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v cretface

\ ———

The purpose of this study wa: to deveiwop a computer model to cal-

culate the probability of ;ttaining breaklock in an aircraft-chaff-

tracking radar encounter. Although some of the assumptions made may

séem to errsimplify the model, these were necessary to creéie the sim-

ple, quick running simulation that was desired. e | J oLce
In creating the’simula;ion and writing this thesis 1 owe a special

thanks to those who have come to my aid., 1 am extrémelyvthankful that-

1 ;as able to tap such a beneficial resource as my advisot; Dr. V.P.

Pyati. I also wi;h to express my thanks;;o‘Capt T.w;.Johnson, recen;ly

departed from AFIT, and Mr. Robert l'uskar, formefly-&f AFAL/WRP-3, for

their help and guidance in getting this projecﬁ underﬁayQ

¥y deepest gratitude 2oes to my wif2, Nancy, aad son, Peter, for

' their encourag»ment and understanding while enduring the hardships that

an AFIT assignment car place on a family, '
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Abstract

i:Thig thesislproduced a -'mulation capable oﬁ'éharting the effect-
iveness of chaff used in the self-protective hode. Simulation results
can be used to determine which type/design of Fhaff/chaff canister
will produce a greater probability df breaklock for a given scen&rio.
The raAar included in this simulation is a Scan with CQmpensétiqn
tracking radar. Yariable parameters include puiSe width, Beamwidth,
pulsc repetition. frequency, and cperation frejuency. An 2EdeéLJL&TI
filtnrlis incorperated into the model to negaée»tﬁe effects of LTI
vlind speeds.
Results of severai simulation runs illusirate the effects of var-
ving chaff radar cross section and aircraft velocity on the probability
of attaihing breaklock. Although aircraft haneuvers'are not included
in the simulation, conclus1ons as to how the probab;lity of breaklock .
is affected can be made by varying the velocity vector. [(41«' ""‘[
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1. lptroducﬁigﬂ

Chaff has been used as a passive ralar countermeasure since World | o
YJar. IT. Even in the sophisticated Electronic warfare (LV) environment
that exists today, chatf by itself or in conjunction with other coun-
iermeasures can increase the survivability of aircratt in combat. !

‘lowever, chaff's effectiveness can be diminished by sophisticated
radar techniques. Furthérmore, because of épacg and weignt limitatiouns,
only a finite amount of éhaff,can be carried on a given aircraft. Thg
purpose of this thesis is to develop a computer progranm to cal;ulate
the probability of breaklock in an ailcraft-;haffitrucking rédar en-
counter., In particular, thu‘cumputer pro’ram wiil evaluate the effect-
iveness cf chaff for a given set of iuput parnmetet; suéh as radat char-
acteristics, type of aircruft, Qnd scenario. This will, hopefuily, en-

able a pilot to chouose the best possible chaff dispensing tactics.

packéround , ", :
The Air Force Electronic Warfaré Centér (AFEWC) istfrequentli re-

"quired -to pe;fotm.analysis ;o-determine the reiati?e effectivenéss of

Elertronic Combat (EC) sys?ems. Present self-proteqti;e chaff anhlysis

is’limited to the Simulated Chaff/ Aircraft/ Radéf Encounter (SCARE)

'(Bang, 1979:47;68) prograile This program, in its present.form, is qot

suitable to the needs of AFENC. The AFEWC has expressed a desire for a

computer model that will meet its needs.




Problem

‘To produce a computer modcl that will overcome the deficiencies

- of the 3CARE program and generate more efficient models of the radar,

chaff, and/or airecraft. In iddition., the outputs of these models need
to be processed to produce the desired nrobability of attaining break-

tock,

scope

This study s l'imfied tn a =inyle aircraft/chalf/jcan~-with-Conpen-

sation (51C) tracking radar encounter. The sS%C radar has moving target

indication ().TT) capability and automatic gain control (AGT) networks. ,,»"'

lPulse repetition [requency (VRF) agility/staggering will be limiEgdftd'
the ability to eliminate signal degradation at multiples of the PRF. Mo
human operator fun;tions will be contained i1 the loop.

The aircraft will be incapable of evasive maneu?ering. Chaff will
be the oaly electronic combat option avajlable to the gircraft. Active
jamming will not be considered, although useful conclusions may be

drawn as to how jamming could further enhance chaif effectivemess.

Aggroach

The SCARE compnter simulation was examined for possible modifi-

cation ta produce thie desired output. The size and complexity of the

simulation renderec this approach unicasibla.

A simple chaff/aircraft/sadar, power-centroid tracking scenario
was then expanded to include immature chaff cloud properties anG typi-
cal SYC radar characteristics:

in an effort to reduce both the number of input variables and the




comniaxite of the “frul.ling, serve svster tracking loops were assumad

ideal,

Sequence of Fresentation

Chapter J1 devclops the theory ot chaff, SWC rauatr, and aircraft
radar cross section and dJoppler frequcncy characteristics, It is as;
sumed that the rcader is familiar with these topics and only the fea-
tures of each tépic which ha?e an impact on the simulation will be dis-
cussed. Chapter I1Il presents a power-centfoid tracking model ana dis-
cusses the effect of certain radar characteristics on the model. In

Chanter 17, ‘the properties outlined in Chapter 11 arc integrated into

the model from Chanter 111. Conclusions and recommendatibns are con-

tained ir Chapter V.
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11. Backzround Theory

chatf

Chaff can be employed in either a screening or a self-protective
mode., In the screening role, chaff dispensing airplanes fly ahead of
the attacking aircraft; Chatf is dropped conﬁinuously to form a “cor-
ridor"‘to hide the attacking formation. When iii2 attacking aircraft en-
ter the corridor, they are screened fromithe radar due to the larie ra-
dar cross section (RC3) presented by the chaff cloud.

Self-protective chafft is‘émploycd to transfer.lor break, radar
lock from a tarzet., This method is used 5gainst a t-acking radar, as it
is only effective when the aircraft and chaff are within the same radar
'resolution ;ell. chaff, in this.rolo, has not rea;hed the "steady-state”

(mature) conditions ¢f the éhaff in (hc screeﬁlng role, The’charactet-
<~ istics of “immature” chaff clouds are importamt factors in the attempt

to achieve bteak-l&ck. while this report is mainly concétncd with im-

mature cl.aff clouds.‘a review of physical characteristics ;nd mature

chaff clouds is helpful.

Physical Characteristics

Single chaff dipoles are conitru;tcd qf metal (usually aluntpum);.
or metal-coated glass or;nylon.‘Alunlnun chaff}concs'in f}at sérips
while glass chgff is‘ronhd. ieseqbiing a siraﬁ# of hatir, The length of
a dlpnlé is approximately one-half waveleﬂgth of the radar operating-
frgquency. Actualllength At resonance {s a function of the length-to-

diameter vatfo. Tsble ! listy resonant lenyths of several dlpolé clas-

ses.,
.
4
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Table 1. .ire lengths required to produce .
a resonant half-wave dipole for a wire of
diameter d and length L (.tutzman and '

Thiele, 1981:202)

percent resonant dipole
L/d shortening © length thickness

required L class
5C00 2 0.49A very thin
50 3 0.675A thil:l
10 5 0.455A thick

Fature Chafi Clgouds

dature chiff clouds are those clouds. that.have reached a "

state”. That is, the dipoles wi thm the cloud are well dlspetsed and
their motion is dependent on local wind currents. Maturity is reached

after the cloud has been allowed to "settle” for several minutes.

Radar Cross Section. The radgrlcross section of an object is 4n
times the pouer reflected toward the source per unit solid angle di'.
vided by the incident power density on the target (Skolnik, 1980: 33)
The_RCS of a single chaff dipole, assuming resonant length, is apptox-

imately (Barrick, 1970:300):

2 2 5 ccs(ﬂ/l(_sinlbi))l’.‘)' cos(?f/z'(sin(bs))'2 i
o= 0,86 A cos )”i cos‘ 75. CUSW, - cosc]/s - '('1)

1. 73" and

Ws are the angles of polarization and orientation of the dipole to the

vhere i Ls the wavelength ol the incident stgznal and Yi' Y

transmitted wave for the incident and scattered flelds, respectively.

From equation (1), it is obvious that thc maximum RCS occurs w_hen' all

5




angles are zero; giving a value of:
2 ey
= 0.86 A (2)

At the other extreme, when the dipole is oriented parallel to the radar
wave's direction of propozation, the RS is zeru. The average RCS, over

all possible dipole orientations is {ibid:300):

55 M | 3
aave = 0.15] \ ‘ ) ( )

<

Assuming all dipoles are of length A/2, the RC5 of a chaff cloud is de-
pendent on the orien‘t'.ation of the dipoles within. For well dispersed
clouds, the amplitude and phase' signals from each dipole are indepen-
dent (Bang,1979:5). it has been shown that for a cloud containing as
few as five dipoles, the central limit theorem can be invoked to deter-
ﬂ\ mine the statistics of chaff cloud scattering (Pyati,1975)., The prob-

ability density function of the RCS ( ¢) can be shown to be:

f(o) = '(1/00) exp .(-0/00) ‘ (_")

where ao is the expected or average KRCS value. ,
During the first few mowments after dispersion, dipole interaction
affects the RC;S of the cinaflf cloud. The RCS of the chaff cloud is now

modeled as (Golden, 1982:172):
o= 'xc[l- exp(-n aa'vs)] (5)

where A('; is the two-dimensional vertical size of the cloud area illum-
_inated by the radar and n is the number of dipoles per unit ar~~, If
o n aa;g is large.i the RCS equals Ao while after the dlpbles “settle"

6
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n aav becomes small, reduciny equation (5} to (ibid:174}):

a

2. . .
o=No = N(0.155 A7) (6)
vg

whére N is the number of dipoles within the cloud. Therefore, equation

(6) is the RC3 of a mature chaff cloud.

Doppler. The fluctuations of the RCS of a mature chaff cloud are
due to the relative motion of the dipoles within tt;e cloud. This motion
. is caused by wind‘shear. turbulence, fall rafe. and beam‘Sroadening
(&athanson. 1669:224), The doppler §pectrum is generally Gaussian in
shape, with the mean a function of the radial velocity of the cloud as
it drifts along @ad a variance due to internal motion of the dipbles.
ihe mean doppler frequency is given by the fam{liar formula:

a N m

S
wind

"and the variance is (ibid:227):

2 afi 2 ! _
Uf--?ﬂv" , | . (8)

‘where fo is the radar operating frequency and g, is givsen by:

ol = ol 22 2

v shear-*-' ,bean+ . aturb+ 7 fall (9)

‘s'h.ear is a function of the radar antenna elev@t‘i‘on beamwidth| and
rangé.'angi.ls plotted 'in I-‘igufe 1. The varisnces due to the other c¢auses

are 1isted {n Table 2. Nathanson estimates q'\z' to lie within a range of

) : :
0.36-1.7 m"/ xecz(ibi:l:».{SS). At an I" ot 7 GHZ, the trecquency varignce

7
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Table 2. Variance components due to beam
broadening, turbulence, and fall rate.
(ibid:ch 6) '

2 less than 0.25 m;-)'/sec2
beam
2 ' 2 2
o 1.0 m /sec (below 12,000 ft)
turb 4 X
9.49 m /sec” (above 12,000 ft)
2 o 2 2. 2
(’l: y ’
Tt ) 025 (stnP)” m /sec

= elevation angle

of the chaff dopplef spactrum wquid range from 784 to 3702 Hz.

The cha{f_powér spectrum is now given as (Barlow, 1949:351):

6(r) = G, exp[-(lf-fd)zlz d'é] (10)

where G° is a constant dependent on the average received power.

Immature Chaff Clouds

.'The chargcterlsiiés of immat te chaff clouds are not well under-
stood bec;use it is difficult to obtain reliable measurements. Cloud
measurements are Eérrupted due to wave scattering from the aircraft |
and by.Qircraft turbulence. "The RC3 End'dOppler characteristics are
different frbm those of a mature cioudvdue to the dense mass of di-

poles and the initial velocity imparted by the dispensing aircraft.

padar Cross Section, The RCS of an immature chaff ;loud is time
dependent due to the growth in the cloud Arca as the chaff spreads.

Coupled with the fact that individual dipoles are partially shielded
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by other dipoles, one can show that the KCS of an immature cloud has,

approximately, an exponential rise. One has:

o(t) =a'max[1- exp(et/‘ra)] ‘ (11)

where T, is the bloom rate. At t = 37T, , o(t) = 0.9507 . Therefore, a

fast bloom ratc allows o(t) to approach oEax quickly.

2222135. As stated prcviqusiy, accurate chaff stqtistics are dif-
ficult to measure for immaFure clouds. 3ince the variance of the dop-
pler spectrum is dependent on turbulence, the total variance cannot be
calculated without accurate data. “or purnoses of this report, the ef-
fec.; of aircralt turbu'ance on 4_ will e assunzd nzgligiblé. |

The mean cf the doopler spectrum for an immatuce cloud is signif-
icantly different frem th» ststistics of a mature cloud. The mean is

"not only dependent on the wind's radial velocity, but has an exponen-

tial decay as a function of time. The time-varying velocity component

f
f

can be expressed as: !
v(t) = v  exp(-t/T) S (12)

where ‘rv is the chaff deceleratlop constant.. Chaff elements ha.ving a
smalllaerodynamlic drag (increased ‘Tv) willl maintain a ‘s.li'gnifi.cant mean
in, the doﬁpler Qpectrum for a longer period of time.

Applying equation (10) to an inmature chaff cloud.yields a power

spectrum of ( vwind=0):

ALY =3 e [—(f«i’d(:))zu f.f:] (13)
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where fl(t) is siven buv:
[4
0 = (2IA v () (14)
._A_il’:raft

Radar Cross Section. The RCS of an aircraft is highly dependent

upon the radar viewing‘angle (Sec Figure ;). As shown, a slight change
in aspect (viewing) angle éan'contribute ;o a large chafige in RCS. The
"smoothed" dgia of Figure 3 is a more usable represéntation of the ac-
tual RCS. Since only the peak information is'used, it also represents

"worst case' data. In all probability,'the actual RCS will be smaller

than the RCS used from the smoothed data.

The fine grain structure of ?igure'z is dué to construétive and
destructive interference of multiple scatterers on aicomplex body such
as an aircraft, Changes in aspect angle occur as an aircraft moves a-
long its pdth, creating an RCS <hich appear§ ‘to be time-yérying. Fer
practical purposes, and for this reoort, the RCS of the aircraft is

the mean of the distribution of the RCS over all.viewing angles.

Loprle ..Thé effect of multiple scatterers in motion causes a
change in doppler frequency. Therefore, as the viewing angle of an
aircraft changes, the multiple scatterers which make up an aircraft

cause a shift in doppler frequency. This effect can be negated, how- '

ever, by assuming an aircraft is a point target. The doppler frequen-
"cy of the aircraft is now due only to the radlal velocity and can be

‘ feptescnted as stated in equatioﬁ (14).

1
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- “SMOOTHED” RCS BATA

- . Fig 3. 'Smoqthed Data from Figui"e'-Z (Johnson, 1983) -
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Scan with Jompensation 'aoar

:..
. 7‘ .’

Scan with Compersuation (£/C) radar is a comical scén tracking ra-
dar employirg dual rccei;e beams {Van Brunt, 13982:143;. Two simultan-
eous nutating beams, one transmit and receive, one receive only, are
placed so that the return signals are mirror images of each other. The
received information from each beam is processed separately, then sub-
tracted at video leve} to produce an error sigral. This error signal
is then used t§ teposiéion the antenna.

Processing'can take place using either two separate feceivers or
by fime-multiplexipg the two signals through one receiver. A simplified
block diagram of an SWC radar employing separate reczeivers is shown in
Figuré 4, SWC radar was originaily developed as an ECCNItechnique a-

gainst inverse gain jamming.

Error Signal. The error signal output of the subtractor is used
to «drive the ancepn~ jpecilioning servo-systems. Analysis of the error

output for three separaic tracking scenarics will establish the theory

of operation for‘an,SWC radar.
The first scenario will.put a target on the track éxié,'wiéh no
jammfng present. In this case, it can be séep from Figure 5 that the
error voleage will be zero. As'would be expected, the anteﬁnaédrive
servo$ receive no sign;l to reposition the antenna.
'Tracking radar theor& calls for repositioning of the antenna if
the target is oif-the'track-axis.VWith a target positioned off bore-

sight and no jamming present, an error signal is then expécted. Anal-

ysis of receiver outputs for a target in this position.shows that an

"error voltage is indeed generated to reposition the antenna (See Fig-

14
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L o ure 6.

“Le Tost scenacio 0 acas o td?A:l-UIi boresiht with a noise jar-
mer of-constant amplitude. the receiver cutputs are cach fncreased in
;*if ij ' ﬁmplitude'by the magnitude ot the jauming signal. liowever, the error

‘-vbltagc remains the samc as in the no jamuing case, due to the fact
N that the subtractor cancels inputs common to both chqnnels (See Figure
: Co 7). This cancella§ion effcct is what allows the S4C radar to counter

the effect ¢f inverse gain jamming on a comical scan radar.

>'£f e lovinz Target Indicatiun. kHoving target indication (NITL) is an

ECCi technique usually employed in 3iC raAar. figure 8 shows the out-
= . | puts for an aircraft-chafl encounter with an 5!C radar without MTI
L j ' capabilities. %n aircrait and a chaff cloud bi equal RC3 are position-
ed of f boresizht at an equil'but opposite distance. The outputs of
each receiver and theo }esulting orrotv si;ﬁal show that without NMTI,
the.radar wili continue ts Lracc @ point between the tvo targets. In
order to successfully track an aircratt in this scénhrio, the radar
must possess the ability to distinguish between an actu;l target and

) 4

clutter,

Delay-Line Canceler. A simple KTL filter {s the dclay-line can- .

,ffi . ~ celer, The received signal Is compared to the signal recceived from the
‘f{j ©, last recelvéd'pulse. Since a dclay?}ine'canceltr is a time-domain fil-
! . ter, this single nctwork operates over all frequency ranges, th'ér.eby[

holding a large advahtage'bver frequency-domain MNTI methods (Skolnik,

S 1980:107).

1!, ' ~ A single delay-line canceler {s shown {n Flgure 9. The received
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Fig 9. single lelay-Line Canceler:
signal is:

y =k sin (2mf t-6 ) - (15)

where ﬂo is the phase shift and k is the amplitude. The signal from the
previous return puls2, t.7me t-T, where T is 't.he pulse repetition inter-

val, is:

v, = k sin (2rfd(t-r)’-¢o') B (16)

T“he output of the summing junction is given by:

V= VI-VZ '- 2k sin(wfar)gos[wad(t-?IZ) - “a] , S

The output is a ccsine vave of aﬁplitude 2k sin .('fdr)’ The;' ngnitude
c;f the frequency response of tfne s(ngie ‘delay-line canceler versus the
normal radar video (k) is shown in Figure 10. Normal clutter has a dop-
pler frequency in tlhe vicinity of .zetq'»and is'atltenu§ted by the filter..v
A moving target (fd>>0.)bis'ampilﬂé«'ibby the canceler, cxc:c'pt in the 3
vicinity of frequencies that are m_ul'tipleg’of the l"ﬁ':‘. - N
The clutier mjcctinn_ notches of a single delay-line cancéler can

be broadened b cascadin, several cancelers, A double delay-line can-

,-'.'-.‘\\-.v..'_-..\ AT LT AN N tare, l..,-,.f-,‘-_\-_\\-.g'.-'.o*-ﬂ_g.'--..-.._'q.-'.m--.-..-.-.u.-\ L I T e e
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Fig 10. Frequency Response of single Delay-Line Canceler (T=1/PRF)
celer (two single cancclers in cascade) has a frequency response of
(ibid:109):
2
H(f) = &4 sin (wfdr) (18)
¢I’ Figure 11'COdpéres the respons& of the double delay-line canceler to
that of a single canceler;
Single
b4 Cancellation
e 14
o
Qs
v .
o
o
o
>
sod
o~
=
]
< 0 : .
1/T o 2/t
Frequency
.Fig 11, Single versus louble Cancellatfon '
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Both cancelers of ¢izjure 11 hava unwanted signal attenuation at
doppler frequencies that aée multiples of the 'KF. The velocities that
yield signals in' these notches are called blind speer. Since the blind
speeds are functions of the ;‘RF, they can be virtually eliminated by
switching the PRF frum‘pulse to pulse (staggering). Figure 12 sﬁows the
response of a two PRF staggered system., As the number of staggered PRF's

increases, the frequency response approaches unity for large bands of

frequency.
1 //’\\\ ' //‘\\\ ' v
: /
» /[ \/ \/
. V \
- 1 ¢ i b !
0 £y 'Zfl | jfl 4f1
' | }
e 1
e
a
b) 2
&z
>
be] 0
3
@
o
1
c) '
0

Frequency’

rFig 12. a) Frequency Respunse of Single Delay-Line Canceler for
PRF = £, 5 b) same for '’ = [ ; ¢) Composite Response
with 11}f2'= 4/% (-kolnik, 1986:Pig. 4.16)
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Automatic Gain Control. Automatic gain control (AGL) is used to
maintain the I amplifier output signal at a constant level over a wide
range of =/;;1ue:s of ‘the teceived signal (Golden, 1983:278). Noiselike
ampiitudc fiuctartiene o' the error signal are thereby removed, allow-
ing the true crror big;%l < he pvocessed.

.&GC is a(COWp:ishcd.hy cuatiraliling the aﬁplifier sain through an
AGC control voltage (kee Fieure 13). A weak input signal produées a
small vreg’ allowing K to increase. ¢n the other hand, a large input
signa'l produces a large vfeg’ Lheréby decreasing K. Uperating in this
way, an AGC circuit increases the dynamic operating range of a radar

receiver.

Output

Fig 13, 1F Automatic Gain Control

Practical hardware limitations restrict the maxihum.gain variation
to the Brdér of 40db, but the use of multipfe iF amplifiers allow the
dynamic'ténge to be incrgased to the order of 90db to allow for fluc-
ﬁuations'in the pafamétérs dfvfhe'radaf rvange equation (Skolnik, 1980:

158). | : o

Although AGC systems are often employed elsewhere in radar receiv-




ers, the basic operation remains the same. Different AGC techniques
usually differ in response times. Conventional IF AGC has a response
time larger than one conical-scan period, while a fast AGC system re-

sponds faster than the conical-scan period, but slower than the pulse

" repetition period (Van Brunt, 1982:461).

Range Tracking. Range tracking in an' SWC radar is accomplished

automatically, using split-gate tracking (vakin and shustov, 1969:236).
Two square pulses, called the carly gate and the late gate, are gene-

rated by the vadar (Se»s “irure 14). Td is supplied from the previous

early ' iate
gate\.f &’gate
a)
T -T2 y
ro / To T°+17z t
' l echo pulse
' / ' \
b) 1
"centrold t
c) .. /
To t
v
e

To-i-"r/ 2

o{‘. r!‘ ‘ “tv

- P'ig 14, Split-Renpe-3ate ivscking. a) darly-late range gatés;

L) echo pilse; ) eatly jate, late gate signals; d)°
difference sirnal (adapted from Skolnik, 1980:Fip. 5.17)

>
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return pulse and T is the transmitted pulse width., The retumn pulse,
from the target is then compared to the gates, If more of the returned
energy liés within one sate than another, an error signal is generated
and the fange {also To) i repositioned.llf thevenefgies within each
gate are equal, the ranje (and To) remains the samc.

The error signﬂl cau be gencratod,by using two integrators and a
subtractor (See Figure 15). The return pulse is integrated from Tbr‘T/Z

to To' and from To to fo+ T/2. The difference of these two integrands

is the error signal, The wagnitude of the difference signal measures.
the distance from the previous range to the new range, while the sign

of the error determines the direction of the range change.

ol
p(t) 0

Input

Fig 15. Range Gate lodel [p(t) =k, 0<t<7/2; p(t) = 0,
elsewherej (olden, 1983:vig. 7-36)_ .

Ranée Servo. The repositioning of tbe sambling»time‘(TB) is per-
formed electronically by a Type II.serQO system (Golden, 1983:322), The
range servo has no mechanical constraints and has a traasfer funétion

of:. | | |

o(s) = k(s /(sPw) o (9)

26




) 1
0 ¥ = ar B = 1. 2 .
where ¥ W and w, wn/ 3

The step response and rise time for this servo system are given
by (ibid:322):
i ot T .
Rolt) =1 - m 0P [.-ew t] coslw¥i-§" t -+ cosy1-¢ (20)
£ ]1'$~. n n.

A

e : '
_ T~ 2cos4/1-£ | ()

r ‘. wnvl_é}.'

t

A linear model of this system is shown in Figure 16. '

.i'ig 16. Type 11 Range Servo

Angle Trackiny. Angie tracking in an StC radar is accomplished in

much the same way as ‘n a corical scan radar. As stated previously, an
error signal is generated in an 534G radar by subtracting the main and.

auxiliary channe! sijnal.. After range nrocessing, this error signal

"is then used to drive antenna positioning servo-systems in both azi-

“muth aﬁd elevation,

To generate the signals necessary to properly drive each servo,
the error signal, filtered at the antenna scan frequency, is mixed with

a reference signal from the antenna (See Figure 17). By low-pass fil-

,tering‘the'ontpqts from the mixers, a dc error signal is produced to

27




2 cos(w&t)

X  1pF > v

el

Fig 17. Angle Error Voltage Generation (Golden,1983:Fig. 7-8)

Angle Servo. Antenna repositioning is performed mechamically in
both azimuth and elevation by improved Type I servos. Since both ser-

vos are similiar, only one analysis is needed.

An improved Type I servo-system has a transfer function of (ibid:

'.319):

C(s) = K(stu,)/ s(s+w1)w2]_ (22)

1
fer function with w, = 0.) | v

where K= wi and 2£w = w + K/wz.l(The range servo has the same trans-
The step :esponse for this system is (ibid:320):

exp(-fw t’ - ‘
(t) a 1 T—-g—r ’\’1 (w /w ) cosl. VI-f t - ﬁ] ‘ {23)

where: (w /w )= (w /w )-]
' ] 0= tan . (26)
2w/1 -] X

The rise time is:

18




o ! (wllwn)w'-(wn/wz)
mtan' L oy1-e4  d4g
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111, Centroid lracking odel

Simple Tracking lodel

In a simple tracking radar scemario, modeling the probability that

chaff produces breaklock is as described in an article in the Inter-

national Countermeasures !landbook (ICH; 1981:345-347)., The aircraft is

considered a point target and is being tracked by the radar and occu-

pies the center ol the radar resolution cell, After the chaff is dis-

pensed, the radar tracks the power centroid of the combined return of

the chaft and that of the aircraft, as long as both remain within the

same rada - resolution :ell. As the aircraft and chatf separate due to'

a difference in speeds, tue radar .ocks onto ¢ither the chaff or the

aircraft, depending on vhich remains

In determining which target remains in the radar's resolution cell,

within the resolution cell.

the power centroid must be tracked and its pusition compared to the

positions of the two targets..The power centroid lies on'a line between

the aircraft and the chaff cloud centroid. Tie position on that line

powers.

1is given by the "center of gravity" of the chaff and aircraft return

If the aircraft is assumed tu be in' straight and level fiight, the

three-dimensional SWC radar resolution cell can be reduced to a rectan-

gle at large ranges (See Figuré 18).
therefore the position of the center
aircraft’s velocity vector, relative

by (Bueche, 1975:133):

The power centroid's posi® on, and
of the resolution cell, along the

to the chaff location, is given

A (2
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b)
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where P\C is the aircral¢ return power and PT is the sum of the chaffl

and aircraft return powers.

In order Lo transf{er radar-lock from the aireralt te the chaff, .

X 'n." '
AR et
AR P

the aircraft nust leave the radar resolution cell before the chaff. Re-
ii fering to Fig. 18b, when the aircraft is at distance d from the cen-

troid, the chaff must be closer to the power centroid than the aircraft.

o The probatility of achieving breaklock is, therefpre; not only # func-
i ‘ | tion of the chaff and aircraft return power,; but also of aircraft yelo-
i: city and radar resolution cell dimensions.

;Z The power returned to the radar by the aircraft and the chaff is

i determined b'y the radar range equation (Skolnik, 1980:613):

r (zm)2 R Ly

0 de
Assuming the distance botween the aircraft and chaff to be very small

in comparison with the ranpe to the radar, equatioa (27) becowes} for

AR 4

chaff:
e =k a.Cl!F/ Ls ' , 3 (28)

>

= while for the afrcraft:

: eke L (29 . |
j Pe 2k bs . ) \
- where k {s a constant and Ls are system losses, - o ]
’ ' The only sﬁten loss that does ﬁot occur equally to both the chaff

. and aircraft return signals (assuming their difference in position {s

R 'cxtrncly small compared to the distance to the radar) is the beam-

;
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‘RCS of equation (11):

“mape loss. 3eam-shape loss occurs due to the fact that the transmitted
power is not a constant over the radar resolution cell, but varies due

to the antenna power pattern., The antenna power pattern can be approx-

imated by (ibid:58):

G = exp (-2.78 8 / 9 ) (30)

3db

where © is the angle from the beam center and 63 is the two-way 3db

db
beamwidth. The posit{on of the target within the resolution cell will,
thgrefore, dgtermine the loss due tO'beam-shape.«'.

The beam-shape within an 5%C radar resolution cell is shown in
Figure 19, with the center of the cell at the half-power point and the
edges representing a gain of unity. Using y as the distance to the

closest edge of the cell and w as the width of the cell, equation‘(JO)

becomes

Csue © exv( -2.78 y /w ) . ' , (31)

Thg power returned from a tarpet is now given by: .

- , S 2
P - kcswca-. . (32)

The poverireturned from the aircraft i{s now only a function of the
aistlncc|fro§ the side of the resolution cell, while the return power

of the chaff cloud is dependeﬁt on that disiance plbs the time-varying

PIGK [1- exp (- -u/7,)]

max

33

' -_m:.awmu i S

-.-

. A.

f?'clﬂ‘f-‘“O I .7 Mt

3 |




b s m— 8 4t Y v

0.9

008 S

rower

0.7 4

006‘

0.5

6-]u:r<

.25 W5 .25 0 -

. to radar -

Fig 19. SHC Power Pattern (within a resolution cell)
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vitrcraft velocity aud radar resolution cell dimensions determine

the position of the targets and constrain the time of the encounter,

N ORI A, R

therefore, .limiting the chalf RCS. By letting:

: o ggrem s [rencun)]
and substituting‘into'equation (4), we observe that fhé distribution
5 of the chaff 2CS hecomes an important factor in calculating. the prob-
' ., ability of breaklock. .

Breaklock éccurs when the chaff scturn power is larger than the
aireraft return povizr, uhile hoth twrget§ remain withiu the same radar

rescluticn cell., The probability of schieving breaklock is therefore

M o 7 L

given as:

i DU

|

. ' p(bl) = p(r_ DI ) ‘ (33)
Q : : CHF  "AC : .
, .
3 Substituting equations (4) and (32) into (33) yields:
! G <« | |
. p(bl) = FQE [I/O’O]exp(-ﬂla‘;) do” _ (34)
» ’ ' 'AC o, .
1Y
. o
o , AC .
: Integrating and substituting for o, yields:
’ G . . ' :
CIIP. AC :
p(bl) = exp[ - - ] ' - (35)
. Cac; T ax Lm0 (-t/Ty ] : :
: ‘The probabflity of achieving breaklock is now a factor of time, where
: time is limited by the constraint that both targets remain within the
’ same radac re-olution cell, é.
. N . ‘
. i ";'
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MT1 Radar Model

A block diagram of a typical Scan with Compeﬁsagion tracking ra-’
dar with MTI capability is shown in Figure 20. Previous analysis has
shown that the Suﬁ radar is basically a éomparator which produces an
error voltage to drive the servo tracking system. If it is assumed
that the radar is trackinj A point between two targets withfn a.single
rcsciuiicn cell, the errcr voltape gencrated by the radar is simply a
function of whiéh chenne! (and therefore which targei) contain§ the
most retufn power. fh; probability,of achieviﬁg breaklock, neglecting
ﬁervo response Liné, th:cefore , is given by equation (33). The return
powers, however, arc now affected by the receiver structure.

The return power from each target, at the compﬁrator'is given by
equation (32) modified by the gain of the MTI filter. (Ali other re-
ceiver front end gains are assumed equal for both channels and will
therefore cancel at the comparator. With normal intewmediate frequency
automatiglgain control response times being on the order of several
pulse tepetition‘intervalé. thelAcC'géin will be slow in affecting the

power level. AGC gain will be assumed equal for both channels and will,

theréfore. be neglected.) The power out of an MTI filter is given as

- (Cooper, 1967:112):

, . [ -] .
P, T X(w)l}l(w)l w | (36)
d.m

where X(w) and Hiw) are, respectively, the power spectrum of the input

“signal and the transfer lunction of the XTI filter.

The power spectrum of the ajrerait {s a delta function, located

at the doppler frequency, while jthe spectrum.bf the chaff has the
6.
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Gaussian propertics discussed earlier. Since neither function is de-

.pendent on o3 the gain factor of the {'T1 filter can be moved outside

the integral of equation (34), yielding the following expression for

probability of brealclock:

G P e
CHF _NTI/CHF \C
p(bl) = exp _ = (37)
ac nri/ac T axt 1exp(-t/Tq))
" where PNTI is normalized to the MT1 filter input power.

.38 | _ . . - \\\\ .
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1V. Model Simulation

The model developed in the previous chapter will now be simulated
on a computer, Cuick examination of the model reveals ﬁhat a time do-
main implemeﬁtation is most appropriate. The simulation will require
continuous calculétion of the quantities of eqﬁation (37) while main-

tairing the constraint that both the aircraft and chaff remain within

the same radar resolution cell.

Tnput Variables

The simulation must be flex?ﬁle enough to accommodate aircraft,
chaff, and séenario paratsicters as desired by the user. Radar parame-
ters that can be varied by an operator and those that vary within a
certain radar configuration must algo be included. This will allow

the user to determine corfectly the probability of breaklock for a

P

variety of situations.
Tnput variables needed to describe the aircraft are its radar
cross section, velocity, and initial range to radar. As stated pre-

viously, the aircraft RCS will be assumed a constant, to be specified

‘by the user prior to simuiation. For example, one can specify the aver-

age RCS over all aspect angles. Since the model assumes that ‘the air-
craft must remain in straight and level flight, it will not be pos-
sible to vary the ajrcraft velocity whi[é‘thg simulation is in pro-
Input vnrinhles_Lo describe chatl are meximum RCS, bloom rhte.

deceleration rate, and variance ol the power épectrum. As stated in

. Chapter 11T, the value of o will be the average of the measured RCS




for the particular chaff type/design that is to be used. This assump-
tion is based on a study of chaff cloud RCS méasurements {(Fuskar, 1975:
50-55), where data'reveals that chaff cloud RCS vglues rarely meet
their designed, or even consistent, RCS values. Bloouw réte‘and decel-
cration rate are input variables whose values depend uponr the type of
cartridge and chaf{ used. Because of certain varying factors, specifi-
cation of these values is best lelt to the discretion of the user. Al-
though calculation of the variance of the chaff cloud spectrum can éé
accomplished as ;hown in Chaptur‘ll, in an effort to simplify the sim-
ulétion a;d reduce run time, the variation will be entered as a use?
specified iﬁput.

Radar parameters assumed to be operator adjustable, or variable

within a particular radar configuration, are required simulation in-

buts.'These are pulse width, antenna beamwidth, operating frequency,
and pulse repetition frequency. The pulse width and antenna beamwidth
determine'the dimension; of the radar resélutiou cell, and, consequent=-
ly, the prébabil%ty of attaining breaklock. The PRF, as will be shown
later, will affect the rééponse of the NT1 filter. The radar parame-

ters will be held constant during the simulation,.although a human

' operator may alter them in practice. No accurate model of the human

operator exists, at present, and no attempt to éreate one for this

‘simulation will be attembted.

A complete list of simulation inputs is contained in Table 3.

Locations

The simulation of the aircraft/chaff/tracking radar encounter

“must constantly update the positions of the aircraft, chaff cloud cen-
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Table 3, Simulation input parameters describing

S the aircraft, chaff, and radar.
o
Model fnput Units
Afrcraft RCS meters%.
speed - Nmi/hr
iﬁitial range kilometers
angle of f bdreSight radians
Chaff naximum RCS - , metersz
bloom rate scconds
decéle;ation.rate a/sec’
spectrum vnriapce Hz
Radar pulsé.width" M sec
antenna beamwidth ' radians
operating frequency GHz
P Kliz

troid, and combined power centroid within the radar resolutior cell.

' The antenna gain and the time limit of the encounter are functions of

these positions.

The time interval at which position updates occur must be large .

.enough to allow for fast simulation run times and small enough to re-

strict target movements to reasonable ‘levels. Sampling at the scan in-

terval (~0.04 seconds) would allow an aircraft traveling at 600 knots

to move 12 meters between calculations. While this distance may be

less than the aircraft's actual length, it is larger than one-half the

radar resolution cell depth for a 0.1 U sec puiseiwidth. Therefore, if

the aircraft had a radial velocity of 600 knots'with respect to the

41

radar, the targét would be out of the resolutjon cell before the first
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as shown in lFigure 21, where:

measurement was made,

At the other extreme, sampling at the pulse repetition interval
could prove time consuming. Qith a 2KkHz PRF (PRI = 0.0005 sec), a chaff
cloud with a 0.5 second bloom rate would only reach 0.1 percent of its
RC3. hile these gxaﬁples represenﬁ extreme cases, they are realizable.
The simylation will be designed to sample 4t o0.005 secénd intervals, a
compromise between the above extrémes. Later analysis may require this
interval tc be modified, but in, the interest éf reducing the number of
input variables, it will remain a fixed quantity,

By assuming the aircraft is iu straﬁght and level flight, and is
not.allowed to maneuver of accelerate during thelsimulation, the'scen-
ario is simplified to two dimeﬁsions, as gtated in ChapterIIII. Disre~
garding the sign of the doppler shift, the aircraft's angle of attack

(off boresight) can be restricted to 005 8 < 90°. This contains the

A
nircraft's movement to one quadrant of the resolution cell, being pos-
sible due to the symmetrical geometry of the "square" radar resolution

cell,

The scenario has now become a function of the aircraft's,rédial

.and tangential velbcity components (with'resbect'to the radar). The

aircraft's velocity vector is now reduced to its respective components,

Ivradial|'= IYI cos eA . ' (38)
lvtangl = [vl sin 8, : o i . (39)

Similiarly, using equation.(ll), chaff velocity is:

’ '
. '
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Fig 21, Alrcraft Radial and Tangential Yelocity Gomponents

fvi exp[-t/?;]cos o, (40)

v I
I ra:!

!"c.ml v em-v[—t/r”]sm o, - (61)

Siﬁce T, is expresscd in secouds and the chaif deceleration input
in meters/secondz, the inbut variable 'must b? converted to the proper
“units. At time t - 47, , exé[-t/T;] reaches #-value of 0.0183. Therefore
'asserting that zero velocity is reached at .t = 47, will create ;n'error

of less than 2 percent. Aésuming the 2 percent error to have only a

‘nggligible,affect on the calculationsy the conversion of units car con-'

tinue, '

l

.For constant acceleration, the velocity equation is (Bueche, 1975:

38):
= - a o 2
v= v 4 at : (42)

Setting v = 0 and Sﬁlving for t yiglds:~
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t =v /a
o

e where the sign is dropped assuming deceleration. 3ubstituting t = 47;

into equation (43) yields u new deceleration constant of:

=y { ’ : 4
7; \o/hw (44)

Having the correct units, we now proceed,
The positions of tne aircraft and chaff, with resnect to the powec

centroid, can also be expressed in radial and tangential directions

from the radar. The aircraft position, at time t, is given by:

IIP' .

¢ CHF

X =(v, =-v ) R

. (45)
AC AC CHF T

P
: x = (v -v_. )t ~CHE
’ . r r ) S P,
o AC AC CHF r

(46)

~
il
1)
P
<
[
<
b
[ad

(47)

b
]
s

—~
<
'
<

, e == (48)

CHF ac Twr -
The antenna gain can now be found, using the tangentia! distance

to the centroid:

(49)

G, .= exp|-2.78

2 Acl
AC 3
W
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-,'_‘. . _‘i - X
& : [2 [ tcnyq

a = expf-2.73 3

CH¥ (50)
w

where:;

(51) '

w = Readb

'

Since the simﬁlation,time is restrictad due to the fact tﬁat both
the aircraft and chaff must remain within the sane radar resolution
cell,vtarget posiLion§ must also be compared to resolutiqﬁ cell dimen-
sionS. The simulation will terminaic'whcn the distance between the air-

craft, or chaff, and the power centroid exceeds one-half the resolution

cel! size. Therefore, at cach tine interval, [xt[ tor both the aircraft

- and chaff will be compared to i«

3db/2' and [Xrl‘for each will be com-

'l . ] " pared to ¢7/4. If any value exceeds the limits, the simulation will be

. terminated ana outputs created., The output probability of attaining.

» determined from

e 0,0 0% .
eCetyt 00 0 v,

breaklock wili be that of eruation (37), at a time t

the distance-to-cell dimension comparators.

re,
v

>y
o e
LN

ML Resgonse

With the exception of the relatively easy calculation of chaff
RCS, the remaining calculation required of the simulation is that of

the power out of the MTI filter. The output power is given by equation

18 LIS AR

(36) as:
g h r--3
- I ¢y
: Yo o T 7m[ XN d
% i ® '
'jA ) o
. where, for purposes of tiiis simulation, X(w) and H(w) are the normal-,
. . ' . !
4 e
Z:i “ .-
q '
3 A
N t
123 T T e R
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ized power spccetrum of the target and the 11 filter response, respec-

er spectra,

tively., Therefore, all that remains is to calculate the respective pow-

The power spectrum of the >TI filter is a function of the NTI fil-

ter design and, therefore, an internal radar characteristic. In order

to simplify the simulation, yet make it applicable to a wide range of

v

radar designs, a worst casec (for chaff) design was created,. using the

- double delay line cancelcer discussed in Chapter II.

3 An LTi

into this simulation wil! be¢ that of Figire 24,
responsn displays the unity response characteristic ot

svstem, but incluces the inw initial rise of a single

lTine canceter. v sta scred 'Y radar has a faster initial rise in the

The normalized amplitude response of the }TI filter incorporated

filter with this
a staggered LRF

R double delay

QI, amplitude responce due te “he rombinmition of inftial responses from the

1.0T

v '

e

=]

-

e v t

wad

g

< 0.5T
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) S L v
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0’ 0.

Fig 22, Simulation »TI!
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different PRF's. The initial rise of Figure 22 is that of the lowest

FRF used by the radar, therefore being somewhat slower than an actual

‘GnB.’ S S .

staggered PRF response. This MT1 filter response presents an. obstacle
to chaff{ in that targets with szall doppler ffequencies are attenuated,
yet targets with large donpler frequencies are. passed by the filter,

with no eflect due to donp'er blind speeds.

T T e APee Lt

The power spoctrwm o the ITI {ilter is now given by:

| .

: POy osing (wEPAR) . E S iREfe

: . N A o (52)

; As stated in Chapter 711!, the power spectrum:of the return signal

E from the aircraft will be a delta fugqtion, of height 1, at the doppler

: frequency of the aircraft, Substituting the results of equation (52) '
| (’ | and the doppler frequency of the air’cfat’t, as determined from equation

(14), into equation (36) and solving, yields a normalized MTI filter

gain for the aircraft return of:

.. sma[z"fo"r] Y C SBRE : ,
= o RS-yl o |
OFTI/Ap : ¢[RF b 4 4£° _ ' .
’ : CPRY :
1 . R vr > —Z-E: , | (53)

Tince the ajrerait gs net allewed to alter its velocity vector during
the‘simulation; the » 1] 1J:u.factor will remain constant thrqughdut the
“sfmulation, |
~The power spe;trum of iﬁe chnff retﬁrﬁ sigﬁél was gl%éﬁ in equa-

tion (13) as: _ o L o .

o0 - co.exp[-_(ffcd(c))z/'zcﬁ]

«
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where the mean of the doppler return is:
' , (t) = —=2 sxp (-t/7 54
_ f£.(t) = v exp ( » (54)

and the value of the nomalizin; constant, Go. is determined to be

{papouiis, 1965:66):

6 =1/ Y ino : (55)

the power spectrum oi the chaff retirn is a .function of time anJ
the norﬁélized UTT filter output must be recalculated for each time
interval during the simulation, until the mean of the chaff cloud cen-
troid doppler frequency reaches zero.vwhén the mean of the doppler
frequency equals zero, the chaff spectrum will reach a steady-state
value, where it will remain for the duration of the simulation. From
previous analysis of the deceleration constant, and the mean cloud
doppler frequency, the chaff spectrum will attain a sceady-sgate re-

sponse at:

t=v /2 | (56)

The normalized gzain out of the ¥TL filter, due to the chaff re-
turn sijznal, ban now be stated as o sum of fntegral equations. Equa-

tion (36) now bccomes:
le/?

P Y. V zn/ sin®(#€/PRF) exp[ ~(E-f, (c)) /Zaz]df +

“Mr1/CHF -PRF/2
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- ke 2 . ' S
1/ v Eﬂqé‘/r exp[-(f-fd(t))zl 3'%] df ' (57)
© )

Tnserting the laryge chaff [requency variﬁnces, shown in Chapter
1T, into equation (13) result in a relatively small, broadband fre-
quency spectrum. An arrempt was made to equate thls“spgcitum to fhe
flat spectrum of white G#ussian noise, therefore rendering equation .
(57) a cénstant. The proberties of the Gaussian curve prohibit this,
howevqr. From these properties, it can be shéwn {Soong, 1981:195) that
approximately 98 percent of the energy of a Gau#sian spectrum lies

QEb. within 2;6 standard deviatlons.of'the mean. Using the smaller vafiance
) limit from the example in Chapter 11, 98 percent of the energy would
be concentrated within a bandwidth of less than 150 Nz. This small con-
centration of signal ener;v prohibits equating the chaff and Gaussian
white noise spectra. |
Equation (57) can be simplified, however, and its fofm’Can'be re-

duced for certain cases, The last two ltqigwgfﬁﬁhe equation are related
"to the error fuqction and are equél for the case when fd(t) = 0. For

cases when the FRF > 500 Hz and fd(t) = 0, these lines govto zero and

by symmetry, equation (57) reduces to:

PRF/Z

Po -2/ 1/ Zp(: sin (nf/PRF) exp[ £ /ZJ] (58)
MT1/CHF f Jo

..‘
o
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Equation (58) can be implemented during the simulation as fd(t) goes
- to zero to reduce run time.

Utilizing the calculations outlined in this chapter, a simulation
can now be cénstructcd. Sincg the radar wodel has been reduced to an
antenna gain pattern and an »TT filter, the simulatiun,lflowcharted
in Figurce 11, w;ll rot prdddce an exact probability of breaklock. It
can he uscd, however, oo indicate bow changing cFrtnin pacameters can
identify the effecr of {hat chopye on Lthe nrobebility of attaining
bresklock., 3y simplv vy ing cq@ input parameter ov.r a specified
range and plotting the simialion ouljut versus that input parameter, .
one obtains a graph of how that parvamcter affects the probability of

attaining breaklock.
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Fig 23, Sfmulatidn Flow Chart (pagekl of -3)
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V. Conclusions and Recommendations

naximizipg the cffectiveness of chaff use, in a self-protective
role, is one method to increase the survivability of combat aircraft.
Allowing an aircraft commander té increase chaff effectiveness through
apriori knowledge of the best tactics to employ in an aircratt-chaff-
tracking ;édar encounter will increase the chance -of wission success.
This thesis has produced a simulation that allows the user to attain
this apriori knowledge by determining how certain parameters affect ' .
the probability ¢f attaining breaklock. | . |
| “The most dominant factor jn chaff effectiveness is the radar
cross section of the chaff compared to the airplane at the tirme when
the airplane and chaff are in ths same resolution cell aﬁd the chaff :
has sufficient veloc;ty to defeat the MT1 and pulse¢-doppler filters."
(Rang, 1979;1b8). The simulation created in Chapter iV utilizes these
factors and constraints to chart chaff cffectiveness. “hile the‘author ‘
;oncedes the fact that many far'ors affect chaff performance, in an ef-
fort to reduce simulation rvi time and comple%ity, those "other" fac- '
tors have been neglected due to their small individuQI affect on the
outcome. |

Reéurts from two simul;tion runs are plotted in Figures 24 agd 25.
The inputs fer these runs are contained in Table 4.

| Figure 24 shows the effect of varying the chaff kcs on the prob-

aBility of breaklock. Thé rélatively small values of p(bl) dccur be-
cause the NT1 filter passes the entire aircraft return signal and high-

ly attenuvates the chaff return due to the situation jzeometry. Notz that

the curve tends toward (l-cxo(-x)). 'This implies that there is a.point,
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Table 4. Simulation inputs.

w
L
Tnput 3imulation #1 Simulation #2
Aircraflt RCS (mz) , 10 10
speéd (knots) 500 500
range (km) 10 10
angle (rad,) 0 varied
Chaff RCS (mz) ’ varied 50
bloom rate (s) 0.1 0.1
decel. rate (m/sz) 1000 1000
variance (tiz) ' 3700 3700
Radar | pulse width (us) 5 _ 5
beamwidth (rad.) 0.26 . 0.26
RF (GHz) 7.0 7.0
PRF (KHz) 2.0 2,0
3

p(bl)

.02

a r
v T

2
80 100 CHF (m)

0

Fig 24, Sihulation #1-Resultsg Chaff RCS vs. Probability of Breaklock
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whereafter increasing the chaff ©(S produces almost no increase in the
probability of breaklock. As'one would expect, the smoothness of the
curve also ;ndicaaes that NTI response and antenna gain are not affect-
ed by the chaff X(CS in this sitvation.

Ffigure 25 plots the effect of varyihg the dirlection of the air-
craft's velocity veector on the probability ot breaklock. Until @ 850,
the variation in p(bl) is due‘mninly to the dilfercnce in antenna gain
for the two targets. \fter %5, the u71 filter begins to attcnuate the
aircrait's return dve tu its swall dovpler frequency, until, at @ .= 900,
p(bl) = 1. From figure 75 it can be imblied that a mancuver through a

‘plane perpendicular to the boresigh£ will produce breaklock; that is

if the maneuver can be accomplished while the chaff and aircraft remain

within the same resolution cell.

p(bl)

-’*
1

4 N
‘a Y

0 15 30 4!

o
o
<
~ 1
g
o4
=
T

Fig 25. Simulation #2 kesults.. Angle off Boresight vs. Probability
of Breaklock. S ' '
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_chaff-radar encounter. A vertical dive puts the aircraft at near-zero

‘employed in SiAdE. An effqrt,snnnlﬂlbé attempted to mbdify SCARE to

Recommendations

NTI- 1t is obvious frowm the results obtained'from siﬁuiétion runs
that the "ideai" n11 filter respomse incorporated in the §imulétion
must be modeled more reaiistically. OUne solution is to.include sever-
al different filter responses in the radar model.‘Thés;woﬁld_allow the
user the choice of the filter that best represents the réspoﬁse aesir-

ed in . the simulation.

\3G- Purther research could determine the actual effect of AGC

on chafi eflfectivencss. Aniplification ofvth& relatively small chaff
return sigual, immediately npou disnersion, couldjéomsine with the non-
éero mean doppler frejuency spectrum to enhance cﬁaff's effectiveness.
However, an effort must be made to reduce the additional complexity

and run time c;used by a radar system embloying several different types

of AGC.

Servo Systems- Ideal servo systems over-react to chaff, therefore,

alloyipg chaff to more readily break lock than would a less responsive
system (ICH, 1981:347), Modification to include a more "reglistic" ser-
vo respoﬁse time would greatly improve the acéuracylof the'simulation;
Eggégvering-AFurther modiftéation of'the simulétion to include
3-dimensional maneuvers is necessgry to prdpgrly model the air;faft- )
radial vclocity; sreatly reducﬁng its réturn d;ppler shife, &herefore
reducing the aircrﬁft'é sigral powéf at the output qf the NTI filtér.
jégigg-,Thc rcquirémcnﬁ for a precise figure. for pfobabiiity of

breaklock reauires the use of a s'mulation with the complex modeling
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