) = f(to - t). Tn actua1 practice the exrct shape of the matched

-ilter is usually of secondary irnortrnce. the proper syst-r ba•4width

being the crucial quantity (6). T-,e output SIM for R single P17 networv

(th- l1ow frequency equivolent of a single tuned cir.iuit), a gaussian filter

(this corresponds to a large number of synchronously-tuned amplifier stases)

enr an Ideal rectangular tiltpr qhyw littl^e diterence If the bandwidth Is

-hnspn rrnrerly. Al of the filters provide s reak SNM within one db of

that obtainable In the matchwd filter case. The optimum bandwidths are

sh'-v. in 'lguaue 3.1-Or'. For tiv "rp- o' multists;.t filt-rq the v-erll

r-r-'rs- e#rroaches tho gaussir filter. ThW ?'eak SWR occurs in tbis

•-ae for f>to = O.h. T.h•e maximum is quite broad. however, varying by no

more than one db from fcto = 0.2 to fcto = 0.7.

An shown In lecntior. 3.4, ?, t1 limiting noise is due to electrical
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signals generated by scanning the variegated terrain background. This

noise power incidance was shown to be about 5 x 102 - micron.

For an effective collecting aperture of 80 sq c= and a spectral bandwidth

of 0.5 micron, the average scanning noise equivalent power is about

2 x 10- 8 watts. This is an average noise voltage out of the detector of

about 4o/Avo!ts.

At this point, detailed descriptions of the amplifier and, thben, the

trigger circuit are given.

3.4.4.3 Amplifier

The amplifier consists of four stages of common-emitter transistor

circuits. Sufficient dc degeneration is utilized in each individual

stage -or dc bias stabilization, while ac degeneration is also incorpo-

rated to minimize variation of gain of each stage. The loud on the

first two stages consist of tuned circuits to obtain the required band-

pass characteristics. A zener diode voltage regulator drops the battery

voltage down to 22 volts dc as required by the amplifier circuitry. An

R-C decoupling network minimizes the effect of the battery or zener diode

source resistance on the frequency stability of the amplifier. The

transistors utilized are of the 2N43t type. These trnsistors have low

noise and medium gain characteristics. Their reliability in extreme

environments had been proven by past performance and rigorous testing.

The specifications for the POLCAT amplifier are given below.

Midband voltage gain 81 db (minimumn)
Midband frequency 2000 cps
Bandwidth (3 db pts) 1500 cps - 2500 cps
Input impedance 33K t 20 percent
Output impedance 1K + 0 percent -20 percent
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Specifications for the POLCAT amplifier (cont'd):

Equivalent noise input voltage 2.4 x 10 volts

Linear operating range 0 - 5 volts pk to pk
Operating temp-rature -40 C to +100 C
Pulse response Ringing must be less than

2 cycles to a step input
Power supply voltage -40 volts +20 to -50 percent
Power supply impedance 1K ohm a"

A schematic of the aumlifier is shown in figure 3.4-21

.. The *qerall -performance of the amplifier can be sumaarized as con-

forming to the specifications tabulated in this report. The gain of the

unit is adjusted to the required level by adjusting R 109 (shown in the

schematic) to the proper value. nhe adjustment is necessary due to the

large gain tolerance (3:1) of the transistors. The circuit will operate

with no appreciable decrease in gain as the battery supply voltage is de-

creased to 20 volts. Applying an impulse of up to I volt magnitude to

the input of the amplifier will result in a 2000 cps output signal of two-

cycle duration. This is due to the ringing characteristics of the tuned

circuits in the amplifier. This characteristic, however undesirable, is

unavoidable if bandwidth requirements are to be met. However, since an

output signal of at least four-cycle duration is necessary for successful

triggering, a ringing of two-cycle duration does not significantly affect

iystem performance.

Amplifier components were mounted inside a grooved annulus made

of linen-base bakelite. Electrical connections were made by a long feed

through posts that interconnect individual ccurponents of the system both

electrically and mechanically. The circuitry was encapsulated by a mixture
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of Hysol 6020 &ad Thyokol LP-3. plus Hysol Hardener C, in proper proportions.

This mixture cures into a transparent hard solid.

3,4.4.4 Trigger Circuit

The trigger cL-cuit serves two purposes. It decides if the signal

is present and then it provides an output signal to initiate the squib 4'iring

process. The specifications for the trigger circuit are as follows:

Input impedance 10 kilohms
Output impedance 2 ohm
Integratirg time constant 1 millisecond
Energy into load 0.05 Joules

In Section 3.41.1, it was shown that the optiinm decision procedure

for the incoherent on-off' signal train included a rectifier to envelope de-

tect the sigal out of the matched filter and a summing circuit to add suc-

cessive pulses. If the sumed signal exceeds a threshold, established by

the noise, then the decision is made that there is a signal present in the

noise.

This procedure was implemented in the following manner. Referring

to the schematic in figure 3.4-22, the 2N43A transistor is normally fully

conducting and 2NI132 is normally cut off. It is important that the cut-

off current of this stage be very low ( 10 microamps) or else the circuit

will oscillate at a low frequency. When properly cutoff, the _.28 f

capacitor will charge to 18 volts. This voltage at the emitter of the

One of the five seeker units oscillated at a low frequency (motorboated)
when received by Frankford Arsenal. Another seeker developed a similar
trouble, after air gunning. This was foomd to be caused by the high cutoff
current of tbe 2N43A transistor which originally preceded the unijunction
device. The amplifier design was modified to specify a MU132 transistor
for this critizal circuit. This design was successfully tested in on of tl
prototype POWAT seekers.
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2R490 unijunction transistor will not discharge that device, consequently

the silicon controlled rectifier is cut.-off. If an input signal greater

than 1 volt peak to peak is applied, the positive halves of the signal turn

the 2N43A off and the 2Ki132 on. This brings the charging voltage at the

collector to +36 volts. During each positive half of the input signal the

0.28 f capacitor and the 2 kiloha resistor receive a charging pulse of

+22 volts which charges the capacitor towards 36 volts. The time constant

of the charge circuit is adjusted so that the charge on the capacitor

reaches 24 volts during the fourth cycle of a 2000 cycle per second signal.

As the voltage on the 0.28 f capacitor reaches 24 volts the 2N490 fires.

This, then, is the decision that a signal is present.

The 1 volt peak to peak threshold was set from the average backgound

noise level multiplied by the gain of the linear amplifier section. The

Neyman-Pearson decision criterion establishel the required threshold. If

the noise is non-stationary, there are three possibilities for implementa-

tion -- a compromise threshold established, provision made for adjustnent

prior to firing, or Inclusion of an automatically adjustable circuit.

When a signal is present,the trigger circuit must provide a suitable

pulse of energy to an electronic detonating device (explosive squib). The

trigger circuit design was based on operation with the T2OE1 detonator

which has a specified dc resistance of 2 to 10 ohms. Experience has shown

that the nominal dc resistance for the T2OEl detonator is 2.5 ohms. Since

the limits of 2 to 10 ohms are specified, the performance is summarized

below for three values.
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Detonator dc Resist'pnce Limits

10 Ohas 2 Ohms

Maximum firing VoLtage None None
Minimum firing voltage 50 50
Delivered energy (ergs) 5000 5000
Time energy delivered (microsecs) 6 3
Digestion time for detonator

(microsecs) 5-10 5-10
Capacitor value (microfarads) 0.5 0.5
Maximum Safe current flow without

function (microemps) 50 50

Initial Final Initial Final

Resistance change during firing
(ohms) 10 21.9 2 12.9

An analysis of the elctrical characteristics of the T2OEI detonator

is given in the Design Data Supplement.

Based on the above specifications, the trigger circuit was designed

to provide about 0.05 joules to the squib in less than one microsecond.

Because of the launch environment, an electronic rather than mechanical

switch was required. A pulse transformer was incorporated to isolate the

squib from possible current leakage paths. When the unijunction transistor

type 2N490 fires, the 47 fd capacitor discharges through the transformer

primary. The secondary of the transformer is mitched to its two ohm load

and delivers the 0.05 Joule pulse in less than one microsecond.

Te components were mounted inside a grooved circular plate of

linen-base bakelite. This circular plate fitted irto the annular region

of the ring that contains the batteries. As in the case of the amplifier,

the circuit was potted to withstand shock in excess of 10,000 g. Connections,
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both electrical and mechanical, were made by utilizing feed-thrcugh posta.

3.II.1I. ,Power Supply

The power to operate the amplifier, trigger circuit and bias the

detector, is provided by a battery of Mallory mercury cells.

The following potentials are available:

-40 volts unregulated for controlled rectifier uni-
junction transistor and deto-
nation circuit.

-22 'rolts regulated for linear amplifier and

decision circuit

-. 8 volts regulated for detector bias

The battery was connected to its circuits by conducting links at the back

of the seeker. These links were put in place before firinE. The positivt

trrina•1 on 4-be plate served as the common return for the signal power sup-

ply and casing. The connection to the casing is made through a spring

loaded contact in the rear plate. The terminal board was placed at the back

of the seeker for the convenience of test and preflight checkout.

3.4.4.6 Ceeker Functional Tests

Laboratory tests were conducted to demonstrate the functional per-

forman'e of the seeker. The test set-up and procedure for the tests are

given in the repign rata Cupplement.

The seeker field of view was measured by noting the response of the

system as the lens-cell combination looked at a point source of 2000 cycle

light. The head was rotated about an axis perpendicular to the plane con-

taining the optic axis and the projectile axis. The point source of light

was also in this plane. Potation of the head about the perpendicular axis

allowed the image of the spot to traverse the cell. After the image passed
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the cell, the head was rotated 180 degrees about the projectile axis. As

the head wpii farther rotated about the perpendicular axis, the spot image

again traversedthe .ceil. Figures 3.4-23 and 3.4-24 show the optical re-

sponse for four seekers. This response remained unchanged after air gunning.

Tests were performed with the cell-a: lifier combination and the

results given in the form of frequency response in figure 3.4-25. The low

frequency slope of all of the POLCAT amplifiers was very close to -14 db/octave

and the high frequency slope approximately -19 db/octave. There was no

change in this chararteristic after the air gun tests.

Tests were conducted to establish the reliability of the sojiib

detonating circuit and its behavior with a semiconductor switch, together

vith a transformer, used as an energy source.

To determine a margin of safety for operational use, the supply po-

tential was varied from POV dc to 401.O dc. In addition, the value of the

storage capacitor was varied from 5 f to 70 tf. The experiment was per-

formed at every value of voltage and capacity five times in order to see

if any variation in results will be indJcated with the different units.

Forty squibs were chosen at random without measuring their resistance. This

assured there would be no change in characteristic by passing current

through them. A plot of the voltage across the squib versus time after

application of the pulse is shown for the various settingof voltage and

capacity in figure 35.4-26.

From the scope patterns it seems that, as the supply voltage decreases,

the firing time increases, and the voltage across the squib decreases. These

results indicate that the trigger circuit in the POLCAT system should function
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? reliably if the same type squib is used as the one tested.

3.4.5 Zeeker Field Tests

A POLCAT seeker was subjected to captive tests in the field. An

illuminator-target-receiver configuration was used which simulated con-

ditions under which a firing demonstration could be held. The purpose of

the test was twofold. The received signal to noise ratio was determined

for a variety of system and operaticmal paraine±rs, and the effect of the

non-point suurce reflector on the guidance firing angle was determined.

3.4. 45.1 Instrumentation

A POLCAT Seeker Head Mod 1 was modified to permit monitoring the

output of the amplifier and trigger circuit separately. An external power

supply was used to permit operation for long periods. Figures 3.4-27 and

"I.4-28 show plots of the instantaneous field of view. Figue 3.4-29 shows

the total field of view generated by offsetting and rotating the instan-

taneous field of view.

A spin rig was constructed which permitted spinning the seeker

head about its longitudinal axis at 10 rps or 20 rps. Since guidance

angle measurements were made to an accuracy of 1 milliradian, the align-

ment of ccuponents and vibration were maintained to less than 1/4 milli-

radian. Because of the accuracy required of the measurements, much atten-

tion was given to the alignment procedure. A very sensitive, yet conven-

ient method of simultaneously aligning the seeker longitudinal axis, bore-

sight telescope and mortar sight in the field was devised.

The target was illuminated by the POLCAT illuminator described in

Section 3.4-.3.1. This unit was mounted on a jeep which facilitated changing
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the illuminator-target distance to vary the spot size.

A 7' x 7' lenticular screen target was set up at the test range.

his was irradiated by the POICAT illuminator. The spin rig and seeker

head were located suitably near the target so as to simulate the POLCAT pro-

Jectile terminal gecmet-,r. The setup permitted flexible arrangement of the

various system elements. Measurements were made for the following conditions:

Target-receiver distance 75 feet and 200 feet
Illuminated spot diameter 6 feet and 18 inches
Seeker spin rate 10 rps and 20 rps

This type of target was chosen in order to be certain that sufficient

signal atrength wmild be achieved. A lenticular screen reflects almost

100 percent of the incident energy into an angle of less than a ateradian.

3.4-.5.2 Test Results

In order to establish that tbhe POLCAT seeker head was capable of

performing its guidance functions, the field tests (22) were executed to

determine

a) signal-to-noise ratio

b) errors in measurement of guidance angle

Measurements were made for various nmbinations of target-receiver

distance, illuminated spot size and seeker spin rate. The seeker signal

channel was monitored at both the output of the linear amplifier and at the

output terminals (firing signal).

The signal-to-noise ratio was determined by first measuring the

seeker response to the energy reflected from the target without presence of

background noise and then determining the amplitude of the noise voltage

_1417-.



without the target signal.

The pure target signal was measured by locating the maximum output

from the non-spinning seeker.

The pure noise signal was measured by locating the maximum output

from the spinning seeker with the illuminator turned off.

The trigger level was set so that no firing signal was generated

as the field was scanned.

The angle at which the spinning seeker should be offset to locate

a modulated point source was determined in the laboratory and given in

figure 3.4-29. Any deviation from this angle due to noise or illuminated

spot size is the guidance angle error.

With the target illuminated and the trigger level properly set so

that no false alarms would be generated by the background, the seeker was

offset from the target in various directions and slowly scanned towards

the target. As soon as a firing signal was generated, the offset angle

was recorded. The difference between this offset angle and the one measured

in the laboratory is the guidance angle error, The complete test plan is

given in the Design Data Supplement.

When comparing the results of the various measurements, attention must

be given to the climatological conditions under which the runs were made.

The following tabulation gives the weather data at the test site for the

period during which the runs were made.
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Relative Pressure
Target-Receiver Illuminated Time Temp Humidity = of
Distance in Feet Spot Size Date in Hours F Percentage -H

75 6 feet 6/18/62 1600-1730 89 50 29.78

75 18 inches 6/19/62 1420-1600 90 53 29.60

200 6 feet 6/20/62 1100-1300 (8 82 29.66

200 18 inches 6/20/62 1500-1600 76 72 29.65

The photographs in figure 3.4-30 show signals obtained during a typi-

cal measurement. The signals were recorded as peak-to-peak valueia. To

obtain the Srms/Nrm the sinusoidal signal voltages were divided by 2.8

and the randco noise voltages were divided by 4.5. The signal-to-noise

ratios obtained in test are given below.

Test Srms/Nrus

Target-Receiver Illuminated Spin Rate Spin Rate

Distance Spot Size 10 rps 20-rLs

75 feet 6 feet 6.68 4.75

73 feet 18 inches 27.5 23.8

200 feet 6 feet 2.68 2.68

2W feet 18 inches 4.o 4.0

The target signal falls off as expected as the target-receiver distance

increases. An inverse square attenuation predicts a relation between the

signals at 200 ft and 75 ft of about 1/7. This relation holds quite wall

for the small spot size but not for the six foot diameter illuminated area.

This may 'at due to the reflectivity pattern of the lentic3ular screen or

atmospheric effects since the tests 6-75 and 6-200 were performed on
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different days.

t Figure 3.4-31 shows a photograph of the output signal of the ampli-

fier as the line of sight scans past the target causing the trigger circuit

to function.

The curves in figures 3.4-32 show the line of sight angles at which

the firing signal occurred as compared with the preset offset angle.
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Figure 3.4-4 Spectrn of Nois* Current in Smiconductors
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Figure 3.4-i5 pirical Frequency Spectrui of Light Intensity
Fluctuation for Different Wind Velocities

path length: 2000 meters
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Figure 3.4-6 Empirical Dep.,,zence of Amount of Twinkle
on Diameter of Telescope Diaphrag
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Scene . Sce-e 5
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No CIoti-ds POlz CIeor-Bright Su- "'i TI. Ciou s

Scene 8 Scf'te 10

S /25/60 O05O-1230 a 126/60 Z20- 40C
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Figure 3.4-7. Typical Background Terrain
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Figure 3. 4-08 Trwrain Background Spectral Binitit-y Fie
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425 Figure 3. i-9
SI Spectral Sterance of

I["\ Ccinrcial Xenon Arc Lamps
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,igure 5. -ii PrecIpitable water Vapor per root or
Path Length as a Function of TeNperaturre and Relative Humidity

Relative Humidity - percent
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aFigure 3-4-14 Power Incident on POLCAT Detector as a Function of Distanjce

Trnsi1io B tte arpt etween iTargnett and receiver
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SAMP TRIGGERR

D AMPLIFIE.R sOUTPUT INPUT. TRIGGER

'-2ZV

BATTERY -40VDC

OUTPUT
TO

SQUIB

Figure 3.4-18. Seeker Block Diagram
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Figure 3.4-20 Peak SKR for Variouis Filters Compared with Matched Filter
(rectangular pulse input)
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Figure .4.-25 Cell Amlkifier Cobinatio Frequency Responw for Typical
POIZAT Seeker
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50 response
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air gunning
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Eu'=..=..
NOmmNE mmm '"

SCALE 2 Pi Sec/cm

Supaply Voltage - ZO VDC
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110 V/czn 
20 V/ €-,

Z P sa€/cm Z P Soc/cm -

supply Voltage - 25 VDC Supply Voltage - 25 VDC
Capacitance - 78 4 Capacitance - 5I

ZO V/cO/

1 20 V/cm

2 I Sec/c-m Z P sec/cm

Supply Voltage - 36 VDC Supply Voltage - 36 (DC
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Figure 3.4-26. Squib Voltage vs. Timne After Signal Pulse
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Pigure 3.4&-29 Sosamer iField of View
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a) calibrate signal - 1 inch = 0. 1 volts b)Maximuin Target Signal - no back-
ground noise (0. 05 volts pk to pk)

- -I

-. -
c)System Internal Noise (0. 02 volts pk to pk) d)Maximurn Background Noise Signal

(0. 03 volts pk to pk)

Oscilloscope Photos for Signas to Noise Measurement

Test 6-200. Z0

target - receiver distance - Z00 ft.

illuminator spot dia. - 6 ft.

spin rate 20 rps

Figure 3. 4-30. Typical Output Signals
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bm

Direotion of Soan

osoillogram of Output of Seeker Signal Amplifier as the line of
sight soans past the target

target reoeiver distanoe 75 ft; illuminator spot size
6 ft; spin rate 10 rps
line of sight angle + 80 mils; (trigger signal ooupled
through the power supply)

Figure 3.4-31. Amplifier Output Signal as LOS Scans Target
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4. 0 CONCLUSIONS AND RECOMMENDATIONS

A review of this summary report reveals the general level of tech-

nology that has been established in each of the critical areas of

POLCAT development.

Proje:ctile aerodynamic and structural design has been limited to

the problem of converting existing projectiles to the requirements of

experimental testing of guidance and control hardware. No serious

effort has been made to ^xamin- the requirements or the characteristics

of an optimum POLCAT airframe suited to tactical requirements.

Results of wind tunnel tests of the test projectile indicate ex-

tremely high Irag due to bluntness of the nose.

The results of the effort to develope impulse for airframe control

have bepn more substantial. As a result of the design studies and tests

tbat we~re (ompleted, pulser units capable of delivering ?5 lb-sec impulse

can be developed in the future. This achievement, however, should be

evaluated in light of the impulse required for a tactical system.

The supporting research effort to date has placed great emphasis on

the establishment of an understanding of the phenomena associated with

semi-active homing as well as developing guidance hardware. There have

been sionificant achievements in this area.

Communication theory techniques to the signal generation and process

at the receiver has been applied considering atmospheric effects. For

typical optical and scan parameters of the POIWAT seeker, guidance per-

formance was shown to be limited by noise due to scanning the background.

Based on field measurements made with the POLCAT seeker and an
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illuminator with a Xenon lampi the guidance performance against a

tank type target is marginal.

The most significant achievement of the program was the success-

ful air gun testing of the POLCAT seeker. These results indicate

that the seeker optical-detector design is capable of sustaining the

high accelerations of gun launch.

Based on the results of the supporting research program presented

herein, the following recommendations for future work are suggested:

(1) Implementation of the POLCAT concept should be
based on the use of a laser illuminator.

(2) The goal of future pulser development should be
the development of units capable of delivering
45 to 55 lb-sec impulse.

(3) Since the seeker design is capable of sustain-
ing the high accelerations of launch but induces
extremely high projectile drag, consideration
should be given to obtaining a more suitable
design by retaining the basic optical-detector
arrangement and reducing aperture to decrease
drag.

(4) A system analysis should be conducted to estab-
lish optimum relationships between the various
aerodynamic, control, and homing link parameters
of a POLCAT system. (Previous analyses of system
performance were based on point mass trajectories
and did not include the effects of guidance per-
formance.)

Although not directly associated with the supporting research pro-

gram described herein, an evaluation of the POLCAT concept was made

during this period. The evaluation given in "A Study of MAW - Long

Range Time Period, BRL M3 1365 by David C. Hardison, considered the

application of PO1AT to the requirements of an infantry heavy assault

weapon. The results indicated that a POLCAT system was not capable of
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fulfilling the specified requirements because (a) overall system

weight was too high, (b) time to fire the first round was too long,

and (c) the available illuminators did not pruvide sufficient power.

The evaluation did indicate the improvement in performance that could

be expected from the development of laser illuminators. Further, the

problem of time to fire could be eliminated by utilizing a laser range-

finder. However, it is not expected that the weight of a POLCAT

system will be substantially rediced in the near future since the major

weight penalty lies with the gan tube. _since gun launching is an essen-

tial feature of the POWAT concept, an evaluation of its ultimate worth

must consider the trade-off between between system weight ard system

cost. S-rirgent requirements on system weight can be fulfilled by

'rissile systems but with substantial penalties in cost, complexity,

and reliability. The rNOLCOT concept offers the possibility of provid-

ing desired weapon performance (not low weight) for relatively low cost.
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