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Abstract 

A photorefractive nonlinear joint-transform correlator is demonstrated by utilizing the nonlinear intensity-dependent 
behavior of beam-fanning in a photorefractive barium titanate crystal. The results obtained reveal a narrowing of the 
correlation profile, and improved peak-to-side lobe ratio resulting in a better discrimination ability of the cormlator. The 
compressional beam-fanning nonlinearity is modelled for a simulation study in order to give a comparison with the 
experimental observation. 

1. Introduction 

Correlation-based pattern recognition is a subject 
of active interest in optics. This is due to the fact that 
coherent optical systems are capable of processing a 
large amount of information in parallel. In this con- 
text, the joint-transform correlation has long been 
recognized as a potential approach for the pattern 
recognition [l]. The architecture for joint-transform 
correlation offers the advantages of simplicity of 
alignment, suitability for digital processing, and re- 
laxation of high resolution requirement on the 
recording device. These correlators find applications 
in automatic target tracking [2], industrial sorting 
tasks [3], fingerprint identification [4,5], and road-sign 
recognition [6]. 

It has been observed that a linear JTC never gives 
the desired correlation performance. One obtains cor- 

* Corresponding author. Fax: +91 11 68 62 037; E-mail: 
keharsf@physics.iitd.emet.in. 

relations with reduced height, broad profiles, in- 
creased sidelobes and hence reduced discrimination 
ability. The correlation performance is found to be 
improved through a nonlinear processing of the JPS 
[7]. In this case, different degrees of nonlinearity 
have significant influences on the correlation result. 
In practice, a nonlinear JTC is experimentally real- 
ized using either nonlinear behavior of the SLM 
devices [8] or through an intermediate digital pro- 
cessing of the power spectrum [9]. 

Photorefractive crystals exhibit a certain pre- 
dictable nonlinear behavior during the recording pro- 
cess, which is exploited for different image process- 
ing applications [lo-121. When these crystals are 
used as a recording medium in correlators, they 
outperform the present day SLM devices in terms of 
resolution and speed of correlation. The intrinsic 
nonlinear properties of these crystals could then prove 
to be the assets for realizing an all-optical nonlinear 
JTC. Recently a photorefractive nonlinear JTC has 
been proposed [13], and implemented in PR two- 
beam coupling controlling the beam ratio. 
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In this paper. we have demonstrated a novel 
nonlinear JTC using the intensity-dependent nonlin- 
ear behavior of beam-fanning in a PR BaTiO, crys- 
tal. The range and the severity of such a nonlinearity 

can be controlled with various choices of the crystal’s 
internal and external parameters. It has been shown 

that the cumulative effect of an optimized fanning 
nonlinearity in the Fourier domain is to provide a 

correlation performance similar to that of gradient 

correlation [ 141. A simulation study has been made 
to support the experimental result. Our study affirms 
the supplementary role of beam-fanning, inherent in 
the high-gain PR crystals, in achieving significantly 
improved correlation performance. 

2. Basic principle of a photorefractive JTC 

In a JTC, the input image consists of a reference 

image r( x + x0, y) and a target image t( x - x0, y). 
The Fourier transform @I’) of the input image forms 
an intensity distribution Z(u, v> on the PR crystal 
placed at the Fourier plane. Such an intensity distri- 
bution is given by 

with 

I, = 

and 

m= 

(1) 

where (u, u) are the spatial frequency variables. 

z?(u, u> exp[i+,(u, UN and T(u, u) exp[i+,(u, u)l 
are the FI’s of reference and target images respec- 
tively, Z, and m are the average illumination and 
modulation of the intensity distribution respectively, 
f is the focal length of the FT lens, and k is the 
wavenumber of the writing beam. 

The intensity distribution is a complex fringe 
pattern formed by the superposition of the FTs of the 
reference and target images. It generates charge car- 

riers in the PR crystal through photoexcitation. These 
charge carriers then migrate and get trapped to build 
up a space-charge field Es, inside the crystal. As- 
suming small and constant values of both I, and nz, 

the magnitude of Es, can be found from the 
Kukhtarev’s charge transport model [15]. The inten- 

sity distribution in the JPS is quite complex as Z, 

and m are functions of (u, u>. However, with the 
dimensions of the reference and the target images 
being smaller than the separation between them, I, 

and m are slowly varying functions of u and u 
compared to the periodicity of the fringe pattern. 
Assuming small magnitudes of I, and m, the 
steady-state magnitude of Es, in a PR correlator can 

be obtained from Kukhtarev’s model. In the diffu- 
sion dominated charge transfer case, it is given by 

E,,( u, u) = m( u, u) 
Ed 

1 + wq sin( Ku), (2) 

where 

k; k,T 

9 
E,=--, 
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-0 
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where Ed is the diffusion field, Eq is the saturation 
space-charge field, K is the grating constant, k, is 
the Boltzman constant, k, is the Debye wavenum- 
ber, NA is the effective trap density, T is the temper- 
ature, EEL is the dielectric constant along the grating 
vector and q is the charge of the carrier. 

The amplitude of the refractive index change n, 
due to Pockel’s effect in the crystal is given by 

,, = -LI,3, E 
I 2 0 eff SC 7 (3) 

where no is the unperturbed refractive index of the 
PR crystal and reff is the effective electro-optic 
coefficient. The amplitude of the refractive index 
grating is proportional to m. This complex phase 
grating recorded in the crystal is read by a uniform 
beam of different wavelength X2. Assuming no en- 
ergy transfer or coupling during the recording pro- 
cess and negligible interaction of the read beam with 
the PR material, the amplitude of the diffracted beam 
A, is given by Kogelnik’s formula [16]. 

A, = sin A09 (4) 
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where L is the crystal thickness and e2 is the 
Bragg-matched angle for the read beam, and A, is 
the constant amplitude of the read beam. The argu- 
ment of the sine term being small in magnitude, the 

Fourier transform of the diffracted waves produces 
the correlation output. The Bragg selectivity nature 

of these crystals eliminates one of the correlation 
terms. The polarization properties of certain PR crys- 

tals like Bi ,2Si020 (BSO), and GaAs also allow to 
eliminate the undesired dc term formed at the center 
of the correlation plane. The above discussion, how- 
ever, gives a simplified description of a photorefrac- 

tive JTC. 

3. Beam-fanning in high-gain PR crystals 

The phenomenon of PR beam-fanning has been 
observed in high-gain PR crystals such as BaTiO,, 
KNbO, and LiNbO,. The origin of such a beam-fan- 
ning is physically explained in two different ways. 
One of the explanations is based on the fact that a 
symmetric beam illuminating the crystal sets up an 
asymmetric refractive index profile, which leads to 
beam distortion [ 17,181, otherwise, known as deter- 
ministic beam-farming (DBF). The second kind of 
beam fanning, known as random beam-fanning 
(RBF), has its origin in the scattered plane wave 
components from the crystal defects and inhomo- 
geneities, which are amplified through a beam cou- 

pling or energy transfer process in these crystals [19]. 
In a practical situation, these two kinds of beam-fan- 
ning are complementary to each other. Depending on 
the choice of beam parameters, one may predominate 
over the other [ 183. 

In case of RBF in a PR BaTiO, crystal, it has 

been experimentally observed that the intensity of 
the amplified scattered beam grows nonlinearly with 
the incident beam intensity [20,21]. The choice of 
various parameters such as input beam polarization, 
wavelength, crystal doping concentration, crystal cut 
direction and the crystal orientation with respect to 
the incident beam have significant influences on the 
nonlinear behavior. However, the origin of such an 
intensity-dependent behavior is poorly known. The 
characteristic studies of RBF are often made using 
modified coupled-wave analysis which gives inten- 
sity distribution of beam-fanning with different input 
polarization and crystal orientation etc. [22-241. 

CRYSTAL 
FACE 

Fig. 1. Geometrical configuration of the BaTiO, crystal used in 

the experiment. 

Fig. 1 shows the geometric configuration for the 

BaTiO, crystal used in the experiment. The crystal is 
oriented with respect to the incident beam in order to 

produce beam-fanning. The c-axis of the crystal is 
normal to the incident face being used and lies in the 
plane of incidence. In order to make use of the 
largest electro-optic coefficient r4* (= 820 X lo- ‘* 
V/m), the input beam is extraordinarily polarized. 
The charge transport mechanism in such a crystal is 
diffusion dominated giving rise to a grating phase- 
shift of n/2. In this case, the amplitude coupling 
coefficient r which is responsible for gain or ampli- 
fication of the scattered beams is maximum. The 
magnitude of r is also dependent on the effective 
electro-optic coefficient reff and the space-charge 

field E,. The gain of a scattered beam generated 
along a particular direction depends on the corre- 
sponding reff and ES,, which are in turn functions of 
the angles ai and use made by the incident beam and 
the scattered beam with the normal to the c-axis of 
the crystal. With the crystal c-axis lying in the plane 
of incidence and for extraordinary polarization of the 
writing beams, reff is given by 

reff = 
[ 

a-13 sin oi sin (Y,, 

+2n%nir,, sin*( oi +2*“) 

+nzr,, cos cii cos cx,, ] cos( “iyy, 

(5) 
where r,3 and r33 are the other two non-vanishing 
components of the electro-optic tensor and n, is the 
extra-ordinary refractive index of the crystal. 
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Fig. 2. Steady-state nonlinear behavior of beam-fanning with 

respect to intensity observed in a photorefractive barium titanate 

crystal. 

The direction of energy transfer, which is decided 
by the sign of r, will depend on the sign of the 
dominating charge carriers participating in the charge 
transfer process and the direction of c-axis. Because 
of the unidirectional energy transfer characteristics 
of the process, the amplified scattered beams appear 
on one side of the incident beam. Besides reff and 
Esc, the magnitude of beam-fanning also depends on 
the choice of other parameters such as the wave- 
length of the incident beam, and crystal interaction 
length. With these parameters being preset according 
to the experimental condition, we change the crystal 
orientation, polarization of the incident beam and/or 

Reference 
Image Ffl 

-2500* 
Time (WC) 

Fig. 3. Decay of the transmitted beam-power with the growth of 

beam-fanning. Time to reach the steady state is 50 s. 

the incident beam intensity to have appreciable 
amount of beam-fanning. 

For extraordinary polarization of the input beam, 
a high amount of beam-fanning is observed when the 
crystal is rotated such that the incident beam makes 
an angle of 30” to 50” with the crystal c-axis as r 

for the scattered beam is maximum in this range of 
angles. However, giving a large orientation to the 
crystal increases the crystal interaction length, and 
hence the Bragg severity. Large orientation also 
causes high reflective losses due to large refractive 
index difference at the crystal boundary. It also 
becomes difficult to contain the intensity spectrum 
within the small crystal dimension. Fig. 2 shows a 
nonlinear behavior associated with the beam-fanning 
when the crystal orientation is set to a nominal angle 
of 20”. Fig. 3 shows the decay of a transmitted laser 
beam due to beam-fanning. The beam-fanning ap- 
proximately takes 50 s to attain the steady state. 

In the Fourier domain, the power spectrum of any 
image has a broad intensity variation. When a PR 
BaTiO, crystal is positioned in the Fourier plane, the 
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Fig. 4. Schematic diagram of the experimental setup: M, mirror; L, lense; HP, half-wave plate; n, Fourier transform lense; BS, beam 

splitter; AP, aperture; RF, red filter. 
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above nonlinear characteristic of beam-fanning 
proves to be useful for gradient (or edge) detection 
of an image [20,21]. The nonlinear behavior intu- 
itively reflects the inherited high-pass filtering nature 

of the beam-fanning. The filtering action is adaptive 
as it does not require the information about the 
precise generic shape of a particular image spectrum. 
The role of such a controllable nonlinearity in en- 
hancing certain features of the input images can also 

be made useful for applications in PR correlators. 

4. Experiment 

Fig. 4 shows the schematic diagram of the experi- 

mental set-up. The beam from an AT+-laser of wave- 
length A, = 5 14.5 nm is expanded and collimated by 
lenses L, and L, to a diameter of - 20 mm. A 
half-wave plate H is used to choose a particular 
linear polarization of the input beam. In our case, the 
input beam is extraordinarily polarized. The ex- 
panded beam is spatially modulated by a trans- 
parency which contains two circular images (as ref- 
erence and target images) of size 4 mm (each) 

separated by a distance of - 10 mm. This trans- 
parency is ideally located in the front focal plane of 
the Fourier transform lens F,. A O”-cut iron-doped 
BaTiO, crystal of dimension (5 X 5 X 6) mm3 with 
the c-axis along the 6 mm edge is placed in the 
Fourier plane to record the intensity modulated fringe 
pattern. The crystal is quite thick and exhibits high 
angular selectivity during the read-out due to Bragg 
diffraction. The problem of Bragg severity is allevi- 

ated by using a long focal length Fourier-transform 

lens (f= 50 cm). The long focal length of the FI 

lens reduces the angle between the writing Fourier 

beams to - 1”. The grating periodicity being large 

(- 40 +.m>, the Bragg selectivity is considerably 

relaxed for such an arrangement. 
We set the crystal orientation to an angle of 20” 

with the axis of the optical system. In this orienta- 
tion, we observe an adequate amount of beam-fan- 
ning generated by the focused writing beams. The 
focused beams have an approximate spot size of 80 
p.m. With the angle between the writing beams 
being small, the fanned beams generated from both 
are well separated from them. In this kind of ar- 
rangement, we do not have any appreciable energy 

Fig. 5. Autocorrelation output of a circle: (a) in the absence of bean-fanning (b) and (c) in the presence of increased beam-fanning, (d) in 

the presence of optimized beam-fanning. 
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transfer or coupling between the writing beams. A 
collimated laser beam from a 5 mW He-Ne laser is 
incident at approximate Bragg angle to read the 
grating formed inside the crystal. The read-beam is 
too weak in intensity to interact with the grating 
formed in the crystal and to develop its own fanning. 

An aperture is positioned just behind the crystal to 

isolate the farmed beams associated with the writing 

beams from reaching the output correlation plane. A 

(4 

(W 

Fig. 6. 3D plots of the experimental autocorrelation results: (a) 

autocorrelation obtained with conventional recording without 

beam-fanning (corresponding to Fig. 4a), (b) autocorrelation ob- 

tained with increased fanning (corresponding to Fig. 4c), (c) 

edge-enhanced autocorrelation obtained with optimized beam-fan- 

ning (corresponding to Fig. 4d). 

red filter is used to block the writing beams. The 
second FI lens F2 produces the correlation output 
from the diffracted waves. Fig. 5 shows different 
observations for the correlation of two similar circles 

present in the input plane. These results are obtained 
through a CCD camera connected to a frame grabber 
and a microcomputer. 

Fig. 5a shows the correlation result when the 

beam fanning is negligible. In this case, the c-axis of 
the crystal is oriented along the axis of the optical 

system. Fig. 6a shows a 3D plot of a portion of the 
correlation plane containing the correlation peak. 
The energy in the correlation peak is found to be 

distributed all around and the correlation profile is 
broad (FWHM = 0.62). The successive figures in 
Figs. 5b and 5c show the correlation results with 
increased amount of beam-fanning. Fig. 5d is the 
correlation result obtained with the crystal orienta- 
tion set to 20”. The corresponding sectional 3D plot 
in Fig. 6c shows narrowing of the correlation profile 
(FWHM = 0.3). The compressional nonlinearity of 

beam-fanning suppresses the effect of strong low 
frequency components in the joint power spectrum. 
This effectively produces an edge-enhanced correla- 
tion. The narrowing is due to the edge-enhancement 
of the two input images which is clearly observed 
when the red filter in the set-up is removed from the 
path. The process of edge enhancement also reduces 
the dc component and therefore, improves the peak- 
to-side lobe ratio. 

Due to the beam-fanning, the lower order fre- 

quency spectrum of both the writing Fourier beams, 
which are rich in intensity content lose an apprecia- 
ble amount of energy compared to the higher order 
frequency spectrum contained within the crystal di- 
mension. This makes the contribution of the gratings 
formed at higher frequencies to the correlation 
strength comparable or larger than those at lower 
frequencies. This helps improving the discrimination 
ability of the correlator which is verified in another 
observation. We have chosen an input image consist- 
ing of two nearly similar english alphabets E and F 
as shown in Fig. 7a. Fig. 7b shows the correlation 
result after binarization with a very small threshold 
value. The discrimination ability of such a correlator 
is found to be better. Optimization of the beam-fan- 
ning is crucial for obtaining good results in this case. 
The pronounced beam-fanning in these crystals is, 
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Fig. 7. (a) Input image consisting of letter “E” as the reference image and letters “E” & “F” as target images, (b) correlation output 

obtained with beam-farming. 

therefore, pivotal for obtaining good correlation re- 

sults. 

5. Discussion 

In Fig. 5, we observe a circle (of radius twice that 
of the input circles) to form around the correlation 
peak. The circle does not appear in the case of a 
linear JTC when the beam fanning is absent (Fig. 
5a). Such a pattern formed around the correlation 
peak contains information about the shape of the 
input images which are correlated. The symmetric 

circular input image in enhanced form appears like 
an annular pattern. The autocorrelation of two such 
annular patterns gives rise to a sharp correlation peak 
surrounded by a circle of radius twice as that of the 
input annular pattern. Therefore, the mere presence 
of the circle is an evidence of the fact that the input 
circles are getting edge-enhanced through such a 
nonlinear process. In a recent study, a photorefrac- 
tive whole beam method is used for a diffusion 
dominated BSO crystal to predict this kind of circle 
around the correlation peak [25]. This is believed to 
be a consequence of a correction term brought to 

Kukhtarev’s model in the case when the dark current 
and sensitivity at read wavelength are not negligible. 

A simulation study has been made to study the 
overall effect of beam-fanning nonlinearity on the 
correlation performance. For this purpose, we have 
modelled the saturated fanning nonlinearity as a 
half-wave kth order nonlinearity with a k value 
equal to 0.4. An input image of size 256 X 256 

pixels consisting of two similar circular type of 

objects is used for our simulation study. Taking into 
account all the crystal parameters, a standard FFT 
routine is used to calculate the correlation result in 
the SUN workstation. The obtained correlation result 
in Fig. 8b shows the presence of circles around both 

Fig. 8. Computer simulation: (a) test image (b) correlation output, 

(c) edge-enhanced input circle. 
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the correlation peaks obtained on either side of the 
dc peak. In order to see the effect of such a nonlin- 
earity on the input image, an input image consisting 
of a circle and a point image has been taken. The 
nonlinearity enhances the edge information (Fig. 8~). 

6. Conclusions 

We have demonstrated a nonlinear photorefractive 
JTC which performs better than a classical JTC. The 
nonlinearity is the outcome of beam-fanning which 
is commonly associated with many high gain PR 
crystals. The proposed technique lends support to the 
fact that experimentation with beam-fanning is easy 
and reliable. It also opens up a new range of applica- 
tions for beam-fanning in optical correlators. Precise 
control of the fanning nonlinearity will help us real- 
ize an all optical nonlinear PR JTC. A drawback of 
such a PR correlator is its speed which is limited by 
the slow response of the crystal. This can be over- 
come by using a fast high gain PR crystal like 
KNbO,. Compared to other nonlinear phenomena in 
PR crystals, the process of beam-fanning is a little 
more intricate to be exactly modelled. Our future 
study will focus on quantifying the nonlinear behav- 
ior of beam-fanning and its supportive role in PR 
correlators. 
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