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Abs tract .

A mather~aticai  analysis of an nr~p~ ~~~~~~~~~~~~~~~~~~ m

(AM) , rotating-reticle , infrared (IR) missile system was

conducted . Two type s of ja r ming , sinusoidal and noise ,

were siio~’~’i to be effective againi m•~ ~J~:,o ~ 4-reticl~ sy si;~i:~.

The foliow~ r:~ IR im~o~ ulnti on t c :~~u~~ \ i ~~~~ ~~~~~~~~~~

these j i r ~ types ~-?~;r-~ CuS~~ ’~ ~~~~~~~~ 
io~;ic , ~~~~~~~~~~~~~~

and random binary modulcu~ o~~. A metho.~4. for evaluatiii~ ~~e

effects of each typo o~ ~~~~~ was proposeci .

vi



MODULATION TEC~1~’;IQUES FOR DEFEf~TI ;~G

PASSIVE RET1CLE-~~FED If Yi~ i:~ ) SY~J~.~fl3

1 , Introduction

One of the i~ost c~~ F 1c:miy encountered arid ~~~~~~~~~~~ ~~en~~ .LS -

t teii~ 1y eff ect~ ve. t i :~~~~; ~. o r~c~- ~~ co~11~~L a : ~~~~~: i~
of the infr~rcd ~T~) or be -e~~ im~p n~ ~~ In .  ~ oc~~~i .~ m t ~~’

these fac ts , the U .ñr ed St~ m:e s i.ir Force , in gem~~r .1, a m : ~

the I~ir FOrc e Avi ciucs L~ ~~~~ tory , ~ n p~ i. ticuI~ r , ~~~~~~~~~~

sorc’d a groat ck~~! (~~ ‘~ ;~~ . ‘ (.:, 0 i  . ~~~~ o , :~~ic~-~J. ~~ ~~~
‘ -

~ -~~

r c ~LY-:~j .re5 di~~ ~n ’’ .~ to m.se f T t ~~~~ ~ Yhi s ~~~~ I~, i :  -; s

un~ crtaken a~ ~ pert o f t . ~~~~. effrn L . .,

As the t i t le  su~~;e~~ ~~~~, this thesi~ inve stig~~~ .~ ~~~

po.s i - ~~ i.ty of u3 inb pro~~~ i; r cdui a~ ’-~c~ ~R •~~c m ~s to f~~a~:

or jam infrared missiles.  In particular , reticle-based

systems are investi gated beeause they comprise the l~~~~~ .::.

family of IR systemsa

Thesis I imit ~tt~ or.~

For reascr :s to be exp~ ai ned lEmt er in this report- , only

amplitude-modulated (A~1), ro ta t ing redcle syste~is will be

analyzed ; however , as w~.ll also ~~ explained later , it is

hoped th~’.t ~~~~ ro~ u 1ri for the AM, ro tat ing roticle can be

a pplied to the ~a~~~ nr of other reticle syste~1s , e. g, , fre-

quency-modulated (
~-~

) systci ~s. the analysis ~n thi s report

1 
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will concentrate on the signal processing aspect of a’-i IR

system , rather than on the optical or control aspectsa

The modulation t~:chniques present:ed in this report do

not represent an exhaustive list, Because of the multitude

of possible jamming codes , each of which could introduce new

paremeters , this report discusses three genera l type s o~
modulation techniques and prese~its a method of analyz~ r~~
each,

Theci ~ (~~~
- ~-‘vi ~~~~

Thi s t1i~ sis begins by briefl y r~ vtew~ n~, ret ~~I~~— ~~

IR systems. Next , a mathelnaLical iao~ el of hour a tet ic1”

system turns a ~;p.~tici. sO~ i~e into an i nfo ~~~~~~ :~~o~ —

electr:- e~4 s~~ nai will ,  be de iel oped. U~~iu ~ ~;r;ch a ~~~~~ , a

study ‘•:iJ.l be made of r hc : efieets of j amn~i n~~, bo t;h ~i~~~~~i~~ I

and noise , on the t .racki~ c’, performance ol ~.n IR ~yst eb ,

Next , a discussion of ~:hr-ee ~~‘~ es of modui.a~ ion t cchniqu~~~~
periodic codes , pseudoraitde~r codes , awi random binary codes--

wi l l  be presented . ThLs report will conclude with a brief

summ ary of the ha~A.o f i rd i ngs a~ d wi th several recom~iien-

dationii for future worl .

2
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II. Back.~r .our d Natorial

This ohapter will present some of the basic coricept~s of

reticle-based IR systems. For additional in formation  on

reticles, the reader is referred to two very readable sources

(huf 1; i~ef 2 C h . 6 ) .

ticl.os ~~~~~‘ ~~~it~~~l ~‘i.lCar s

In t~ applic~~i-i.ons , a ‘:eticle , ~.i so c:a?lc~d a cL ‘ j- or

c-ptscotibter, is ~tn opl :iCdl ; ‘edulat :or use~ to ~~n ’

~~~~~~~~~ back ;reuud .~~na 1 (a cloud , f .~r e~ ~~~~~~~~~ 
r .~~ \-~~~~~~~~~

1
~~~~

- 

- 

O i b ~i 1iCi~~~ thu ~i.~~1il ~ ] L  ~~ ~ t~~i u u t , u;. g. ~ j e~ c~ • ~ •

s ~t: cb-~ ~ ‘. of di sr.’~ u t in - - a~’y~ i; st nb j c c  ~ ~~~~~~~ Li -

large angles in  favor of ~Thj ects of Eri~a1l nn , ’n Thi- exten t  i .~

called space or spatial f ti te r in g ,

F ~ure 1 shows how a ret icle f i t s  into a simplif ied ii~
tracking system . The field lens focuses the sy~~~~i~~’ !..u~n3

of view on the rettcle . The rut icle  then chons thL? ::r-i.di-

ati on by :~ea: s of a rotati~~~ ge~)rnet rLcal pattern of trans-

pa rent: and opaque scctLo- is. ~~x~: , the tnar ’,i : ig  len s 1ocu~~ s

the ou tpu t  fL e~ d of the ret icle onto the entire surface of

the optical detector. The entire active area of the

detec tor is i llum t nated to avoid changes in sensitivity

across the surface of the detector.  The optical detector

converts the radiation incident on i t s  surface into an

3 
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electrical signal , the ampl itude of which is pro~ n’:tional

to the amount of radiation falling on the detector.

,,-optical axis

A A
thftared~~~( \~~>j U optical ~~~~e ectr~ cnl

i’ad~~~ ). oa. 
[~

etect.c~ 
Si~f~~O.I

~‘eti.cTe
iiv~ag5j ’~

V len~ lens

FIgUIC 1~ SinpIe fleti ale System

Figure 2 c inolistratus the spatial f te .ag char.~cte~ _

ist ic of a typical reticle . The reticle in tbis  ease & fan

shaped with alternating trans parent and opaque sect i .0n3,

linagirtE.. the reticle spinning about an axis coincident wi th

the optical axis. Figure 2a shows the detector output 1’. r a

small point source of light . The radiance from the sm all 
V

source ( target) is alternately transmitted and blocke~ by V

the rotating sections of the rettcle. Thus thc output of

the detector is periodic with a fundamental  frequency, f ,,

given by the following expression

(1)

where n is t:~ie number of pairs of clear and opaque sections,

and 
~
‘
r is the rotational frequency of’ the reticle. Fi~’ ire 2b



directio~i of rotation
— ~
/~~~~~~

‘

~~~~ 
- ,1• detector output

~~~~~~~ target 
-

~LtH ELL r j
V detoctza’ output

~ -
~:: 

clou d

h. 

- - - -

Figure 2. Spatial Filtering Characteristic of a Rotating Reticle

show s the detector output for a l arge source of infrared

radiation , such as a sunli t  cloud. Since the cloud i r i ~ e

covers several seg~n n~nts  of the r-aticl.e patl am , very 1 i.tt ’,.c

chopping action is achieved by the reticic’ , The detector

output, therefore, will be essentially a large constant or

DC value with, a small rIpple caused by what little chopping

is accomplished .

5
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Rettcl ’s tha t T~ rovide Po si. t; ionai Information

The reticle systems under invest:igation in this paper

are used to detec t and track particular targets, usually jet

airplanes. in these sys’~ems i.t is the f’unct ion of the ret icle

to modulate the incident radiance in such a manner as to

impart positional information to the detector output . Another

important feature of reticle design is that it must provide

-~ 
- good background super ussion in order to detect targe in the

presence of objects wi th  hi gh radiant flu’-n

The simple two-sector rettele shown in ~
- i~ ure 3 will

provide a good example of hou retn oles provi~ e po~ Ll:~ enu1

infornati.on. Fi.~ nr e 2a ~~nus  the dc~:ee te~’ c’u~: an. :. a

get is present at posat ion p1 whIle Ftgur~ 3b d.  ;dcts the

detec tor c, utT n ’c wi th a targe t at p. • The detec ter Oua ~’\3t I I i2
both cases is a pulse train at the choppian, frequency cr

scan frequency in this case; however , the change in target .

position from p1 to p2 has resulted in a time delay or phase

shift  in the detector output. Therefore , it is tl’ie relative

phase angle of the detector output tha t provi des the positional

information. Since phase angles must be measured from some

reference, a typical phase reference system will COnsi ~~.t. of a

small magnet affixed to the rotati.n~ rettcle. Each time this

magnet passes a small pip coil mounted on the fixed frame of

the reticle housing, a sharp pulse is generated which serves

as a steady phase reference.

The simple reticle shown in Fi.gure 3 is only capable of

producing a phase modulated signal containing the direction

6
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Figure 3. Positional Inforration Derived fror~ a S~,r~plo .~w s~-cc ?nt
Rot icle

of the target from the center of the rettcle~ it is not

capable of determining how far the target is off center nor

is it capable of adequate b~ c:kground suppression . Therefore ,

through judicious use of the j3Q0 transparent section of the

simple reticle, these necessary features must he incorporated

into the reticle design.

If the 1800 transparent segi~ent of the simple reticle

is divided into pairs of alternating npaque and transparent,

fan-shaped segments , then both requirements can he met. This

more complicated reticle is shown in Fi gure 4. A s a target

7
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ph e nodulatir~ ~eeU o
(0.5 ~:~~~;nI~~’~ ’ ee)

Figure /~‘ . rIutiole ¶rith Go~ c1 flack~round ~~~~~ ‘e~ sio~ and. Goo~1
Track1n~ Q~n1it ies

image i iove~ r ed ia liv  in or oct from the r “~ ~.o~~-:- C ~n( em.’,

the detector output is a; i ttide—:,.c1~.-ia~ ” ‘c • 3,1. .~ ~L :i ? .  ~~~~~

mod ulation is caused by tht~ radi.aliy chan~,ix ig  ,reThtioi~’:.i” i~;

P between the size of the target image arid the size of the fan -

shaped sectors. Thus, the amplitude of the detector outp~cL

is directly proportional, to the radial, position of the target

image.

The fan-shaped segments also help in suppressin ,~, back-

ground signals .  Early studtc’~ on atmospheric backgro’.md

noise (~ ef 1 77-82) determined that substantial ly no COE!’DO-

nent of the detector output due to sky background signals wa~

found above the eighth harmonic of the reticle scan frequency.

On the other hand , small IR sources, such as jet engines, cort-

tributed harmonics out to twenty times the scan rate. Bihor-

man arid Estey (R ef  1z73-80) patented a zeticle that produced

- .  _
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I

a “carr ier ” frequency at least eight times higher than th~c

scan frequency. This reticle cut dramatically the effects

of atmosphcric background noise. The carrier frequcucy of a

reticle system may be contpuced from the following expression

Kflf r (2)

where is the carrier frequency, K is the reciprocal of

the fr,.’oti.o:i of the total .‘ea of th.3 ret:icle oeuu~ ic~ by

the fan—shaped segments , n is the nLi~~n:c of pair s of fa.~-

shaped sect ions , and is the rotationa l frequc~o~.~ r tht
reticlo. The reticle shern in Fi.gure 4, ccnaxwP.y ccl1e~

“rising—sun” rut~ clo , pruci n~.’os a C: rr.-_ ’cr f’ e.’.’nc’~.y tcn ~~~

i;ic~~er than Its scan ~m.’r’~c ~no~ , a :‘, ~ o:n~ent i~~1.ly r . , : ~~. .‘. :. ‘ ‘
~ S

devolopad by Btberzian and E~~.ey.

The phase-modulation p ortLon of the retici e sho~ ii in

Figure 4 has a transmittance of 0.5. Thi.s is to balance uhc ’

radiation through the reticle, and thus suppress a major

background signal at the spin frequency of the reticle.

It is important to note that the relative phase angle

of the carrier does not contain the desired target infor-

mation ; rather i.t is the phase of the envelope of the detec-

tor output that contains the proper positional information,

Figure 5 shows the output of the detector for the reticle of

Figure 4 with the proper phase angle idehtif led. .

Reticle Modulation Techniques

Although the reticle shown i n  Figure 4 produces a signal

that is both phase-modulated and ampltl u(’c-nlodula ted , in the

_ _ _ _ _  - . . . .
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~ —c~rricr (iO x scan xate)de tector /
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output -
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~~~~~~~~~~

se a:a;le CC;-’~tain i 1i~~’ P~CO’.’~~
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Figure 5. Detector Out u ’~ from “Ri ’ e~—;Th-i~’ fnt~ ole

nomenclatnro ~f• reticl.cs L is consLe:con ~~~~~ 
:‘ 

~~~~~~~~~~ C I ,

This is because re~ i.cle syste n~ regularly nc~~ usc of .~h~~ -e—

modulation for one piece of trac~ i.ng irifor~i.stion , usui•..r.ly

the direction of the target from the reticic c’~ ~ter ; ~~~~
fore , the modulation technique used to provide the other

piece of tracking infornatiori, e.g., distance of target from

reticla center, is corm~only used to identify the overall

reticle system. Examnp1:..~ of FM and. pu~~ c :-dura .en-;~’~ ’u1ation

reticle systems are discussed in the literature (kef 1 ~34-3~ ; V

Ref 2:247-250).

In order to be effective against as many reticle systems

as possible, the analysis in this thesis is directed toward

degrading the phase tracking performnan ’ e of an IR system.

Thu s , the mo du l ati on technique needed to provide the other

10
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piece of tracking information is of secondary concern. For

this reason, the ~-elativeiy simple AN reticie will suffice

as an adequate model for  thi s investigation.

— Rotating vs. Stationary Reticlo’~

The discussion thus far has centered around rotating

reticles with stationary optics. There is no reason why

systems cannot be c~e~-i .gned with stationary rcLi.~~es ~;~1

]:oL~tLn~, Opt iCs. I~’~e-~d i~any ~ UClL Sy ~~~~ Ln vt: h e n  t V 1 i l ~~~

(flcf 2~23~—254). (.t.’at i.on-? ty ret iclo~r c~ :a af ~ ”,~” f

advanta~es over rc t Va  .:i .ng ~y~ tc~rs , t i-~e t~~~~t Va::~~~~~~.ut ~f u .~ ch

is that there i.s no loss ~~ carrier for zc-ro ~~~~~~~~~ ~
-
~~~
‘
~~~~~~~ :

‘

~-i. t1x a ~.tai:~ cu~ii~’ ~et~ c~.a

Si. ’n2c l’ki ~.s ~~~~~~ i ’~ ,~‘ f i r s~~— ” n .: t t Q . ’ T  ~ V

“smart.j;mmii nc” techntquo~ to IR s~ s turns , the’ ~
rotating reticle ~‘il~ scr~~-: as a represemr:tivt: ntoth~i

Again , binc e both stationary am’l rotati.ng retic’le i~~~- ~~‘ms

use phase-modulation for th,rcctioia] infors~a t ton , it  i s

anticipated that . the results of th is  report can be c::tendcd

to stationary reti.cles as well.

~~~~~~~~~~ V VVS-~~~~~~~~~~ 



III. Mathematical Ana lys i s  of A 1-Reticlo S~~~~ rn

In order to study the effects of jammin g on an IR system,

a model of how this system processes target information must

first be developed. This chapter will analyze the signal-

processing portion of a typical ~M reticie systen and a math-

e1V~atica1 r~~~~ ’i. for evaluT t i.n~; jsm’stn~,; t c h  - ‘d qin s ~~~ ~i be

proposed.

ck ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Sh-~.~nn i n  Ft~ w.’e 6 1. ~ a block dia~~ra:~ cor ~;a ~; 

~~~ ‘~~c

I~I3.j or cc’~ r~ .)nc :1ts of ar ; .‘.h— r o L ,c l e  5 V ~ stE : : • ~~~ Y~ t3~ t

nc ~~~~~ aft.c~ t’~~ o~ tical detector is es ~ntia ~ 
:; a L~n n

AN detector familiar to electronic conmunicstors,

Optical Detector 0it~~~

The outpu t of the optical detector i s  given by the

following expression (Ref 3:1; Ref 4:54 ; Ref 5:1563)

Va ( t )  J’ J’ r(x ,y , r .)s( :~,y , t)dx dy (3)

where r(x ,y,t) is the reticle tran~nittance function and

s (x ,y,t) is the two-dimensional input scene, i.e., what the

missile sees. Due to the dimensionality~ a mathematical

analysis of Eq (3) is extremely difui.cult (Ref 1n54-57) and

quickly leads to elegant formulas which obscure the basic

concepts. Therefore, in order to simpl ify the mathernati c~s

12 
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~
‘

without losing any basic concepts, a o~n•• ~i mensional retie~ t:

analysis will be proposed using the fo l !u ~ 5.:~g expression for

the detector outnut 
V

va(t) J’~~, 
r(x ,t)s(x,t)dx (4)

where r(x ,t) is the one_ dinielistonal reticle transmIttaiic e V

function n.~d s(x, t) i~- the one—dinu-:~ on~~. ~;cen-~ func . ~ on.

Sin ce the mi .5~ i J u  hV~ . -s ~~ . f~,ii te fielu of ~~~~~ ~(x ,t) ~~~~ b~

hounded in x ; thu., thc I Lrits of tnte;~:c~’ ~:~,cn ~~V f l  (L  u n i  d

be across ~ 1’~r~ field of view of tns ret~.cle s~:stcs. ~~~~‘cvc: 1,~,

in ocder ~:e ~-.~eI) the an~ lysi. s general , t nL ~~~ V : ~~ 5 t.c I i~ ~~~~ zn-~~ 
V

c I ,r .~~~ in  i~ ~~~~~~~~~ j r ~c ~~~~~ .f~~nc~ , “V; ~~~, ~~~ 
t;., ; ‘:‘ i ‘ ni’ .— ‘  •

~~~~ - : ‘,‘

to :~~ - he~~- ’~ ’ : : -  
~~~~~~~~~~ 

•1~~~ e .~~. nt ; t i .o u u c  d n ’i~J-~ ~c~’

shown to r: pJ.ify later cxpression~ ‘~1~cn a ti ~c v~ ”y ~~~
ja mncr  is i nser ted into t~ c analysis.  Eq (L 4 ) sLt ’~~-.’ .-~ O~ ~ of

the mo~t 1~:Grtant functions of a reticle , that of tuLsit

an essentially time-invariant scene func tion in to a t~:~e

varying electrical signal . V

Fi gure 7 serves to i l lustrate the concept of a reticie V

tr ar~smittance funct ion,  As thown in Fi gure 7a , assu~~-~ a

small point source of infrared radiation ~s i~a~ed on ~.he

reticle at point X~~; as the reticie rotates , the image is

alternately passed ari d blocked by the transparent and opaque

segments arid one-half of the images~ radiance is passed as

the 0. ’~ t ran smttc~ nco section passes x~ . Figure 7b shows

the fraction of total rac t~u~t f l ux  passed by the reticle as

14
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I

V ‘
~i”~~Ti ~~~~~~~

.V 

1
r(~ ) I

~~~~~~~~~~~ 
1i1

~~
flfll

~H~
>

I 
CL. 1),

‘
~~~;u:L~:~ 7 • ::et~ c1e ~~~~~~~ ‘-ce Fu~~~ ion

a f~.iricti ri :1 (~f r - : .~~~~t~~ V o~ ~~~ -; ~~~~~ ~~~~~~~ ~~~~~~~~~ ~~~ V .

~~ ~~~~~~ i ’ u ~:‘:c c~ ~n1~~ f - tl C i.r c-u~ ‘
~~~ ~~o) ::- V.l

2 V ( ~~ kIu in FiLnJ:~ 7a , ti~-~, .r~~ tCI.)~ tnL ~’1~ ~~: ~~~~~~~~~~~~~~~~~~~~~~~ 

V

Figure 7b is assumed to ~e infinite i n  e>; t: ?:;~t with a ~~~~~~

of X and linear velocity U>. i.n the x dirccti.on. -

Thi.s one-dimensional model will account for the angular

position of a target image on the reticle surface. It ~~Il

not provide the radi ~l F-o si tion of the image. Figure 8 shows

these posit5 .ons~ Recall from Chapter II , that the anr ’u) ar

position of tThi~ target in~~ge is provided by the ph:~ :e-rnodu-

lated section of the reticle .  Therefore , thi s one-c 1hr~ensicna1

model will attempt to relate the phase-modulation in Va( t )  to

the target position x~. V

To continue with the mathematical development, Eq (4)
can be written as V

- -

Va ( t )  J’ ,~ r (x  - u
~
t)s(x,t)dx (5)

15
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V ~ -~~~~

angular po ~ it i. o~.

/ I ta rge~ inaF~e
I // N

po~ ition

V 
V~ ~ rct lo) c ~~~~~ ~~~~~~~~

LVV _ . V.~~~~ V~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

• ~~~~~~~~~ d o  C:. ~~~~~~ EI ~On 1 ~~~~~~ A~~~ZuLVrC ~~, 
V a~1ia L ~

~i~e:.--: r (x  — i~; th~ ~ . f~ nt t~- rc’~ ic1~ t~~~i ~~~~~~~~~~ r . .n . :r ’.’

I~,i:c ~. C , i i ~~~fl(.) v  
~~~~~~~~~~~ C. ~~~~~~~~~~ 7 3  Ii, t~~V~ \ ~~~~ ~~

‘ j

~ i n:’c- tb~� rc~ ic
’
~i-~ ~ ‘ i r ~~~~ ~~~~ I ~~~ it:i~~i ~~~~~~ ~~~~~ 

- - 
~~~~~t ) i~’

perio~:~ic’ , i.t c’~i~ b~ expanded into C ~‘OL~! ~ ~‘r ~~~~ ri ‘V~~~ ‘~~c;P 1~ ~~~~ ~;

j2~iri.f ( x - e  ,~:)r(x - u~t) 1. c e 0 ( 6 )

where the ce
’ s are the complex Fou.Jer coeff ic ients  ~r .d

1/X vhere X is t h e  reticic perto-1.

Substtn ’t i n~ Eq (~
) iut~ i~q (~ ) yi.eI .is

j2~r if (x-u ,,t)~Va(t) c~ e ) s(x , t )dx (7)

Assuming that the order of integration and summation ~~an be 
V

exchanged , Eq (7) becomes

lo

La VV ~~~~~~~~ 
,



+oo 
~j 21rnf 0u~ t +00 j 2i~nf 0x

Va ( t )  = c~ e J’ s(x , t )e dx (8)

The expression inside the integra l in Eq (8) is the one- 
V

dimensional Fourier transform of s(x,t) taken on x, or

V ~oo j 2imf x
f~~ ~(~~ t)~ cix = S(.. nf 0 , t)  (9)

wh ere S(-  rif 0 , t) denotes the spa t i a l  i~our icr  transfo:c~ of

s(x , t ) . Sub s t i tn tL~~ Ec; (9) i r it o Lc~ (8) I (~~SUl t~~V in

+0° _ j 7 ,’~ ii.f u ,t
v (t) 

~n e 0 ‘ ,

Now the frequency content of va (t )  will be ~c~u r U  ~9

taking the Fourier transform of both sides of iiic~ ( 10)

+oo -j2 irnf u t 1
F LV a(t )] Va(f)  = C

fl F E  
0 X S(-  nf o , t) 1 (11)

where ~[.] indicates the Fourier transform of the ar rr.ent,

R ecall tha t the mult ip l ica t ion  of t~-:o funct ic ix i s  in tLr tt~ c’~

domain becomes a convolution in the frequency domain; thi c~re-’

fore , Eq ( I i )  becomes

+0° [-j 2 i i n f u t ~ [ 1
Va( f )  = E C~ F L~ 

0 X 
* F 1S ( -  nf 0~~t)j - 

(12)

17
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where * denotes convolution. After substituting the fol-

lowing equations

—j2s’nf u t~
F~~~

e ~ X 
j o(f  + nf 0u~~

) (13)

Ft[S(- nf 0 , t )]  S(.. nf , f)  ( 14)

into Eq (12), Va~ 
) becomes

Va( f )  = E c~[o(f + nf0u~) S(~ nf 0,f)] (15)

where 6 ( ’)  is the dirac delca or impulse function . Li

Eq ( 15) t. 1~c re~ icn~ sh~ ’ilci nccp ~~~ L” l V f l(J  t i - .~ f (~cnO t CC ~ n

t~ n e ” frequency (wa ts of 1’~ ~
.) 

, 
\ ; i V o ~~.

.~

“ spatial ” frequency (U ~~ i it V 5 of ~ V /me t er s )  . Af t e r  CPpl V~.T.

sift i ng property of the IV !
’
~~~~

’Ji V se fun ction , fq  ( 15 ) h~ cos~e. ..

V~
( f)  E C S(- nf 0 , f + n f u )  (16)

Eq (16) demonstrates that the frequency spectrum of the

detector output is a di scretely sampled versL n of the fre-

quericy spectrum of the scene funct ion . For purposes of this V

analysis , a typical scene is composed of a target:, a ja tnmer ,

and a radiant background ; thu s an expression for s(x , t )  may

be written as follows

s(x , t) = A o(x  - x~ ) + b(x) + j ( t ) o ( x  - x~ ) (17)

18
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where A o(x  •- x~ ) is a point source target located at point

x~ with radiont power A , b(x) is the space variant back-

ground scene , and j ( t ) O ( x  - x~ ) is a time—varying j ammer

coliocated with the target .  The two-dimensional (t ir~e an~1

space) Fourier transform (Ref 6: 50 ) of s(x , t) is given by

- j2ii(f x + f t)
s(f ~ , f)  1. ~ s(x , t) e  X dx cIt ( 18)

V - where 
~~~~~~~~~ 

is the tw0— ~i i I :~CnSiOnC ~. iOU t~ V O ~~
’ ‘era ; V,f( ~~fl, ~ith

~~~ 
d enoting a spatial fre~jueiicy dud I denottn ’~ a Len4 ’ncCc.

V 

frequency Substituting EV:1 ( 17)  into Eq (~ 3) sn~

yields

-j 2 r ( f V V ~-: •
~~

- ft)
S(f 7 , f )  ,J~~, ~1 A ~ (x.x ~~)e t in  dt

-j2-rr (f x + it)
+ J~ ,3 J~ 

b(x)e X dx de

+0° -j2-rr(f x + ft)
+ J ~~, J ~ j(t)~s(:: x~)e 

X dx ~~ ( 19)

Af t e r  collecti ng coms:ori term s Eq (19) 1 c o ~ic -~

+00 •- j2’rrf >: ~~ -j ?~rrf t
S(f ~~, f)  = A J’ 00 ~(x •- x~)e ‘

~ dx e dt

+00 - V j 2crf x -t oo -j2i~f t
+ J’~~ b(x)e X dx

+00 -j2 ~i;f .x +oo -j2 i r f t
+ ~

I’
00 

6(x - x~ )c > dx J ’~~ j ( t )e  cit 
(20)

19

- .  ~~~~~~~~ —- -~~~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -~~~~~~ --



-

~~~~ 
~~~~~~~~~~~~~~~~ ~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

- 

- 

The terms under tbV C integrals in Eq (20) are readily

identifiabl e Four-icr t ransforms;  therefore , S(f ~~, f )  becomes

-j2 irf x
A e X 1~~( f)  + B(f

~
) o ( f )  •

~
- J ( f) e  p (21)

where B(f ~
) is the spatial. Fourier transform of b(x) and

3(1) is the temporal Fourier transform of j(t).

Sub st . i tut ing  r~ (~~1) into Eq ( i i)  ~i..eld s

I -~J 2xaf x
v (f) =-~ : c , A e

a IL o
= 

1-1=_co

+ B(— nfç~~~i’f ~:-

~~~2V~~nS~ x ,H
+ j (f :- r’f 0 u,~)e °

Lq (22) represent s the t~;o-sLdccl r requ~ ric-y s;cctrum o~

va( t ) ; the one-sided irequcucy spectrum ci va (t)  can xV :~
V 

found as follows

r +j2imf x
Va(f) = 

~~~~~ 
(c1.~{t. ~ 

0 P~(f + nf0u~
) + B(- nf0)~~

(f+nf 0u~)

-
~J ?T flf x, I I - j 2i,nf x .,.

-
~ J ( f+nf 0~~,)e 0 + C nLA C 

0 
~

( f n
~ OL~X

)

-j2 iinf xl
+ B( nf 0) ô ( f_ n f 0u~

) + J(f- .n f 0u~
)e ~ 1]

- (23)
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( i , n > 0
where € • Ihe E term is needed so tha t then - i  n

—

n 0 term is not counted twice. After  ~-er: l iVZing that

c
11 

c and after taktr ,r’, the inverse Fourier tran5 crm of 
V

Eq (23) , an expression for Va( t)  can be written as fol lows

V +00 1 +j2 rrnf x - j 2i-rnf u. . t
V ( t) ~~F L~a U) 1 

~~o 
c~ e ~ p ~=

1
—j2 ’rcnf UV t — j 2 ~wif u,,t ~~~.j 2V

V V : n E  
~~~

+ B(- nf~,)e 
° + i(t)e 0 ~ P

j

V 

+ c~ {~ 
e~~

2 0”P e~
2
~~~0~~

t 
+

- 

+ (~~~~
J O X  

_ J ;~~ V~~sI: . ::~~~~ ,

i

In general , the Fourier coefficient s , ~~~ and the

V 
Fourier transform of the background, B(nf0), are complex

quantities; as such they nay be ~-iritter. in r a i tude~~p T V ~~~ V .~

notation as follows

on -

Cr ic~~Ie (25 )

j c~B(nf0) = I -~(nf 0) I e (26)

B(-  nf 0) = B~ (nf 0) = ~~(nf 0) I e~~ ’ (27)

21 
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- 

- Upon substi tut ing Eqs (25) ,  (26), and (27) into Eq (24) ,

-
. va(t) becomes

Va(t) = 

~~ 
~~ 

_j ( 2
~ uf 0u~ t -2~ nf 0x~

.- On)

- -~ -j(2innf u ,t+~ -0 )
+ ~B(nf0)~ e 

~ fl fl

+ ~~~ 0 X  0~~~

+ ~ ~~~~ 
2~ nf 0u~

t - 2~Tnf0x~ -- q1)

V 

+j( 2crnf V t+~~~ 
- 

~~ 
)

V B~ nf~ , e

~~ - j ( ?V~~ O~~I U  t - 2 ~~ V n~~ ~~ -0
‘F j~ t )n  

- u o 

~ 

i

Recall that Euler ’ s formula is given by

O)t 3~)t 
V

~~~~ 
e + e 

— (~~)

After substituting Eq (29) ~V flt0 Eq (28) ,  va(t )  becomes

V 

va(t) 
~ 

(2 A 1c 1~ ~~~~~~~~~~~~~~~~~~~~~~~~~

+ 2~c~~I1B (nf0)I cos(2i1ni0u~t +~~~-o~ )

+ 2Ic~~Ii (t)cos(21rnf0
u
~
t..21rnf0x~ 

- O~~) ) E ~ V 
(30)

Eq (30) represents the electrical outpu t of the Optical.

detector and as such is worth closer examination at t h i s

22
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point. Clearly, va(t:) is composed of a SUI~ of sinusoidal

components whose phase is determined by target positicn

(2’rrnf0x1~
) ,  background radiance 

~~~~~~ 
and ret icie design

(Orj ) i  T1VIe frequency of the components are harmonics of the

scan rate of the reticle (f 0u~ ) .  Neglecting for the moment

the jam mer term , the amplitude of the sinusoidal components

is , quite logically, affected by target intensi ty ( A ) ,  b~ick-

ground in tensity (~ B(n~~ ) 1), anc~ r Ot iVC le da sign (I c~~ ). Ic

would seem , at t 1V 5  e~r1y p3int St least , that this ~
V V~~
.V

(jC1

has inciuth d the effects  o~. the three !n3jor factors ~~~~

tracking problee, i .e.  targe t , backgrounc~ and th ’~ in V~. c m n .

Now tb~ t an c:-~~~~ si~ u ftr the det~-c ~c;r Out ~~~~ ~~~~

foun d , tr~-~ 5~ p
~ 
oc - n - . cxc- ~ o~ 

?VL L x
VV

V e

V anal~ •‘ PCi

SI V S of  1 Pr

- 

V 

The amplifier in Fi~ ur~ ~ is used ‘ n a’iiplify the n~ :1i.

voltage output of the detector. Since this voltage gain

will affect all components of ~‘a
(t )  equally, the gain u~ the

amplifier will be assurred to be unity. Indeed , the constant

2 found in front  of oa~ h term in 
~ç 

(30) is superfluous and

will be orn it t cV J j~~ ~~~~~~~ discussions .

Jammer Model. Before the output of the wideband filter,

vb(t) , can be found , some assum ption about j ( t )  must be

V made. In the context of thi s report , the objective o.

V jamming is to interfere with and cause erroneous operation

V of the missile ’s tracking systerr. In order to accomplVish

23
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- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

thi s, the jam ming waveform , j ( t ) , must  influenc e v 0 (t )  in

such a manner as to cause erroneous phase information to

be genen.~ted. Since va (t )  is composc- ~f ~;tnusoidai conpu-.

nent s, a logical f i rs t  choice for j ( t )  j c~ to a s s U iV~~~ 5r

sinusoidal also. Therefore, the assumption will be made

that j (t )  is a sinusoid of frequency equal to the scarf rate

of the reticle; thus,

j~ t) = H. cos (2 i t  f
0 u~t +  ) + (~~)

where H~ is the jam~ner power fo-~nd in th~ frequency ~~~~~~~ ~~~

font at the reticle ~(~an ft cc~ue~icy, i s  the phase a~~ 1& et

the j~~~~~~~ V ;rV i V _ ~~ V V V t t LV ~~_ U’) U. -
~~. ~

- = ~~~~~~~~~~ 
~~~ 

~~~ V ~ 3 ~ ~~~~
~anscan 1. cc.~j o ent of .. u ~~~~~~~ V~~~~~~~~( T1~e h~~. ~~~~ V

because j (t )  5 s a t4 1 var~~in c~ rari i ~~~~~~~ ~~~~~~~~~~ V ’~~~

must be a1w~ys positive., For a simple , :in~le-i~re c i ~ n’:y

ja mmer c~~ei-a rin g a t the scan rate of the reticle , h~ aI: ’~
would be equal , thus producing an instantaneous peak

jamo er power of 2 1V 1.. Later i.ri thi s p aper , se Y e c a]V ~~i~ tiplc

frequency waveforms wil 1 be analyzed by computing P and

HDC for each ~~~~~~~~~~~~~~~~~~~~~

I’~OW that an expression for j(t) has been found , ~~(t)

can be written as

Va( t )  ~~~( (c~ ( [A cos(2irn1f0u~
t - 2i~af0X~ - e~) 

-

+ j B(n f 0) 
~cos(2rrnf oux t + 

~n -

+ (H~ cos(2i ’r f U yt + 0 ~)+I c)co~
( 2iinf 0u~~~- 2~ t~c0x )-~ r 1) 

~~
(32)
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Eq (32) can E V ,S simplified by use of a tr iV gocolnctric ident i t y

to yield

Va(t) ~~ + 11
~c
)C06(2

~ 
t0u~

t - 2~ii~f 0x~ -

+ ~B(nf0)~ cos(21Tnf0u~t + ~ 
- n~

+ ~ 1 co~ (2~(.n+1)f0~l t .21TI1f 0~V: . ,  + - 0~)

H-
+ ~ co~~(2 ’r ( r ~ 1)f oux t~~

2 V T n V i ox
r 

— o .. — °r~ ~ 
r ( ~:3) V

V 

Eq (33) can now be tr~~’V en throuph the wtd::bacd ft ~ ter ~hc’-n .

in Figure 6.

h fi ,V
. V

: c-~
• U~ ~~ i~ U ~ V~~~~V~ 

~J~~: ~~~ V (~~C~~ .i V T L ~~ t V V

two purpcises. f l Y  SU , i t s  pas~~~~ b-mr ~ Ls ~~~~~~~~ ~~~~ it ~~~ ~

the carrier fre~ uer~cy produced l,y the fnfl- ~~V~~~~~~d s~~~~~, ~u i i t ~; of :1
the reticle (see Figure 4) and the freqticncy harmonic

directly above this one . This upper frequency is analogous

to an upper sideband frequency in communication terminolo~ y

(Ref 7~ 93-112; Ref 3:203-22 8) ,  (hote .z A double sideband

analysis may be carri ed ouu by rV :nici~~m thu ~~~~~~~~ \V .~ ic kVr ,  Tb:.

results ~~~ re tie s~xc. ) ‘inc reacer sho i~. ~. ix~e~ in r.und t t u t

the desired positional t iiformat icri is carried by thu side-

band frequency , i. e . ,  envelope of the carrier, and not by

the carrier itself, this fact will become obvious later.

The SCCOfl .1 purpose, actually a consequence of the first,

is to filter out the. effects of the background radiation. 
V

As stated in Chapter 11, if the carrier frequency i~
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typically greater than eight times the fundamental scan

frequency , then essentially no component of Va(t) is due

to background radiation . Therefore , the assumption will he

made that the carrier frequency is at least eight times the

scan rate of the reticle.

The wideband filter output, vb(t), will consist of six

components , three at the carrier frequency and three at the

sideband frequency . f~n expression lOt vb(t) is sheun h~l.O~-T V

Vb(t) (A+HpcN 0flf 
I cos(2  ~~~~~~~~~~~~~~~~~~ ~~) 

V

+ (A+H~~) e~+iI co 2~ (n f +l) f 0u t -2 x( V
~ . 1) f x 

~~~~

.
~
. ~cosi~~’;in .f u t - - - 2 V n - - i ~~f r - - ~~h ~~~~~~~~ I

~~ ~
• ~ 0 X f  15 i.j

f -.

H .
+ -

~~~~~ 
c1~~1 1 co s[ 2xx 0u~.t-21T(n~1)f x~ -~ E~~ - 

V

+ ~~1 n l E f o - V f o p  ~~~ 
r 0~]

Ii -

+ -
~‘l C f l + 7 I c o~3 [ 2 u (n +1 .)f Ou V~

t-.2 11(n.
~
- 2 )f Ox

P ~~~~~
I I

(34)

where fl f is the carrier harmonic .  Eq (34 ) can be simplified

by letting

( 35)

2~if 0u .. 
~~~~ 

(3~ ) V
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Substitution of Eq ( 3 5 )  and Eq ( 3 6 )  into Eq (34) results in

Vb( t) = (A+HDC ) I c IVj cos(
~ c t -2~ nf f oxp - e~~)

+ l J C f l l J cos[s~~t~ 217(n~ 1)f 0x~ 
- 0n-l + o~]

H -
+ •_21 IC fl+1 1005 [:.~c

t_2
~
ir(n+l)f0xp - 0 n+i 

-

I I

+ -
~~~) !c 1~~1l cos[( ’i 0+ L ~.)  e-2r (. n- ; l) f 0>:~ - 

~~~~~H I •V f

+ 1 fc 1~~f coc[( ~~~ ) t — 2  11
15

x0 - ~ n~- +

-~ ) t~ 2i~~r .~ ?) ; ~~x . - C . ~ 
-2. ri~ 2 L’ ‘ ii~.

I I

c3~ 
(37)

Demodulation. The demodulation process is accomplished

by multiplying vb(~
) by a sinusoid of frequency 

~~ 
anc~ in

phase with the carrier. The f~llo;;~ng expression can bu

written for the outpu t of the demodu !ator

v0(t) vb(t;)~
COs( ~~t-2~in1f0x - 0)] (38)

Since the jammer is operating at the scan rate of the reticle,

art assumption implicit in Eq (38) is that the jar niner will

have little effect upon the phase of the carrier. The

tedium of actually ~u1Vtiplying Eq (38) out can be avoided by
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V recalling that multiplication by the cosine term serves to

translate the frequency spectrum of vb ( t )  up and down the V

frequency axis by an amount equal to m~ (Ref 8:2i~-225).

Therefore, the following expression can be written

v
~
(t) (A+HDC)Ic fl I + V ~~

.
~~1 J c

fl 1 lco s(2uif x~ + - oi )

+ •

~~~~~ 
r r+ ? 1 ce~ (-- 2 iif ~ x~ •- 

~~ 

)

+ (A+I IDC )i c~~5~1I ces(s~~t 2Vn f ,~X
1
~ - 0 2~

H .
+ -..~3l C I o*~ 

4•

~ Lf 11 
V

+ —
~

-•
~ ~~ . cOs~ ,~:— ~

‘n ’L YV , — —
~~ 

fl ../ ~~ j

+ (2 ’~~ harmonic of carrier arid sLdeband~ (39)

where 01 °n-1 °n ~ 2 ~
0
n+1 

- 0 , and 03 
0

2 -

f 1 f I £

- 
- BaI~~~~~~s FiV 1ter. The bandpass f i l ter shown in Figure 6

is designed to ness only those co~nponencs of v
~ (t )  Ut fre-

quency oi~~ That is, th e DC and 2nd 
harmon ~~~ terms ci.

v
~
(t) are rejected by the band p~V s s filter resulting in

Vd (t ) (A+H~~ ) 1c~~1 lcos@ mt - 2irf 0x~ - 0 2~f

+ en (cos(c~~t + o~ )

+ 11 ~~~~ cos(~~~~t -4,~f 0
x~~ - C , - 03) (60)

I
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Additional siinp lifythg assumptions can be made about

Vd(t) by examining the Fourier coefficients ~~~~ en , and
I

f oun d in Eq (‘~O).  As explained in Chapter Ii , one of
f H

the most important  func t ions  of a reticle is that it acts as

a spatial filter. A spatial filter may be likened to an

electronic filter with the spatial filter passing or

rejecting spatial frequencies rather th~ a temporal Ii V(.

quencies . Sii:~ l:nC y ~
‘ spe t~ V U V l h I .  ce Vr ~r ay  bu t1 V ~~eU~~C ~:c f

h u vin~ a sHatial. pss sh an~ conpo ce-J of tPcise spati uJV i r e_

quencies pasue~ by a pnr~ icular rett e ic . For cxunp~ 5 , ~~~

AN-reticle illustrated in Figure 7a can be shons to b . . .  
~:,

‘‘~ ti~- : t  r e L L L  V
~~V V~ cow i~ t, : V ~~~ V ( V  t~~ C5. :t ~ 

V VV
~~

V .
~~~~~~ I ~~~~~~~~~~~

qu~ncy ( . - , c.~~) a; C t~ ~c 5 U V J C  ~euC j
-V
~ L :•n; VJC ~~~~~ V~ V~~ (• V~ V~~~~ ~~~~~~ V Y

side of th e  Cs: ‘3.ef (i. e, , c and c , ,

I f
reticle also passes the DC component , C .) ,  In other word s~ V

the amplitude of all spatial frequencies except c~, , e1~~~,
f f

and c~~.1 is ner,li3iVble . (This tediou 3 hut straightfc’r~~ rd
I

analysi s is omitted here.) Thu s , for purposes of this

thesis , it is assunicd tha t a properly designed AN-r e t te le  
V

will have a p~~~~~ir~d oOns i V sLin ig  of the ~~~::ri er spatL~C. f r t

quoncy and. the sideband frequencies on eithcr side of the

carrier ,

With the above assumption having been made , Ic1~..2 I in
f

Eq (40) is assumed to be very small in relation to either

IC~~~ or Jc~~ 1 I~ therefore, vd(t)  can be written as
I
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vd(t) (A+HDC)Ic fl÷l tcos (wI.t - 2iif 0x~ .. O~ )

IL- V

+ —~‘. 
~~~ 

I cos(:~~ t .
~
. C .) ( 4 1)

f .L

~~~~~~~ 0peration without Jammin

Assume for the moment that rio jammer is present; there-

f’re, Eq (41) becomes

V
d

( t )  
~ ~ a:-1

1 CCS@ 
~~~ 

- 
~~~ i V V~~~

Q
S~~~~~ -

~ 

(~ 2)
I

Under normal ~~~~~~~~~~ On (?i ~hout jsl~ . i.rig) L . :  a) e~~ .:

si~~naJ. 1~GPr7 5en t:C~V 
~y rq (~~2 )  i~

, I ~ a ;CL: ~~~~ :~ . ~~~~~ ~~ -.

~~V ) ~~ ( c ’ ~ Fi .~ nc; ( )  ~~~ 1:: i 0 . 5 .  ~~~~~~ ~VV :: 55 V~~V - ~~~ 

V

~~~~~~ t~ d~~~~t~~~~ i~~~~~~..ne t J ~~~~~S ~~~~~~~~ 1~~~~ 51 . 5d ~
L)

relative phase ang) e , gtv~ui by ~~~~ term 2~if ( x f cont atn-~
information regarding the position of the target , x~~ ~ r;

error signal proportional to the relative phaso of vd(t)

alid hence to the t~rget 7OsitIon is generated and sub se—

quently used to position the mi ssile ’s control fins, -:

Syst~:m ~~~~~~~~~~~~~~~~~~
i r t i .ce what effect t.he addi.~ ion of uhe ia~ n;c:c has cm V 

V

system operation ; Eq (41) is repeated here for cor ;veniVence V

Vd (t) (A+u~~)l c
~+iIcos( ~~t - 21Tf 0x2 

- 02) j
+ 

_
~
h Ic ~cos(~~t + ®~~) (4 1)
~ fl~. Ut
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The term containing the target position , x~ , is st i l l
V 

present, in fact it has been reinforced by the DC power of

the ja mmer . Jiowover , a new term due solely to t:Lo j a ’rV UOr

has been added ; this ja1m~ier tcrr,~ has a pha se angle deter-

mined exclusively by the relative phase between the reticle

and the jaminer, The output of the phase discriminator will

now be proportional to the coLnpo site phase of the two term s

in  Eq (4~ ) . 1~ this ~~üositn )l iV ~~~~~~~ ’. ~.s ~~ ~V~nit~~. .Vnt .V~

differer:t f::.c:~ tiw ~VV e~.:ua1 tarp ~t ~C T n f~~ 
3 V ~~~~. V I0  , ~:Th~.n a n. ~-c ~:

at ie - t a norn ent ;. .~~ / ~.OQ1Z~- .? J~:- ’ ’ b~ t i~ ~~~ ~~~ ~;~~~~~
I E~’ can

exr cctcd.

3’
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IV. ~~~rt ~~~mJ~.p~z

For purposes of this thesis , smart j amming is defined

as an attempt to degrade the tracking performance of an IR

system by exploiting a general knowledge about that system.

The sys tam chV~recreris t~~c e~ ple~ ted in this chap~:er ~~V S tho

V phase ~ a~n rcation used by ar ~ V V V V T ’~~~~~V LC 1~~~ sy~ v.. f .i~ t .~ r - _~

This c Vpt :on will ~~ .‘cst i.g~ tn-~ ~~V .V: 1: forms of saart jn.:.irtg :

sinusoidal j ancV :dVng ~
V

T~~~~ no~n~c~ ~~~ ;r V -~ii i Jg.  Z~l [3C~, a mei. hodcl : ‘gy ier

eva)uat.ing the effects of h fmcin nil~. he presc:.J V LCC .

~~ ‘H ~• V V ~•~~ V V ‘~~~~

j i~~ ç.. r~~~t :~~~:a L i c a 1  ;cc-J-1 ~~ V c~~ V C ~~ o’~~d tC~ C h ~.p~
strated that a rc~icle—~n sc’J IR system can be ja 1mr~ :~ (ie

its tracking performance degraded) by an Ii~ soure o~~;tr ~u-

soidally-modulated at a frequency equal to the scan rate of

the reticle. Thus, a tacit assumption was made thac the V

scan rate of the reticle is known, Thi s assumption is

unrealistic for two reasons. F:.rst, a potential one-mv may

possess several. IR r~is stles , both gr~c~..nd— s~mrhed and air—

launched , that upcrate at different scan rates, Secondly,

due to gyro spin driftdown , the spin frequency of a reticle

decays slowly after the missile is laui;~..hed. Thus, to insure

maximum flexibility against various missile types, an effec-

tive jamming system must be capabl e of jamming over a fre-

quency band .
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Sinusoidal ja i~n~ ng over a desired frequency b~.iid can be

accomplished by periodic jamming codes which have line fre-
V 

quency spectrums covarii~ ’, the desi rc~ band . FigwV o ~s th us-

V trates thi s concept , where J ( f )  is the frequency spectrum of

) i j  4 4 i ~

_

~~~~

i1U1HULt  h J L ~~~~~~~ 1~~~~~~~~~~ -

-

Figure 9~ f~i~~ so1~1n ‘~ •Ja c::~.;r~ over a ~~~~~~~ ~~
the jamming waveform j (t ) .  ~;iVth r€ferer~~c to Ei r~urc~ 9 , ~ev-~
eral d initions concerning sinusoidal jamming will be made .

The frequency spread or bandwidth of the jamming si.~ nnl I s

defined as the frequency where the amplitude of the m di-

vidual frequency components become nearly zero. For ~~e

exampl e sho~~ i in Figure 9 , the ~~~d~ tdth of the ~~~~~ signal

is f2. The frequency spac~n~, is defizied as the i ;iter~~ l

between frequency componen~~, e.g., the frequency spacing in

Figure 9 is f 1. In order to simplify later calculations, all

codes are assumed to be frequency spaced so that only one

frequency component is filtered by the network shown in

Figure 6. However , no knowledge is assumed about which

. 5



V particular component is filtered . Another useful description

of the frequency content of a code is the number of sinu-

soidal components prior to f 2~ thi s number is a crude measure

of how ~V,~Cll a code ~‘covcrs” a particular frcquency band.

The frequency band denoted as B in Figure 9 is assumed

to contain all commonly encountered reticle scan rates. In

other words, the individual scan rates are assumed unknown ,

but the frequency band in rhich they lie is assumed known.

Develo~mont of P h c ~ ~ XT) Ce~ ~icn

Wit .h  the d1VSCUSSLOfl of sinuscidni 3ar:~r .ir ig co~~.le-~V~ d , an

error exp- ’essiVon for the rha se of a sinusoidal ly ja:~~ad

retici .~vs ~:c~ wtll  f l V W  be der~.-~cd, Fro:~ C~a~:.t.cr U~
CxpreF~sLcn 

~j V~VE . ~~~ for tnacn~ , ‘~~~~rrç sos is aq (41)

V Vd(t) 
•V ~ (,~ + iiL~ ) ~c~-~41 Ico~ (CUmt -

+ 
~~~~ 

COS~~~~t + 0.) (41)

Eq (41) is shown graphically in Figure 10 as a phasor diagram.

As stated in Chapter III , the tracking ~y stc;r. :~f the

missile will track the composite phase, 0e’ of the two terms

in Eq (41), rather than the correct phase, S~. i~eferrLng to

V Figure 10, an expression for the magnitude of the composite

phase , O
~
, may be written as

~~~ Cn1
I S i f l O~ + (A4~I~~ ) I c ~ +i I sin

o = arc tan -— ———--—.-_ 
f (43)e 

~~Cr~ Ices ~~~~. + (A+UDC ) !c p.~l ~cos O
~ - 
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Figure 10. Phs.~ or ~~~~~~~~~~~~~~~~~~~~~ Sho~rtn r~ ~~~~~~~~~~~~~~~ 2~ ’ror ~~~~~~~~ to

Since 0e will be used as ~ ~~~~~~ ison t’~~~~~ ter b r  ~ a .;..in::;

techniques and not to predict the actual s~~tem trackLng

error and since a retic~~c will affect all jnmm t n~ cc}cteJ in a
V 

similar fashion , it will be assumed that Ic~ I I Cn.f
V f I

Therefore , Eq (43) become s

= arc tan ~~~~~~~~~~~~~~~~~~~~~~

L Tc0s ~ + (A+H DC )cos Opj

Now , let

V where ®r is the relative phase angle between and
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Substituting Eq (45) into Eq (44) yields

sin(o +0 ) -~ (A+H~~~~~)~~~~ V f l  ~~ 
1

= arc tan ~~~~~2.~_~T_ ——-
~~~~~~~~~

. - (46)

~~ cOS(O p+Or) + (A+H~~ )cos o~ j V

After the application of a basic trigonometric identity ,

Eq (46) become s

V 
—~~(sin ~~~ cc~s~~~ + cost~~ sinor) ‘~~ ~~~~~~~~~~~~ ) n iV

,Ve

0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~e H-
~~~( cos~ - COF~ — r i n - ~~ sin ~ ) (A~ -i~.-~ .)cc; :~ c~r —

(17)

FLVC~m the 5t1~~ V d ~~~~~~~~~~~.r ~~~~ ~~~~~~~~~~~~~~~ ~~ , c 4 ’ ~~~C ~‘. ‘.e  -~
- .:. ~~~~~~~ ~~~

relative phase, 0~~, betwc j~ r~I:. :n~ and the :~~~~.cle 3 5  Of

concern . Therefore , it i s assumed that ~~~. 0; rio~’ 0p

becomes a measure of the phase error inducud by j amming .

This a:~3umption results in

1ii -~ sin O
arc tan (48)

V 

e 
[U 1 

cosor. +

From Eq (48) it Li clear that the phase error des- to

sinusoidal jamming, 0e’ is heavily dependen t upon the rela-

tive phase of the jammer, ®r~ 
However, since 0r is deter-

mined with reference to a signal generated internally to the

IR missile, it is assumed tha t can not be measured by the

jammer. Therefore, to remove the dependency of °e ~~~

36
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an optimal value of 0r will be found which maxir.Lizes

For purposes of code comparison, it is assumed that all

V j amming codes are operating at this optiral value of

This optirial  value of is found as follows. The

V 
derivative with respect to 0r of the argument of the arc: tan

function in Eq (48) will be taken. This operation yields

d ~ j  sii i 0 1
(lC r Ij~ co.sE3

H
3

CCS
~r~

h
3_~° L~~~~~~~~~~~~~~~~~~~~~~~~~~~ J d 

~~~~~~~~~~~~ 
(~~)

[H~ cotE)r ~ 
2 (A . ; V

~
1D~~)l~

Ti~e r iVgJ~ t — P ~~J :~~ S iV .~~ o~ V V~ 
.~~~~~V 9)  ~: 1 L ~ . ~~~ ~~~ ~~~ 

• .~~~~~ • to :~t~::’ in

order to T~~~~~ H dV Z C  c~ wi~~ ~~~~~~~~~~~~~~~~~~~~~ t~’ 0 ,. ;  i~ns , E~q H)

becomes

H
J

2 CoS2~~ + 2(E
~
+HDC)~ j COSOr + 

~~V1~~~~
2 •Sifl2O r 0 (50)

Solving for 0r results in

(51)

where ®r ,inax is the value of 0 that maximizes 0~ .

Now , let

= (52)

Hr~c = (53)

(54 )

37

-.---- ~~~~~~~~~~~~~~



where H is the peak jammer p~wcr , a is the fraction of the

peak jammer power in the desired frequency component of the

code , ~ is the fraction of the peak ja mmer power in the DC

term of the code , and (J/ s) is the ratio of the peak j ammer

power to the average power of the target. The term (J/s) is
commonly referred to as the jammer-to-signal ratio or just

simply the J-to-S ratio. Substituting Eqs (52), (53) g  and

(54) into Eq (5 11) y ields

-

0 C’~~~~
1 _~ .LH V•

r , i~ax (~ ) .)

2(1 + 
~~~~

V 

~~~~~~~~~~~~ ::çs ~~~~ ~~~ 
~~~~~~~ (~~ ..) i~~~; J.q ~~~V’V 1 ~.)

result ~ in

fr~ - ‘ 1
___  

r
= arc tan V 5 * ~ V V (~ 5)

e 

- 

~

j

~~

) COS0~. + 2(1 +

In order to substitute Eq (55) into Eq (56) a value for

sinor is needed ; this value can be ~ourid by graphical means

as shown in FIgULVO 11. t..s ccn ~e seen fro~n Figure 11, an

expression ior S~~
f l V

~ V 
can b~ s~ritten as

\/ [2 ( i+~~~~~) ) i 2
_

- 14J)] 2
— 

~57)
2[1 - 8~~~~ ]
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Substitution of Eq (55) and Eq (57) into Eq ( T ~ ) ~~~~t V C) V J S

\/~~~~~~~ t i

2{1÷~ f 4 j J
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j (~ d)

+ 2[1+~~~ ) } ] V

V 
Simplification of Eq (58) results in

l~ j
0 = arc tan —

~
--

~~~~~~~~~~~~~~~~~~: : ~~~~~~ : (59)

-

Eq (59) expresses ®e in terms of the code parameters a and ~
and the jameer parameter (J/S); thus, Eq (59) is the desired

expression for C~. For a given (J/S) ratio, Eq (59) will

provide a convenient method of comparison between d i f fe rent

jari’.er modulati~n sche~ncs. V
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V ~~~V ~~ V -~~ V~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~

A plot of Eq (59) will show in visual terms the rela-

tionship between and a, ~~~~, and (u s). Such plots are

shown in Figures 12 and 13. Fi gure 12 is drawn for ~
‘Vfl

arl.itrary value of ~ . 05 and Figure 13 is drawn for art

arbitrary value of ~ = .025. Ir. each graph it is apparent

that 0~ is a monotonically increasing function of both a and

( J / S ).

V /~l o  f r c~: 1- ig~ rcs 12 and 12 , it is clear tha t fc- r ~
g)V VO f l  ~ ar ~~~ (J/s), an incresse in the D~ component oi 1:1w

cod e , ~~~~ , rosul t~ lV f l  a ~~~ re~~ e ~.n This is to be expected

sii.e~’ the DC value of the j am~:~er atd~ the :iiis~~L].o in tracking

1 s  t I ’g ’t .

.rhe (~ V~~~~’O~~ ~ V~~V 1 V ~ 
V~~~:V~ ~~~~~~~~~~~~~~~~~~~~~ I?  ~-~ L 

V
4 d.11 ~

. :~;: ~

CO ;~~~O J U $ .VC ~~~ L ~.o ts ~ r id ~ ~~~~~~~~~~~~~~~ an cffec tLv ~. j a V:~~a~~ Lng  L c1:.ic~ ~1h~s

conclusion states that thu siVVaasOidal coripone~it o~ the code
- - at the har~:Vs:iic being tr.~Vcked by the missile should be as

high a~ possible relative to the average or DC component of

the code. The overall code, however, must st-ill remain non-

negative, as negative Ifl radiance Ls not possible. this

fact is a significant probl em in t rying to reduce the ~C

component whUe increasing the AC co ;;or~~it..~.

In regard to the effect or (J,/~) ~~~~ ®e ’ Figure 12 is

redrawn with an expanded (.J/s ) axi s in Figure 14. If the
V code parameters a and ~ are held constant, Figure 14 demon-

strates that an increase in (J/s) results in an increase in
0e The jaramer-to-signal ratio is not a parar~oter of the

particular ~ odi.Ilat Vo n technique , rather i t  is determined by
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the peak power of the IR thVVieC and thu- avc~ ag~ ~5’ower of the

target. Therefore , as fsr  as smart jamming is concerned ,

Figure 14 demonstrates the need for in.frared sources with

high peak power. The question of whether or riot such Ih

sources exist now or will exist in the near f uture is not

within the scope of this thesis.

No i Se_J~~ win~
As will br~ shown in Chapter V , some jar :iInin~ coVde~ V have

frequency spec trums which are condnuous (i. e .,  not a line

spccta~u:~) .  Clea:~~v , this typo of spectrum does no:: f i t  the

sinusoi dal i~odel ~re~;ecited in the orevious section;  there-

ior ~~ , in this 5eCtlC~1I , a CO~~1t i V a U C U ~~ spcctruu COdO will he

modeled ~~~~~ ~n addi tive no~ ~e source. Thc a n a ly s i s  in tl~is

section is iatendod as a crude, f irst -cuc attempt at. aaa—

1.yzing noise jamming ; consequently , many liberties have bee n

taken in the mathematical analysis.

Noise Model. A continuous spectrum code is assume.d te

act as an addit ive noise source in the IR system shown in

Figure 6. In order to show the effects of a noise source on

the phase tracking performance of an IR system , assume tha t 
V

the network of Figure 15 is inserted between the bandpass

filter and the phase detector in Figure 6. Thi s network j~ V

added for two reasons. First, in a practical sense the

addition of a phase-lock loop (PLL) can result in better V

phase measurement , particularly at low signal-to-noise V

ratios (flef 7~235-289). Secondly, the noise performance of

44



FTV 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -- - - .  V ~~~~ — V — 

~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
=r-

,
-

J..V VV- ~~ _ V~~ — .V~~~~ . 5~~~~~~~~VV~~~
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: a PLL is readily zvatlable in the lit -:ra ture (hei~ 7 :I27 -I i7~
V 

Ref 12i28-36).

In t. ab~ enoe OL Pci ~c ~~ Vn c~ ~.iti 1 the 3~~!V VI. ~ ~ . 1PC ’ .,

output phase o: v
~

(t) is o r oad :Vieasure of t~ia a~-aoo ci

v~
(t ) ,  however, when a noise source is added , th e phase r f  

V

Ve(t) can be considerably different from that of v d(t ) .

Thus , the noise jammer has caused a phase error i:i the out-
put of t~~; PLL . The variance of thi s phase error can be

shown to h i ~~ef 12135)

2 NB1
c~~~ ~~~~~~- - ~~~~ (60)

I I

where ~ the variance of thCV1 phase error , N is the one-

sided amplitude of the power spectral density of the noise,

is the loop bindwidth of the i’LL, and Ad is the amplitude

of v1(t ) .
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In a crude sense , the square root of the phase error

variance is a measure of the rms magnitude of the phase

error itself, or

2 ½
on 

~ [~~ ~~~~~ 

= [ -
~

-] V 

(61)

where is the rms magnitude of the phase error. A plot of

Eq (61) is found in Fi ~u’~e ~6 * ~ cro will no’.-’ he E~itc ~ about ;

relating N and 
~L to sys~.:e~ par~-~ c~ crs .

Assume that the power speet~’:~ C1!~n~~~1V Y ~~ ;‘(t) is e~-

V shown in Figure 17. Fro~:i Aq (41), it is clear that the ~~
is tracking a froan V

~~rcv ~~~~~ u which s th~ scan ~~~~~~~~~~~~~~~~~~~~~ ~N

the reticle . Since th~ j ammi n~ code is a:’~’~:;cd ~~~ j  ~~~~~~~~~~~~ a V

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- 

N/~2

Figure 17. Sample Potter S octral DeiVisity of n (t )  
-

bandwidth of > 
~~~~~~~~~

, then will lie as shown in Figure 17.

If the loop bandwidth , B,~, is small relative ~~~~~ then the
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V value of s~(~i) evaluated at is N/2. This is the two-
V 

sided amplitude of the noise power; the one-sided amplitude

is found by multiplying by 2.

The loop bandwidth is a paranieter of the PLL and can

be determined as follows. The phase of vd(t) is in actuality

a time varying quantity ; therefore , vd(t) will have some
finite bandwidth determined by hdw fast its ’ phase changes.

Thu s, in order to track vd ( L )  without distort ion, the :~u~
must have a bandwidth wide encugh 1:0 pass vd(t); this t~&~ d-.

width is B5

V Total_Syst~~~~~ase_E~~pj. For codes which have both

continuoa 3 and line spectra , tne ~~~~~~~~~~ tud~ of t~~ ~~V C .
V
~~~~~V~~~

ph~~~ error will be obi a’i n ; VJ  by simply oddL ; V V :’ ~~~~~~~~ ru:’ 
~

of the phase error duo to the noisa jamming to tzic 1~~~~:;~V t n d e

of the phase error due to the sinusoidal jamming. Thus, t1.e

total phase error is given by

OT Oe + O N (62)

where is the magnitude of the total phase error.
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V. ~~~~~~~ Modulation Techntq~es

V 

V V 
In this chapter several coded modulation techniques for

V use by Ut jammers against reti.cle-based IR systems will be

proposed . They include periodic 1 pseudorandom, and random

binary modulation. The phase error expressions dC\~Ci c jV i~ d th

-‘ Cha pter IV will serve ~: s a t’ ts for cc ~~~ti.r~ nodul ~t~~’n

techniques . This chapter wii .l b ngin by summari?. ~ng V t V ~~~~~

desirable code properties discussed i~
-
~ ~~~~~~~~~~~~~~~~~~~~~~~~ cha . t ct s ,

V r y r f ~~~~ ’rp-
~~~ ~~~~~~~~~~

Sinc e c V -ñ~~~~ L h C  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ o~ t~’.e TI: r:’~di~--: :V e ~~~ s P:: .

lated , the flr ~~V V t and ~ost ~~vc::c co~.~- :n~n.t c~ a: . V~7 r~
tive modulation technique is that it must: he non—n ecat ye .

Because of this limitation , ~ny feasible ( ode ~iil ba .’c a

non-zero average or DC value.

Secondly, since the DC value of the code helps tb ’  T~.

missile to track the target, as much as possibl e of the V

code ’s total power must be in ir~ ~inusoidal or AC coir po-

nenta . It is these sinusoida l  com’~onpnr s that can cause

erroneous tracki n~ Lnforniathn to be go~erated by the

tracking system . Thirdly, because the reticle scan race is 
V

assumed to be unknown , an effective code must spread its

energy over a frequency band which covers all or most reti- V

d c  scan rates. The actual scan rates are classifi ed, and

hence will nor be discussed in this report.
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Method of Trivcstir -atthn

For codes containing only a line spectrum , the first

step in the evaluation process will consist of finding an

expression for the frequency spectrum. 0nc~ the frequency

spectrum has been determined then the amplitude of the

desired harmonic can be found ; this amplitude expressed as a

f raction of the code ’s peak power is the a factor discussed

in Chapter IV . The DC value of the code expre~ scd os a

fr wtion of the peak ~~~~~~~~~~~~~~~ ~~& the ~3 fae~ctr also discasced in

Chapter IV. After a and ~ ~~~~ been fo ind , thea Eu (~~) .- -~~~

be used to find the relativ e r:h~se angl o error for each ~re~
c~uency component of the code. For codes La— ’~ ~ co nt :ir.: ;Voes

V 

fv€ i -
~ :i~ y SpeetVru:~~~~~~, Eq (6 ~) ~.i II. hE. used to .1c~:. Vn:nV n~~~ ~~~

phase error d~;c to no -~~~~~~~ ~~~~~~~~~~~~~~~~~

The j ai~saing codes ~i1.l be compared usin~ only one

V 
( J / S ) ratio. This is because the J-to-S ratio is a system

parameter and not a code parameter . Thus , a code which is

superior or inferior at one (J/s) ratio will be assumed to
be superior or inferior at all (J/s) ratios. A (~.i/s) ratio

of 25 will be used to compare codes; this value is chosen

primaLily to illustrate a typical (J,’S) ratio that mi ght be

required in an operational system.

Finally, since each modulation technique introduces a

new parameter to the discussion, it is difficult to co~~ a~ e

codes directly. Therefore, an exampl.e will be used to

illustrate the rolat~ve effectiveness of each jamming code,

This example consi~,ts of calculating the relative phase
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V error of each code at the sa,ae frequencies. Specifically,

each code will be constrained to have 19 possible jamming

frequencies. Again , the nu~bor 19 is chosen to illustrate

a typical value that nl iV ght he enocuilt ered in an operationa l

system. A code with 19 jamming frequencies could cover a

200 Hz frequency band with a jamming component every 10 Hz.

Periodic Codes

Ihe fiist ncdu~ation tcchn iVque to ~ consider~~- i~ the

periodic pulse truth illustrated in Figure 18. The COVJ G has

a p~ riod of T and within each I second inter ;al ~~~~~
V V ~~~ FU 1SCV

.T~~~ 
~~~~ 

ri ri r:~ ri >
2 2

Pi~ure l~~. A Periodic Cc(le

of duration t0. It is assumed that I is some integer ‘witi-

pie of t0. The ratio of t0/T is the fraction of tine that

the code is on during any period , and as such will be called

the duty-cycle of the code. The duty-cycle will play an

important role in subsequent discussions.

_ _ _

~~~~~~~~~~~~~~~~~~~~

V V VV

~~~~~~~~~~~~~~

VVV
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As stated previously, the first step in evaluating this 
V

code is to find its frequency spectrum . Since j(t) is

periodic, it can be expanded in a Fourier series (Ref 8~ 32)

of the following form

j( t ) = A0 + z ( A~ cos~~t + B1.~ sin~~t) (63)

where

A0 = ~ r j(~:)dt (64)

2~~~V 

A,~ = 

~ 
j (t ) c V~~~~~c~-~~~~~~ cit 1 ~:i = 1, 2, 3 . .

B~ 4 ~ j(t)sin~~t: dt , n 1 , 2, 3 . . . (6~)

and = . Eq (63) can be simplified by assurnine, that

j(t) is an even function; this assumption is valid , since,

for purposes of this discussion , it matters little where the

starting point of j(t) is. Therefore, if j(t) is asstrvcd

even then the term [j(t) sin~ 1~t] in Eq (65) is an odd

functi.on . Recall that the integral wi th symmetrical l iinLts

of an odd function is zero; therefore, the Ba’s in Eq (66)

and Eq (63) are zero. Thus , ‘~~~~ (63) besomes

j(t) A + E A c-os~ t (67)
~ n=1 ~
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A plot of the mcgrLit~dc of An versus will be the

frequenc y spectrum of j ( t ) .  Therefore , substituting for

j ( t )  in Eq (66) and Eq (65) results in

V 

lit
A0 =~~~~ f d t = — ~~~ (68)

-to

A~~ = 
~~ 

ii. cosc~ t cit a = 1, 2 , 3 . . (69)

V Integrating ~~ (69) Y~~~~ C 1V d~~

(i~ t .Ti (~32Ht sin

~T 
i~~n~~~

\ 
2, 3 . . .

Eq (70) can be rewrittn~n ia the ~n~.1ii~r ~in n/x sine x
V form as V

2Ht

I sinc ~~~° 
, n = 1 , 2 , 3 . . (71)

If to << I, a plot of veraw; f-~~quency might look

like the spectrum shown in Fi gure 19 , From Figure 19 it is

apparent that the frequency ~~V~~~c- et~~~’um of a periodic cede is

a line spectrum with “zero-crossings” at the reciprocal of

the pulse duration (t0). The spacing of the frequency corn-

ponents is determined by the period (I) of the code, and the

number of frequency components prior to the first zero-

crossing is determined by the relationship T/t 0. Tha t is ,
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~~~
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Figure 19. V e~~~~u~~~~rV~~~ y  3I)COt~~.=:z of ~ 1-~~:. o ii.c Code

if l/t 0 
is sore in~~egcr m , thca there ~ L1l be n - i  freqi~cn’~y

cotrp orenta - p~ ic-~- t ‘ - -
~ ii s~ ~e~n~- ~ ~~ ~~~~~ ~~~~~~ t .:V .

s th~ rcct~~~
V

VV

::’~~~~)V 
c ~ ~~~~ ~~~ V J ~~~~~~~~~~C\ r  ~~~~~~~~~~

lath : $ erenc e ta i~
’
~ r~ure l~), a ~e;:c :~aI ~~~V

V
~~~~~~~1J

V
~~~t.~~~~.V ; n  c~

periodic codes will be madc . The requirement thai. a “ g’~e~ ”

jamming code snread its energy over a desired frequency 1 a I ~~~ -

V is met by a periodic code. Since most of the energy of a

periodic code is in the frequency components prior to the

first zero-crossin~-,, the frequency ~pread of the code can

be controlled by varying the signal v Ldth t0 . The re;uire-

ment that a code have high AC conte~ t is  ~ gi~iii ir~ t by a

periodic code. An exa1~in at~.on of Figure 19 show s that the

magnitude of the f i rs t  few frequency components is nearly

twice as large as the DC component.

As stated earlier in thi s chapter , an example will be

used to illustrate the relative effectiveness of a periodic

code. Recall ~~~~ this examole constrains the code to 19 V
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possible jauming fia~uen:~e~ . 1:, it will be shown that a

periodic code containing 19 possible jamming frequencies

must have a duty-cycle (i.e., ~~/i) of 1/20. S~ nce almost

all of t lVle energy in the ~er~ction sinc(x) is found in the

frequenc y component s prior to the first zero-crossing, only

those component s are considered as j amming frequencies. 
V

Furthermore, it can be seen from Figure 19 that a value of

to/I 1/20 fi~:es the. nunbe~ ~V~~f ~V i n uso i d a i  Co rpanen~Vc at 19
(not m d  n~~~~ the 1C coInDc~nen t ) .  To co~nplcte the exauole .

the relative pha.:e er VxJr, °e~ 
for each of the 19 frC~~~~~~

V V~~VVr i ay

components win be found . 
V

In order to fi ’~~~V1 C , t~ c:. Va]VuO cf r~. ( :~~~~V~~~ ~:V t iV.on .:- : ‘
VV ~~.

th a ~~~~~~~~~~~~~ , ; ,I1~~~~~~~ :_ 
~~~~~~~~ V V V

L y :c ’ : ;~n::~-~v )  ~~~~~~~~ ~S ~~~~~~V V V~ :.~~~~PV :~ L V

j atmier pea ’ V~. pu~u1- in the  ~ : c a:~p~ n-:’nt ) mua t he dct~ :: :~‘; I

The val ue of ~ can be foun d from Eq (68) , which is re~/ri~ t’;n

here in slightly different form

Ut
A =~~~~ H — - ~~ (72)
0 i V

where A0 is the average or DC value of the code. Notice

that ~ is £‘lso dCtCIVU 3V flC d by the duty-cycle of the code

(
~~~

/T) . Therefore , f or thi s cxn~rpie , it is easy to see that

1/20 .

An expression for a TRay be found by rewritting Eq (71)

as V

a H ~[2t0 smnc (~$~)] (73)

-

~ 
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therefore,

a = ~~~ sinc (~~~~°) (74)

The value of a for each of the 19 frequency compol enta is V

found tabulated in Table I. Also shown tabulated in Table I

is the phase error , ®e’ which was calculated using ~q (~9).

Table I

Re~ at~Vve Ph:~se Error for a Periodic Coci e
(
~ = .05 , (j / s) = 2 5 )  

V V --

Freqi~ency 
- (

0
) 

Frequancy 
a 

V~

Component a 0e Ccrnpone-nt

1 . 0995 ?L , 60 ii ~~~~~ i~;.t~

~~~~~ 3~ . ~ 12 .05C~ 1-3.~~
3 .0963 32.34 13 , 0!~3~ 14,t~~
4 .0935 31,29 •~~~~~~~~~

5 .0900 30. 00 15 .0300 9.59
V 6 .085~3 28.47 16 .0234 ~~~~

7 .0810 26.74 17 .0170 5.42
8 .0757 24 .87 18 .0109 3. 47
9 .0~~99 22.85 19 .0052 1 6 o
10 .0637 20.73

The results in lablo I can be interpreted as follows . V

For example , if the tenth £requency component of the code ,

i.e . , f = 10/I , is the componen t closest to the scan fre-

quency of the rettclo and thus is the component passed by

the missile ’s tilters , then a relative phase error of 20.730

will be induced in the mi.ssile ’s tracking syst em. However ,

V V V~~~~~~~~~~~~~V~~~~~~~~~~~
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keep ir. mind that the phase errors presented in Table I

are to be used for code comparison purposes only, and are

not meant to predict absolute tracking errors.

Pseudorandom Codes

The next type of modulation technique to be considered

is called pseudorandom or pseudorandorn noise (PN). A typical

pseudorandom wave form is shown in Figure 20 . The p :- V -aV :~eter

is called ti.c dig i t  width  or rnu~~e e c T ~ ;:l~ the ch~~r ~~~~~~~~~~~~

1~
-

~ 

~~~~~~ 
[

~~~~~~~~V V ~~~~~ n
-_ _  __LLIVLL

~~

LLVJ±V

~

t0 ~~ 2p1;
0 t

-~~~~
_ ___--—~~~~~~~

_ _ __

Figure 20. Typical P~eudorandom Coãe

of the code. The code repeats itself af ter r di~ its; there-

fore , p is the period of the code. A pseudorandom w-~~ fern

is a binary sequence, i.e., either 1+1 or zero, and is easily

generated by using shift registers with predetermined feed-

back taps. The pseudorandom codes discussed in this section

are maximal length sequences. The above properties and
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others of pseudorandom sequences are widely discussed in the

literature (Ref 9; Ref 10; Ref 11*143-152).

The power spectral density of a pseudorandom waveform

is given by (~ef 10*76)

2

s(~) = 
u2

[
~~~

j  ( 

sin( .~~°)) ~~ 6(~

+ H 2
[1 ~~~ ~(~ ) ( 7 ~ )

wi~~rc ~)(~~) i5 the ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ :~ ii~ ’~~ ty ~r t :j : V: p~.au j V ’
~ :V.:~~~~ : V  V

3T ’’ ( ,5) i.~. ~~. t . _. .-~~_ 1eP ~.~~- ctr~ : .;

l~iter Cc10u2 V~~~O11S • the G V V —~~Lch~d ;Dw(r ~pC~ t~fl.l d~~1~:i .1~y ~~

written as

2

S((U) H2
[ Il (5m~~~~

r .)’
\ 

~~~°° 

( 

2

1~ j~ ~~~o 
/ 

n=1
\ 2

+ 
~ •

2 

~~

1 + ~(o~) (76) V

In order to find the phase error, 0
E~’ due to a pseudo-

random jarnmer , the frequency spectrum , J ( u ) ,  is needed .

Recall that the power, F, in a SlVflU SOt d , A cos(c*i~ t), is

given by
2

(77)
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Since Eq (76) gives the power c~ (~ pseudorandom waveform for

each sinusoidal frequency component , the amplitude of each

frequency component can be found using Eq (77 ) .  Specifically ,

to find the ~nplitude of a component in J(~: ) ,  the square root

V of two times the value of S(~ ) at that frequency is taken.

If this procedure is repeated for all frequencies in s(~ ),

V an expression for J(c~) can be written as

+~ I -,
J(w ) ~ 

J~ç~ ~~~~~~~~~~~ 2 -

L p2 j / n~-l

) ( V .

~ It is clc.ar ~ror . i c  ( ~ ~) 
~h~1: the T V ~~~~~~j~~~~.n:~~ _ y  c~~.Z. ~~~j~~;’j s . ~

a pseudorandom code is also a line spec tru~ . Ibe cn’~~1o e

of the line spectrum follows the func t ion  sir 1c(x) wi th

zero-crossings at ~ = . That is , the chip width to of
V the EN sequence determines the b~.ndwid th of the code .

Notice also that the frequency components of Eq (78) occur

at intervals of 1/pt0. Thus, the number of possible j znm~ing

I requeric~ es (components prior to the f i r s t  ze~:o~ cro~ sLng )

is determined by the length of the sequence , p. In other

word s, a pseudorand crr code contains p-i sinusoidal jam ming

frequencies.

As was done with periodic codes, an example will serve

to illustrate the relative jamm ing ef:ectiveness of a Pi~
code. In this exampl~~ the phase error, 0e’ for a P~ code
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containing 19 ja mming frequencies wil I be computed. From

the foregoing paragraph, it is seen that a PN code containing

19 ja nming frequencies must have a length of 20. Shown in

Table II is a tabulation of the phase errors fc~ each of

these 19 frequencies. The values of a and ~ in Tabl e II

were found from Eq ( 7 8)  in a manner similar to that described

for periodic codes.

Table IT

I~clative Pha~ e Error f~~: a P V V .eudc ~~~~~ Code
. 525 , (J/ ~ ) ~V V  2~)

Frequency Q (0) Frequency 
~ (

f l- V

p t  a 
- -

2 .225’~ ~V 1 t Jl 12 • 1i~V 5

3 .2208 10 .?h 13 .1000 4.86
4 .2144 10.47 14 .0842 4q 09
5 .2062 10.06 15 .0688 3.34

6 .1966 9.59 16 .0536 2.50

7 .1856 9.05 17 .0390 1.89

8 .1734 8.45 18 .0250 1.21

9 .1600 7.79 19 .0120 0.58
10 .1458 i .10 :1

A comparison of the phase errors in Tabl e I and Table fl

shows the pseudorandom code to he considerably inferior to

the periodic code at all 19 j ttmming frequencies. This is V

because the average or DC component of the pseudorandom code

is large in comparison to the amplit”do of its sinusoidal - 
V

components. It can be easily seen from ~rgure 20 that the
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V 
V

DC value of a pseudorandom code will be approximately ii/2;

hence, a large portion of the code’s total energy aids

the missilVo in traching the target , Therefore , the results

of Table II reemphasiz:s the fac t that an effoarive j a~mning

V code must have a small DC component relative to the ampli-

tude of its AC components.

V 

A random b~ne:y  ~.cdc i~- or.~; w c h  c-very T ~~~er~d

one of two signals , ~~iVther s.1 ( t)  or s2 (t ) .  WhLeh s~~~V~~~~~i:~~~~ ~~~o

emit dur ing ~ ny I ~eccnd i It c t i ai  is detcrminc~ pro ba U~ ii s-

ticallv; that is, i~ er~iVtt ed  - V .~~~Vth prohab~Ji.t” ç

fr 2 (1 .) ~; e:~~ t~c u :~ ~:~ th r~T C ~ V V~~J.~~~15JV.y 1—c ,

The: r~~~~: ~~~~~~~~ V 

~~~~~~ , S~~ - of s~ c’~ ~ ~~~~~~~~~~

scheme is giv~ ri by the fo~Jowing express’.on (Pef / 1: 1~;)

S(f)  1~ ~~ ~q s~ (~~) + (1-q~S~(~~~ 
2 

o ( f  -

1 
2

+ r q( 1-q)~S1(f) - S2(f) 1 (79)

where S1(f ) and S2 ( f )  are the Fourier transforms of the

elementary signals 51(t) and s2(t). i~otice that S(f) is

composed of both a line spectrum and a continuous spectrum.

Thus , a random binary code is capable of producing both

sinusoidal and noise jamming.

In order to find the phase error due to such a random

binary jamnier , the anñysis must be handled in two parts.
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The line spectrum will be used to find the phase error due

to sinusoidal j amming and the continuous spectrum will be

used to find the phase error due to the noise ja~min~ .

The line frequency ~pectrnm of tb~ code , denoted as

can be found from the power spectral density , S(f) ,

V in the manner described for pseudorandom codes. . Thus ,

V fro m Eq (79) an expressio-~ for can he written as

= 

~ ~~~:_~~~~ 

q s . (~) V~~V (1 q)~~2~~ ~~f - fl~

Given a particular s1(t) and s1(~), Eq (83) c~ n be t~ r~

find the i. C Vf l i  E~
, ~h~ctcr~ i~~~ ic’~ ~n d~ ~~~~~~~~~~~~~~ ~~ ii-; ~:• -

~n hh.

e.~ru:: d i e  to s!. flu V~;c:dr: ’ ~~~~~~~~~~~~~~~ ®

As an example , as:ui~e th~ t s~ ( t )  ~s a u:c pU 1V~~~~~~~ oL

height H and duration t0 , where t0 << I and t0/T m (~~ V: h 2 ç1 ~~

m is some integer) . Furthermore , assume that s2(t) 0,

V Notice that s1(t) is the same as one period of the periodic

code discussed earlier in this chapter; therefore, the

Fourier transform obtained for the periodic code, given by

Eq (71), can he used for S1(f). Thus, for this example ,

Eq (80)

Hqt +c’o ‘ tint
= SLflC~ ~ 

- (81)
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Eq (31) is a two-sided freqt:ency ; however , in keeping with

the convention of using one-sided spectrums, 
~~~~~ 

is

rewritten as

2Hqt +co lint I FIqt
= 

~~~ ~~ T j ~~k 
- + T

° 
~~~~ (82)

Both a and ~ can be co:~puted from Eq (82) . For exampl e,

the I~C con~pon’E~nt of J , ( f ) is

flat V

V ~~~~ 
= (83)

th~ecefoie ,

(‘~~)

where q is the probability of s1(t) being sent, Similarly,

a is found to be

2qt irnt
an = ~~~ 

si1V~c(_ ~f2) (85)

where denotes ~ for the ~th harmonic.

The relative ,~~m1iiig e c:ctiveness of a random h~nary

V code will be compared against that of a periodic and pseudo-

= random code by means of an e~aiple. In keeping with the

previous example, the randoLn binary code is assumed to have V

19 different ja mming frequencies; thus, from Eq (85) it can 
V

be seen that t0/T = 1/20. Furthermore , to simplify the

calculations, assume s1(t) and s.~(t) are equally likely or
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q = ~~~. A tabulation of the phase error, 0e’ for each of the

19 possible sinusoidal jamm ing frequencies is shown in

Table III.

Table i’ll

Relative Phase Error for Random Binary Code
(sinusoidal jammi ng only , ~ = .025, (J/s) = 25)

Frequency a i
... (

0
) 

Frequency 
~ (0)Component ~e Component. e

.0498 22.52 11 .02~~ 12.71
2 .04fl~ 2 2 . 2 4  12 .0253 11.22
3 ~~~~~ _i.76 13 .0218 9, 6~
4 .0468 21.10 14 .0104 ~~~~
5 .0 4 0  20 .i.~ 15 .0l~ 0

6 ~~~~ 1 ’ . 2i ,O1~ 7 5 . ‘3

7 .04O~ 1S.1~ 1/ .038 5 3. 7~
8 .0379 1 6 . 9 5  18 .0055 2.~~2
9 .0350 15.62 19 .0026 1.1~

~~~ V T 10 .0319 1’~e.20

A comparison of Table III with Tables I and Ii shows

the random binary coc~e to lie alm ost exactly bot~ een the

period ic code and the pseudora ndem code in i-d ative j amming

effectiveness, 1IO;V:CVer , keep in nii~ d that Table Ill contat i ts

only the phase error conxributecl ~~~
V
1 the line spectrum of the

random binary code. The total phase error generated by a

random binary code will also contain a contribution from the

continuous spectrum.
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The phase error induced by noise jamming , i . e . , a

continuous frequency spectrum, can be computed from Eq (61) V

which i.s rewritten here for convenience

~~~ 

[~~~~?~~~~~~ 

(61) V

where 0 is the phase erro.~ (j UO to noise j a:nning.
— An e~~r~ lc wili SCi VC tc ~,I1u i~~ ~~~~~ tL~ effect  af not~~’.~

jamming on total. syst~~~ Vn ~ phase et. -o~ , Suppo~>c that th e

signal-to-noise ratio , ( .~V~~~~~~/ S ; )  is 1~~)0 and that the loop band-

V wid th , DL, is 10 Hz. From ~‘igure 16 it can h~ seen that

0 :. 6° ; ~~~~~ 
I hc tc~~ l ~yst.c~ ~~~~~ ~~~~~~ ~~ )~~~

• 
~~~~~~~

of the  ~~ 
• ~~~~~~~~~~~~~~~ j~ ~ab1e 11E and ~~,, 60. ~~~~ 1Cf ~~~~~~V~~~ : , ~~~~~~~~~£

• V contribution of in this example ma~es the total pnase

error for a random binary code almost as great as ti~~t of

the periodic-V code and considerably better than the i~~ codo.

The reader should keep in mind tha t the foregoing
V discussion o~ the phase error resulting frou noise jarnn~ing

is intended as a crude estimate only. However, since

Figure 16 indicates that noise jamming is a potential source

of lar ge ja nmiii ng errors , it is recommended that a more con:-

plete model of noise jamming ho developed.

Other Modulation Techniques V

The modulation techniques presented in this chapter

arc by no means the only possible jamming codes available;

they were chosen because they represent three distinct t:ypes
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of codes. Indeed , variaticris on the techniques presented

herein can lead to a number of possible jamming schemes .

For example, variations on rando:r~ bi nary codes alone include :

code s with Gaussian or cosine pulses instead of square pulses, 
V

codes with more than two signals, codes which delay signals - :
from period to period , codes which are modulated by sinu- V

soids or other codes. The performance of these codes and

others could he evaluated usin(~, the techniques c r~~cd in

thi s thesis.

6
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VI. Conclusions and flecomriendations

This chapter ~ill present some basic conclusions from

the previous five chapters and several recommendations for

further study will he given.

Co~~~ ’’si.or~s

The m~tj or CO~V~C ~~~~~~~~~~~~~~~ of thi s study are Lhe~ei

1. Thc trnCki1~g per forn~~Vnc e of an :V~, rcta t.i V ;~~-r~~~~~Th

V Jh system ca:~ be degraded h~’ a s inusoidal  iy_ ~r :~ ‘1 c~ I

~n~ rc e op(V~~~~~ t ing r~t the se~u: fV cc~ ue1~ V~y C t  tI~ rot 1( ’
~~~V •~~~~

2.. To p(~L Thi - V
~~~~~~~~~ T , j i ~~~~~ W ’~~~~~~~’)t t 2 O V L~~~ I V .~~~~ V V

~~ V~~.VA •
~~~ V~

of varyiV np, or unicnown t~or ~ rates , me~~~~~~~lV at :~~ cech~r~. Que~ c~ n

be de~~ Ioped which aMVow ja mm ing over a r~in~ e of i~o ssible

scan frequencies. Three such technicues--periodic , ~~~~~~~ V~~Cd O-

random , and random binary--were discussed in this thesis.

3. Prospective jamming modulat ion t~ chni .que s can be

V evaluated ~~~ relative jamming effec’iveness  us ing  proce-

dure s developed in ClVlaptcr IV of this thesis.

/~ . Of the three modulation techniques presen ted , it

appears that periodic and rando~n bi nary codr :s are betier

suited to IR jammi ng app l ications than are pseudorandom

codes.

5. The effectiveness of a jamming system will depend

not only on the moduladon technique employed , but also on

V 

th~ availability of IR sources with l arge peak powers.
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Recomntenda ti~ n_~
The major suggestions for further study are these:

1. A study is recommended to determine if the results 
V

presented herein for an AN, rotating reticle system can be

extended to other types of reticle systems, such as FM ,

stationary-reticle systems.

2. A f i rs t-cut  attempt was made to model a code with  a

Continuou s frequency s1) ctrum as an adr1~ ti\re rjoi se )‘~~~~~ ( (V~ 
II

VV

the electrical ne 1n~’o r1V~. of an IR syste~n . Further stud> ~~
needed to test t h e  val idi ty  of this model . , and if ~uc. ~~
is valid , further study is ~~~~~~ to deter~~ ne the ful l

potential , if a”, ~~ noise jammin g .

3. iho ~~ o r  .~cc1e1 ~~~~~~~~~~~~~ V~~~~~~~~~~~(j  1~1 ~:V
.:

~~~~ t ~~~~~~~~~ V
V V~~~~ V

assumed to iWVC an optu r~ i phi~se eVngl e w~V J i  1~~~~~
V
~~
P

~~~~V
V :- . to d o

reticle system. In a sirI V .I ated or opera tioi .~~l ays t c :~ thts

would be an unrealistic as sumption ; therefore, further study

is needed to resolve this phase reference issue.

4. As Is the case wi th any theoretical undertaking; ,

its tru e worth can only be ascertained after empj r-icai

evidence has collaborated its findings.  Therefore , a phys-

ica~. simul a t ion u s in r~ the techniques descri Ded in this
V 

re~xu t: i.~ V Vee: ~oenVdod .
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