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ABSTRACT

A new kind of computer-generated hologram termed digital correlation hologram (DCH) has been developed and
demonstrated with promising results. This hologram is composed of two separate sub-holograms. The reconstructed
image is obtained as a result of a spatia correlation between the hologram's two parts. The DCH codes two complex
functions which are generated by an iterative optimization procedure. The correlaion between the two sub-holograms
isimplemented by means of ajoint transform correlator (JTC). When the double-elements hologram is displayed on the
JTCinput plane, and illuminated by a plane wave, a desired image is constructed on part of the correlator output plane.
The DCH can be used for security and encryption systems, as the desired image will be received in the output plane
only when the two specific sub-holograms are placed at theinput plane of the JTC. Simulation and experimental results
demonstrate the suggested technique.
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1. INTRODUCTION

Generally an image is reconstructed as aresult of wave propagation from a hologram through some medium (or optical
system) characterized by a determined and parameterized kernd function. For ingtance, the kernel in the case of the
Fresnel hologram* is a quadratic phase function which represents a free space medium between the hologram and the
image, where the distance between them should satisfy the Fresnel approximation.? On the other hand, in the case of
the Fourier hologram® the light propagates through a linear space-variant system characterized by the Fourier transform
phase function. Almost every type of a hologram can be classified according to the kernel associated with the medium
(or the system) located between the hologram and the reconstructed image, or between the object and the recorded
hologram.

Here we propose a significant generalization of this traditional scheme described above. The proposed hologram is
divided into two different sub-holograms. One sub-hologram functions as usual as an input of some linear space
invariant optical system. The other sub-hologram is used as the kernel function of the same system. The constructed
image is obtained on part of the output plane of the system, as a cross-correlation between the two sub-holograms. In
other words, between one sub-hologram and the constructed image there is a space-invariant system with an arbitrary
kernel function coded inside the other sub-hologram. Both sub-holograms are synthesized by a digital computer and the
output image is a result of the correlation process between them. Therefore we call this new hologram a digital
correlation hologram (DCH).

There are at least two main methods for performing spatial correlation between any two arbitrary masks. Oneis known
as the VanderLugt correlator (VLC)® and the other is the joint transform correlator (JTC).* In principle, both
configurations can be used as a platform to carry out the DCH. However, because of the lessrestrictive alignment
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requirements between the two sub-hologramsin the JTC in comparison with the VLC, we choose the JTC (or, actually,
a modified version which will be described in the following) as the correlator for our first demonstration of the DCH.
In the JTC, the lateral distance between the two sub-holograms can be changed within a reasonable tolerance without
changing the shape of the output image. Only the image location on the output plane is changed according to the
relative distance between the two holographic masks. On the other hand, in the VLC a dight mutual shift between the
filter mask and the light distribution coming from the input mask considerably modifies the correlation results.

Two complex functions are coded into the DCH. To get maximum diffraction efficiency it is desired, but not required,
to use two pure phase functions. One of these functions is chosen once as a random phase function and the other is
computed by an iterative algorithm called the JTC-based projection onto-constraint sets (POCS).> The different
conditions on the two functions are desired because of the possible applications for the DCH, as discussed later. There
is, however, a security system suggested in Ref. 6 where both functions are synthesized by some iterative algorithm,
and both functions can still be coded into the DCH scheme. However, in the present study we continue synthesizing
only one phase function iteratively. A complete description of the computation process of these phase functions is
given in Ref. 7, while here we only briefly summarize it. The POCS agorithm is implemented by a digital procedure
based on simulating a JTC, in which two phase functions are transformed back and forth between the input and output
planes. Appropriate constraints are employed on both planes until the algorithm converges, in the sense that the error
between the desired and the obtained image is minimal. The constraints on the JTC input plane are expressed by the
need to get two separated, size-limited, phase functions, oneisrandomly determined once, before the first iteration, and
the other is updated every iteration. The constraint on the JTC output plane reflects the goal to get, on part of the plane,
an intensity pattern as close as possible to some predefined image. After completing the iterative procedure, the
computer has in its memory two complex functions designed for the specific task of constructing a desired image from
the cross-correlation between these two functions. Among the two functions, the random one plays the role of a
generalized medium between the other function and the reconstructed output image. The present experimenta
demonstration is divided into three stages: 1. Computation of two complex functions by the JTC-based POCS, as
described in Ref. 7 and briefly above. 2. Coding the complex functions as a DCH. 3. Construction of the desired image
from the DCH in amodified JTC configuration.

2. ANALYSISOF THE SYSTEM

Let us now start the description from the point that the POCS algorithm has yielded two phase functions
s(x,y)=exp[ Ax,y)]rect(WA,y/B) and r(x,y)=exp[ (x,y)]rect(x/A,y/B), where (A,B) are the dimensions of sub-holograms
and rect(-) represents the rectangl e function. We assume that the square magnitude of the correlation between sandr is
close enough to some desired image. The two functions are coded into positive, red transparencies and displayed on
the input plane Py of the JTC (See Fig. 1) asfollows,

h(xy)= {1+cos[27z(ax+/)’y)+¢(x, y)}}rect(%,%]*g(x_a, y-b)

+{1+cos[27z(ax+/)’y)+go(x, y)}}rect(%,%j*&(x+a, y+b), (1)

where* denotes the convolution operation, & isthe Dirac ddta function, (/) arethe carrier spatial frequencies of the
holograms, and the two holograms are displayed around the points (a,b) and (-a,-b). hy(xy) is a positive red
holographic function which, like an usual hologram, contains the phase information #x,y) and ¢(xy). The two
holograms are illuminated by a plane wave and jointly Fourier transformed onto plane P, by the lens L;. The complex
amplitude on plane P, is
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Ha(fy, fy) = exp| -i2z (afy +bfy)}*[sin(AﬂfX)sm(Bﬂfy)/ﬂzfx fy}
+%exp{—i27r[( fy-a)a+(fy-p)b]}S(fy-a fy - )
+%exp{—i27r[( fx+a)a+( fy+ﬁ)b}}8*(fx+a, fy+ﬁ)
+exp[i27r(afx+bfyﬂ*[sin(AﬂfX)sjn(Bﬂfy)/ﬂzfx fy}
+%exp{i27r[(fx—a)a+( fy=A)b | R(fx-a f, - )

iz (tera)ar(ty AR 1ty ), @

where (f,,f,)=(Wif,v/if), (u,v) are the spatial coordinates of plane P,, % is the wavelength of the plane wave, f isthe

focal length of lens L4, * denotes the complex conjugate and the functions Sand R are the Fourier transformsof sand'r,
respectively.

INPUT
Py

L1
hy(X.y)

OUTPUT

Figure. 1: The Optical configuration of the JTC correlator used for the simulation and experimental demonstration.
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In our modified JTC only part of thejoint spatial spectrum around the point (f,.fy)= («,f) is observed by a CCD having
alimited observation frame of the size TT,xI1y. This size of the frameis exactly equal to the bandwidth of the functions
sandr, or in other words, to the size of the functions Sand R. Thus, from the entire terms of Eg. (2), only the second
and the fifth terms are recorded by the CCD. These terms are separated from the other terms if the inequality

| P 2(A2+BZ)_y2+ /H)Z(+Hf,/2 is satisfied. The CCD also changes the origin of the coordinates such that its new

coordinates satisfy the refation: (f, }‘y)z (-, fy— $8)- Theintensity distribution recorded by the CCD is

2
Ip(fy fy) =

Hz(fx, fy)rect[éx,éy]
x Ly

=[S ) +{R( T Fy )|+ exp[ -iar (afi 408, )]S( Fe. Ty )R (e Fy)

+exp[i47z(afx+bfyﬂs*(fx, fy)R( fy, fy). (3)

The intensity pattern of Eq. (3) isdisplayed on a spatia light modulator (SLM) indicated as SLM2 in Fig. 1. ThisSLM
isilluminated by a plane wave such that the Fourier transform of the SLM transparency is obtained on the back focal

plane P; of lensL,. Assuming the focal length of L, isidentical to that of L, the Fourier transform of Iz(f~x, f~y) is,

(%1 Yo) =% Yo) O %: Yo) +1 (%01 Yo) ©T (%, Yo) +| 5% Yo ) BT (%: Yo) [¥5( % —28 Yo —20)

(% Yo) @, Yo) [¥0( %+ 22, Yo +2), (4
where ® denotes the correlation operation and (X,,Yo) are the coordinates of the output plane Ps.

It is evident from Eq. (4) that three spatially separated diffraction orders can be observed. The first term is the zero-
order diffraction at the vicinity of the origin of the output plane. This term represents the autocorrelation of the two
original complex functions. The second and the third terms at the points (+2a,+2b) correspond to the cross-correlations
between the two complex functions s and r. According to the output results of the POCS agorithm, these cross
correlations approximately produce the desired image. Therefore we can retrieve the coded image by reading it from
the vicinity of the point (2a,2b), or (-2a,-2b). Note that although in our system we use conventional Fourier transforms
between the inputs to output planes, the output image is obtained as a crosscorrelation between two holograms. Thus,
the DCH is not any familiar hologram but a combination of two holograms; one is used as the kernel and the other is
the input mask of the correlator. Also note that our JTC is not the conventiona one used for many schemes of pattern
recognition.* In the present JTC we mask the joint spectral plane, and process only the first diffraction order on this
plane. This procedure enables us to find the crosscorrelation between, effectively, two phase functions, although there
are actually two real positive functions on the input plane.

3. COMPUTER SIMULATION

The following numerical simulation results illustrate the idea of information encryption based on the proposed
technique. In our simulation, the POCS algorithm was firstly tested with a binary image containing the letters DCH
(our hidden code) which latter was encrypted by a random phase function. The second demonstration makes use of the
proposed technique with image that is embedded within other image. Since we make use of a phase-coding technique
the random phase was generated usng the MATLAB function which creates a two-dimensiona noise array distributed
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uniformly from 0 to 2r. These two functions contain 40x83 pixels each, out of 150x150, where all therest of the matrix
outside these two windows was padded with zeros as shown in Fig 2. This ensures that the computer smulation truly
simulates the analog optical system.

Algorithm convergence to the desired image in the n-th iteration is evaluated by the average mean-square error (M SE)
between the intensity of the correlation function before and after the projection, which is defined by,
2
1 2 2
6= [[lPoy ()] oy (x| v ©
where MxN is the size of the output image, 0,(x,y) denotes the output function and P[oj(x,y)] stands for the projected

function. We chose an arbitrary number of iterations, much larger than it takes to converge to the saturation level. The
algorithm was terminated after 100 iterations and the plot of the MSE, defined by Eq. (5) is shown in Fig. 3.
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Figure 3: MSE versus the number of iterations of the POCS algorithm between the recovered and the original image.
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After completing the POCS algorithm as mentioned in Ref. 7 we have in the computer memory a matrix contain two
complex functions s(x,y) and r(x,y) which is then encoded to a CGH with real and positive transparency values
according to Eq. (1). All therest of this coded matrix outside the two windows was again padded with zeros, as shown
in Fig. 4 to ensure minimum noise in the correlation plane. As we can see from this picture the coded function was
located in a diagonal position in order to avoid the large zero-order diffraction occurring at the origin of the joint
transform correlation output plane. In the input domain of the JTC these two coded functions were then transformed by
Fourier transform to the joint transform power spectrum plane shown in Fig. 5. Three diffraction orders of the spectral
plane can be clearly seen in this figure along the diagonal line. Since only one of these orders is needed, we put out
only the intensity distribution denoted by the dashed line. This intengty frame was then inverse Fourier transformed
and the three orders of the correlation plane containing our code lettersin the two first diffraction orders can be clearly
seen in Fig. 6, indicating the success of the proposed idea.

Figure 4: Two sub-holograms on the JTC input plane for both the Smulation and experiment.

Figure 5: Simulation result of three diffraction orders on the joint power spectrum plane.
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Figure 6: Simulation result of the desired image constructed on the JTC correlation plane.

In another experiment, the input image was a picture of a binary smiley face, and the hidden picture (the secure code)
contained the numbers 172. The POCS algorithm was iterated again and the CGH technique was implemented as
mentioned above. The coded input mask on the JTC plane is depicted in Fig. 7, while the reconstruction results at the

correlation plane are shown in Fig. 8 indicating the ability of our technique to recover the embedded image similarly to
the conceal ogram method.®

Figure 7: Two sub-holograms with smiley-face on the JTC input plane.
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Figure 8: The hidden image revealed by the correlation between the smiley-face and the key function.

To demonstrate the proposed technique, we experimentally performed the three stages of synthesizing and testing the
proposed DCH. In the first stage the desired image (containing the letters DCH) was encrypted into two phase
functions by the iterative JTC-based POCS algorithm’. Since the SLM used in this study (CRL, Model XGA3) can
modulate the transferred light with positive gray-tones only, the complex functions were coded into a positive real
transparency according to Eg. (1). The obtained doubl e-sections hol ogram was displayed on the input plane of the JTC.
Each of the two sub-holograms covered only 110x225 pixels out of 600x600 pixels, as shown in Fig. 4. A collimated
beam from an He-Ne laser with 2.=632.8nm illuminated SLM1 and created a diffraction pattern of the joint transform
power spectrum on the back focal plane of lens L, (f=400mm). The entire intensity of the joint spectrum on plane P, is
shown in Fig. 9. Two first diffraction orders on either diagonal side of the zero order can be observed. The center of the
zero order is blocked in Fig. 9 for a clearer visuaization. Since only one of these orders is needed, we recorded only
the intensity distribution insde the frame denoted by the dashed line. The size of this frame was 576x768 pixels, and
the pattern inside this frame was displayed on SLM2.

Figure 9: Experimental result of three diffraction orders on the joint power spectrum plane.
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Figure 10: Experimental result of the desired image constructed on the JTC correlation plane.

Finally, after another Fourier transform by lens L, (f=400mm), the correlation plane was obtained as shown in Fig. 10.
The center of the zero order is also blocked in Fig. 10 for a clearer visualization. The three orders of the correlation
plane and the two images of the letters DCH in the first diffraction orders can be clearly seen, demonstrating that the
proposed method has reached its goal.

5. DISCUSSION AND CONCLUSION

We have proposed and demonstrated a new type of computer-generated hologram termed DCH. The DCH can be used
for security®” and encryption®, since the desired image can be received in the output plane only when the two specific
sub-holograms are placed in the input plane of the JTC. As an encryption system, the image in the correlation planeis
considered as the information that we wish to encrypt. The sub-hologram, modified during the POCS agorithm, is the
encrypted data, whereas the other unchanged sub-hologram is employed as the decoder for this encrypted data. When
this same decoder is used in several encryption procedures, it can become a general decoder for many encrypted
holograms. Placing the two sub-holograms together in the input plane of the JTC is the only way to reconstruct the
original image. As a security system the two sub-holograms are considered as a key-lock pair. The POCS-generated
sub-hologram is a kind of a key, say one of many, whereas the other sub-hologram is used as alock suitable for many
possible keys. The predefined image is built up on the correlation plane only if the true key appears in the input. The
form of the constructed image provides the required information on the specific key among the entire population of
keys. Moreover, knowing the desired output pattern and the distribution of one hologram is not enough to reveal the
values of the other hologram. The phase distribution of the constructed image (which cannot be recorded by any
ordinary intensity detector) is also needed in order to expose the unknown hologram. Hence, the degree of security of
this system is higher than similar types of security sytems.”® The proposed method provides the advantages of simple
design and easy alignment with a high degree of security, and therefore it has a promisng future in its practical
applications.
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