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ABSTRACT

Reticle systems are ansidered to be the dasdcd approac for
estimating the position of atarget in a wnsidered field of view
and are widely used in IR seekers. However, the disadvantage
of the reticle tradkers has been overly sensitivity to man-made
clutters. We show that the nonlinear coherent version of
Independent Comporent Analysis (ICA) theory can perhaps
help aleviate the problem. When the processng device is
redesigned properly by a band-passfiltering, the output signals
are linea convolutive of the reticle transmisson functions (rtf)
considered as the unknown input source s(t) signals in the
context of ICA. That enables |CA neural network to be gplied
on the opticd tradker output signals x;(t) giving on its outputs
recovered rtf s(t). Position of ead opticd source is obtained
by applying appropriate demoduation method on the
recvered source signals. The wntribution of this paper is
demonstrating that the mherence between opticd sources
results in a nonlinea ICA problem that bemmes lineaized,
when the opticd fields are incoherent, or, when the proper
design of the opticd tracker converts the nonlinea coherent
model into linea one by bandpass filtering operation.
Consequently, the multisource limitation d the reticle based
opticd tradkers can in principle be overcome for both coherent
and incoherent opticd sources. We therefore cmnclude that
requirements necessary for the ICA theory to work are fulfill ed
for both coherent and incoherent opticd sources.

1. INTRODUCTION
The alvantage of the reticle seekers (Fig. 1) is, becaise few
detedors are used, simplicity and low cogt, [1,2,5,6]. Owing to
aspatid filtering effect of thereticle, the IR reticle tradker may
exclude unwanted badkground signals, [1-3]. However, the
major drawbadk of the reticle based tradkers has been proven
to be overly sensitivity on the IR countermeasures such as
flares and jammers, [4-6]. It has been shown in [7,8] that an
opticd system based on a nutating reticle can be modified to
resolve the multisource limitation problem, [4], by the
combined use of ICA theory and appropriate modificaion o
the opticd tracker design, (see Fig. 4). Since reticle based
opticd systems are not widely understood, we present in
Sedion 2 a brief description of the spatia filtering theory
while more detail s can be found in [1-6, 9-12]. It was assumed
in[7,8] that the intensity of the incident opticd field is the sum
of single intensities that results in a linea convolutive signal
model. We present in Sedion 3 a more rigorous satisticd
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optics based derivation of the signal model, [1314]. It is
shown that in a cae of either partialy or totally coherent
opticd fields the resulting signal model is in principle
nonlinea, and is reduced in the limit of incoherence is
asumed a linea mode is obtained. It is shown at the end o
Sedion 3 hav, by the proper design of the opticd tradking
system, it can be ensured that nonlinea signal model be
transformed into linea one by simple linea band-passfiltering
operation. In Sedion 4 a brief discusson o the ICA theory
requirements is given for linea and nonlinea signal models.
Simulation results are presented in Sedion 5. Conclusions are
givenin Sedion 6.

2. A BRIEF THEORY OF SPATIAL FILTERING
The reticle system performing moduation of the incident light
flux provides the dirediona information for tracking passve
arrivals and also suppresses unwanted badground signals [1-
3]. Acocording to this type of the reticle and the relative motion
produced by the scan pettern, the encoding method d the
reticle may be dasdfied into AM, FM and pulse @de
moduation. In addition, acording to how the relative motion
between the reticle and the opticd spot is obtained we may
classfy reticle systems into fixed or moving reticle. When the
reticle is fixed, a relative motion can be obtained by using
rotating mirror which causes the light beam and hence the spot
to either nutate or rotate in relation to the fixed reticle. In the
opposite cae, the spot forming optics is fixed while reticle
performs either nutation a spinning. The genera case of one
moving reticle system is ill ustrated with Fig. 1. Moving reticle
is placel in the focd plane of the lleding optics, while filed
optics colleads moduated light and focuses it on detedor. The
seledive amplifier center frequency is usualy the number of
spoke pairs times the nutation a spinning frequency. The
rising-sun reticle that is very often used in the nutating FM
reticle trackers, [1,2,7,11,12], is sown on Fig. 2. In a cae of
either spinning or nutating reticle detecor output voltage is
proportiondl to the light irradiance behind the reticle acording
to[9,12]:

10= 1o, [ 7(-.0)8r = r,.0 = (0 -8, rddr 1)

where T(r,0) isrtf andr and 6 are spatia variables of the rtf
ranging from 0 to R and -1 to 71 respedively. Also let the
reticle nutation a spinning rate be Q in rads™® and let r, and 6,
be the spatia coordinates of a point sourcethat isimaged orto
thereticle.
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Figure 2. Therising-sun reticle

I» in (1) is the pe&k irradiance of the point source through the
rtf. Sincethe mnvolution of any function with deltafunction is
the function located at the delta function coordinates the Eq.
(1) becomes:

I(t)=1pT(r,,Qt —6,) 2
Therefore, the temporal resporse of al the subsequent spatial
rtf is found repladng r with ry and 6 with Qt-6,. In opticd
trackers that generate FM signa by means of the rising-sun
reticle, Fig. 2, and nutation the rtf is shown to be of the form
[1,2,7,11,12]:

T(r,0.0)=1 , cos|mQt-m(r/ a)sin(6)] ®3)

The opticd spot performs circular motion around the center
with coordinates (ry,6,) relative to the center of the reticle.
Necessary condtion for Eq. (3) to hold is (ry/a)’ << 1. min
Eq. (3) is the number of spoke pairs of the reticle. Eq. (3)
represents canoricd form of the FM signa, [25], where
frequency deviation from the carier frequency is diredly
proportional with the spot r, coordinate. So by using nutating
rising-sun reticle, both drediona information, distance ad
azmuth, are encoded in the rtf. Instead of using nutation the
relative motion ketween the spot and the reticle can be
obtained by simple rotation a spinning, [9,10]. A number of
spokes geometry is propaosed for such pupose, [9,10]. It has
been shown in [9] that rtf of the spinning FM reticle can be
written in general form as:

T(r,9):%+%cosén(r)_|':+p(r) f(@)dad @

The Y2 DC term in Eg. (4) allows an average reticle
transmisgon o % rather than zero (i.e. no light passng the
reticle). Spinning FM reticles can be completely described by
these three parameters: frequency vs. angle f(6), frequency vs.
radius m(r) and phase or spoke function p(r). The AM reticles
are used in IR missle seekers in surface-to-air and air-to-air
environments. It has been shown in [10] that it is possble to
describe spinning AM  reticles using three anplitude
parameters (similar to previously described FM parameters):
amplitude vs. angle f(6), amplitude vs. radius g(r), and phese
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p(r). The general form of the spinning AM rtf that encodes
both radial and angle mordinatesis given by:

T(r,9)=%+Vg(r)[l +mf(9)]cos(k9) 5)

where V is a @onstant, m is the moduation index, f(6) is the
low frequency moduation signal and k is the carier frequency
that corresponds with the number of spoke pairs. Like in the
FM reticle cae the %2 DC term in Eqg. (5) dlows an average
reticle transmisson d % rather than zero (i.e., no light passng
the reticle). A number of reticle geometry that generate AM
signal which encodes angular, radia or phase information is
givenin[10].

3. STATISTICAL OPTICSBASED
DERIVATION OF THE SIGNAL MODEL
We start with the problem of deteding opticd radiation at
point D when opticd fields are emitted from two sources at
points P, and P, (see Fig. 3). The opticd field at point D is

given asthe sum of the individual fields multiplied by rtf:

up (8)= Ky (2)s,(£) + Kyuy (1 = At)s, (1) (6)
where At represents relative time delay between u; and u, due
to the path length dfference i.e. At=(d, —d,)/c . In order to

be mnsistent with the ICA theory natation the ret rtf T(r,6, t)
will be replaced by s(t) and cdled the source signal. Target
coordinates r and 6 will mostly be dropped in order to simplify
notation. K; and K, are in genera case mmplex constants
representing path losses. We will assume here that they are real
numbers. Detecor will sense intensity obtained as[13,14]:

1 (KT = (a5, (1) (1)) (7)

where T represents detedtor averaging time ad KT is new
discretized time that all ows treament of nonstationarity.
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Figure 3. Generation d the mherent radiation

When (6) isapplied to (7), |, is obtained as:
Ip = Lisy+ 15, +2K, K54/ 11, Re{yl2(At)}SlS2 (8)

In the Eq. (8) the time index is dropped in order to simplify
notation. y,,(A¢) isthe normalized mutual coherence function

[13]:
(wy(tyus (2 =13
[1 12

Modulating functions s; and s, are functions of the @ordinates
of the wrresponding opticd sources only and are mutualy

Via(Br) = 9)



independent in the sense of a fadorized probability density
function. They are dso independent relative to the opticd
fields u; and u,. It istherefore posshle to write:

K12<|u1(t)|25'12(t)> = K12<|u1(t)|2><"12> =5y,
sinces? =s,and(s,)=s, becaise the detedor averaging

processis fast in relation to the moduating function s;. The
same reasoning applies for s,, which explains how the first two
partsin Eq. (8) are obtained. The third part is obtained from:

2K, Ky (1 (03 (¢ = D)3, (1)s, (1)) =

2K, Ky (u (051 = 80) )5, () 52(0)
becaise s; and s, are independent of u; and u, and aso
mutually independent. Taking into acaount (9) and (s,)=s, ,
(s,)=s,, the third part of Eqg. (8) is obtained. The
photocurrent is obtained when the intensity I, is expressed in
terms of spedral irradiance and when detedor spedra
responsivity is taken into consideration, giving:
i(kT)= Af L(A.KT)R(A)YdA % 5(KT')

+ 4] L,(AKT)R(A)AA %5,(kT) 10

+ 2K1K2\/J' 1A KT)RQA)dA X[ L(AKT)R(A)dA
xRefys ()} x 5, (KT)s, (kT)
where A is the detedtor sensing area ad A is wavel ength.
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Figure 4. Modified opticd tradker

When in acordance with Fig. 4 the bean splitter provides
independent looks using two separate detedors, Eq. (10) can
be used to oltain expressons for the @rresponding
photocurrents by inserting 7(A)and p(A) into integrals over
A in Eq. (10). Here 1(A) and p(A) are bean splitter
transmisson and refledion coefficients, respedively.
Resporsivity R(A) should be replaced with R, (A) when i, is
computed and with R,(A) when i, is computed. The optica
tracker output signals x; and x, are obtained as:

X (£)=g11(2) Usy () + g12(¢) Us, () + g15(2) D[Sl(t)sz(t)]

X,(1)= g5, (1) Oy (1) + £5(0) O, (1) + g53(1) Clsy (05, (1)) (1)
where impulse resporses g, i, j/{1.2,3} can be identified from
(8), (10) and (1)) as:
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gn()=4g/()B; (A1), g (t)=4g1(1)Biy (A1),
g13(t)=A1g1(t)2K1K2\/B”(A,t)Blz()Lt)XRe{ylz(At)}
821(1)= 4,85 (1)By1 (A, 1), g8) =4 ()ByA 1),

223(1)= A2, (1)2K K5/ B, (A1) Byy (A, 1) xRe{y,, (A1)}
By = TNL(AORAN)dA,

By(ALO=[ TN, (A OR (A)dA

By(A0=[ PN LADR(A)A

By (A 0)=[ P(A) (A, 1) Ry(A)dA (12
In relation to the signal model derived in [7] the model (11) is
more cmplete. The linea mode from [7] is obtained as a
spedal case when incoherence between opticd fidds is
asaumed. If only the basic opticd tradker construction is used
(see Fig. 1) then Eqg. (11) shows that opticd tradker sees
convolutive mmbination o the two moduating functions s;
and s;. It has been shown anayticdly in [4] that in such a cae
the opticd tradker follows the centroid the wordinates of
which are functions of the dfective brightness of the two
sources. The paint is that opticd tradker fails to determine the
acawrate mordinates of ether of the two sources. That is
known as IR jamming problem. Although this problem,
associated with the reticle based tradking systems, is very old
there ae gtill new attempts to design jamming resistant reticle
seekers, [5,6]. Basicdly these dtempts assume that jammers
can be deteded on the basis of the energy and spedra
discrimination. It is adso asauumed that, when jamming is
deteded, sensor signd is replacal with the predicted version
based on the past values provided that the unknown target
performs no maneuvering. A new approach was propased in
[7] and is extended for patential coherent illumination here. It
is based on the independent component analysis theory and an
appropriate modificaion d the opticd tradker design that for
the cae of two sources is own on Fig. 4. Generaly, ICA
enables ource signas s; and s,, Eq. (11), to be recovered on
the basis of the observed signals x; and x, only. Since the
nonlinea ICA agorithms, [15,23,24], are designed for the
spedal types of the nonlineaity only, transformation o the
nonlinea convolutive model (11) into linea one, [15-22],
would be of grea importance The nonlinea ICA model (11)
generated by the cherent opticd sources has much more than
the acalemic interest. Such situation happens when, acwrding
to Fig. 3, a laser illuminates two ohjeds smultaneously for a
passve detedion mechanism withou the range information.
Let the opticd tradking system is designed such that:
wmin >%
2
where w,;,, and w,, ae minima and maximal corner
frequencies of the opticd tradker seledive amplifiers,
respedively. When the source signals s, and s, are multiplied
two new parts of the frequency spedrum are generated that in
general case caise norlinea signa distortions. That can be
avoided provided that the foll owing inequaliti es are fulfill ed:
a)ij +a)ji >O‘)max (14)

(15

(13

|a)11 _a)ji | < wmin



wherew,. i, jO{L.2} are @mer frequencies of the source

signalss; and s;. It is easy to show that this can be fulfill ed if
the opticd tradking system is designed such that (13) is
ensured. Then, the nonlinea model (11) can be transformed
into linea one by applying linea band-passfiltering operation
on the measured signals x; and x, of the signal model (11). The
new model is obtained:

X (=81, (D) s, (1) + 812 (1) Osy (1)
X5 ()= 82, (£) Osy (1) + &5 (1) Olsy (1) (16)
where g,(1)=h (1) Og;(1), i.jO{1.2} and hyy is impulse

resporse of the linea band-pass filter with the rner
frequencies w,,, and w,.. By using online ICA agorithms it
shoud be possble to recver the source signds s,(r,¢,¢) and

s,(r,@,t)on the basis of the observed signals x;(t) and x,(t)
only.

4. INTERPRETATION OF THE ICA THEORY
REQUIREMENTS
There ae three fundamental assumptions on which al ICA
algorithms are based: statistical independence of the source
signals, non-Gaussanity of the source signals excet one and
non-singularity (or over-determinant case of more
measurements than sources) of the mixing matrix in the model
of the observed signals. Here, it will be briefly examined
whether these ssumptions are fulfilled for the model of the
modified opticd tradker output signals (11) and (16). The
statisticd independence &amption d the source signals
5,(r,0,1) and s,(r.0,t) is reasonable since they are generated

by the two dfferent (independent bodies) opticd sources.
Figures 5 and 6 show power spedrums of the two FM source
signas Eq. (3). The @solute extreme values of the aito-
correlation C.,s;, C,s, and crosscorrelation C;;s;s, as well as
of the fourth order cumulants C,s;, C,s, and crosscumulant
C.:8,S; aregivenin table 1. It can be seen that in bah cases the
crossstatistics are goproximately 10 times smaller than auto-
statistics.
Table 1. Second and fourth order (cross)statistics

Statigtics [ G5 | G5 | CuusiSs, | Cos1 | G | Cosisy
Max. 0.5 0.5 0.068 | 0.375| 0.369 | 0.034
value

The second assumption, that the source signals are non
Gaussan is aso fulfill ed for the following reasons. It has been
shown in Eq. (3)-(5) that source signals are déther FM or AM
signals. These types of signals, as most communicaion signals,
belong to the sub-Gaussan class of signals having negative
kurtosis. For al FM rtf Eq. (3) and (4) the estimation d the
kurtosis gives the value of roughly —1.5. For AM reticles Eq.
(5) the etimated kurtosis lies in the interval [-0.9, -0.15]
depending on the relative speed of motion between the target
and the reticle. The third assumption is the nonsingularity of
the mixing matrix when the convolutive model (11) i.e. (16) is
transformed into the frequency domain. It has been discussed
in Eq. (13)-(15) that under proper condition of the opticad
tradker design the nonlinea model (11), generated by the
coherent opticd sources, can be transformed into linea model
(16) by simple linea bandpass filtering operation. Therefore,
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we shall examine the nonsingularity requirement on the linea
mode! (16).

Power spectrum of the source sighal s1(t)
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Figure 5. The sourcesigna s(,6,) , Eq. (3).

Powsr spectium of the source sigal s2(t)
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Figure 6. The sourcesignal s(7,,6,) , Eq. (3).

The norsingularity requirement means that measured

signasx, andx, must be linealy independent combinations of

the sourcesignals s; and s,, which ensures a benefit from using

two sensors. It is $own in [7,26] that this assumption holds.

The signal moddl (16) transformed into frequency domain
yields:

0y, 0 @, G, O 05, O

U, Ok x 0

B, B %—721 GnO %ZD

where dl quantities in the Eq. (17) are Discrete Fourier
Transforms (DFTS) of the related time domain quentitiesin the
signal model (16). The frequency variablew is dropped in Eq.
(17) in order to simplify notation. The nonsingularity condtion
istransformed into:

GGy =G1yGy 20 (18)

Provided that R (A) OR,(A) OR(A) the inequality (18) is
transformed in [7,8,26]:

17

TARNLAD o ROLAD o TORNLAD o ROLAD
A “X‘E A £ A £ A

(19
Condition (19) and consequently condtion (18) will be
fulfill ed when:
T(A)£const. (20)
over the wavelength region of interest that is fulfilled for
the red beam splitters.



5.SIMULATION RESULTS
To reconstruct source signals the feedbadk separation retwork
described with (21) is applied. Reasons for using the feedbacdk
network is to avoid whitening effed [18].

M
yi(k)=x, (k)= wiy (D) y,(k =i)
i

M
J’2(k)=x2(k)_z W (D) y (k—i)
i

To remonstruct modified opticd tracker source signals an
online separation algorithm based on the infomax criterion
[16,18] will be used. The infomax leaning rules with
z=g(y)=tanh(y) for feedbadk separation network (21) are given
with:

(21)

wy; (k+1,0)=w, (k,l)y+p2tanh(y, )y (k=1) (22)
where in (22)i, j1,2}and /=12,..M , and M is order of the
crossfilters in the feedbadk separation network. Measured
signals x; and x, were generated acwording to the nonlinea
signa model (11) onthe basis of the two FM sourcesignals s;
and s, the power spedrums of which are shown on Fig. 5 and
6. The total coherence cae, y,,(At) =1, was assumed. Power
spedrum of the measured signal x; is srown onFig. 7.
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Figure 7. Power spedrum of x4, Eq. (11).

The norlinea effed due to the nonlinea part in the signa
model (11) can be observed. Power spedrum of the measured
signal x, looks very similarly. When, in acordance with the
exposed analysis Eq. (12)-(15), the linea bandpassfiltering is
applied on the measured signals x; and x,, signals x; and x,
are obtained, Eq. (16). Power spedrum of the signa x, is

shown on Fig. 8.

Measured signal x1(t) after filtering
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Figure 8. Power spedrum of X, Eq. (11).
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It is obvious that nonlinea effect has been eliminated. Power
spedrum of the signa x, looks very similarly. When FM

demoduator is applied on either signal x, or signa x, , only

the IR opticd source that was placed nea the ceter of the
filed of view (FOV) can be discriminated. If, however, the
entropy based ICA agorithm, Eq. (22), is applied on the
signals x, and x, the influence of the IR source place rea

the center of the FOV can be diminated and both IR sources
can be discriminated. Power spearums of the signalsy; andy,,
acording to Eq. (21), are shown onFig. 9 and 10.
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Figure 9. Power spedrum of y,, Eq. (26).
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Figure 10. Power spedrum of y,, Eq. (26).
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It can be observed in signal y, that influence of the IR source
placal nea the ceiter of the FOV is eiminated. Signal vy,
represents reconstructed version of the sourcesignal s; whiley,
represents reconstructed version of the sourcesignal s,.

6. CONCLUSION
ICA approach to resolve the multisource limitation o the
reticle based opticd tradkers is exposed in the paper. When
redesigned adequately opticd tradkers produce output signals
that are linea convolutive combinations of the rtf considered
the source signals in the mntext of the ICA theory. Each
function corresponds with single opticd source position. That
enables ICA neura network to be goplied on the opticd tracker
output signals giving on its outputs recovered rtf. Position of
ead opicd source is obtained by applying appropriate
demoduation method onthe recvered source signas. The
three onditions necessary for the ICA theory to work
(statisticd independence and nonGaussanity of the source
signals and nonsingularity of the mixing matrix) are shown to
be fulfilled in principle for any kind o the reticle geometry. A



statisticd optics based analysis is performed that yields a
mathematicd model of the output signals of a modified reticle
based opticd tradker. It has been shown that coherence
between opticd sources produces anonlinea signal model that
becwmmes linea when opicd sources are incoherent. It has
been shown additionally that by the proper opticd tradker
design the nonlinea model, generated by the aherent opticd
sources, can be mnverted into linea one by simple linea
bandpass filtering operation. It has been aso shown that the
norsingularity of the mixing matrix in the frequency domain
can be ensured requiring the beam splitter transmisson
coefficient be non-constant over the wavelength region o
interest. Thus the requirements necessary for the ICA theory to
work are fulfilled for both coherent and incoherent opticd
sources. Consequently, the multisource limitation o the ather
nutating or spinning reticle based opticd tradkers can in
principle be overcome for both coherent and incoherent optica
sources. Early related work in case of more than two sourcesis
reported in seven opticd spedral measurements of Landsat
imagery where asingle pixel has been Hindly de-mixed to
discover a multi ple ground radiation sources, [27].
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