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ABSTRACT

The advantages of phase-encoded computer-generated-hologram (CGH) are high diffraction efficiency and the ability to
reconstruct images on-axis. These advantages are very fundamental and important for many applications. The
implementation of phase-encoded CGH by using electrical-addressable liquid crystal television (LCTV) with pure
phase-modulation provides the ability for programmable optical interconnections, optical neural systems, optical
switches etc. In this paper we adopt the iterative Fourier transform algorithm to design a pure phase CGH. We aso
report the modulation characteristics of LCTV and its application for displaying the phase-encoded CGH. Criterions for
evaluating the quality of output images are proposed.

1. INTRODUCTION

Computer generated hologram (CGH) is a technique for fabricating holograms without optical interference process’.
This technique consists of two steps: (1). Calculation of discrete Fourier transform of the desired image. (2). Encoding
and fabrication of the calculated pattern on a suitable mask. The first step can be achieved efficiently by using fast
Fourier transform (FFT) algorithm. The second step can be achieved by adopting certain encoding method and mask
fabrication techniques. By use of modulation characteristics of spatial light modulators (SLM), the second step can be
realized to become real-time programmable 2. In the case, the complex pattern of CGH is displayed on a SLM and the
reconstruction of CGH can be achieved by optica illumination of the SLM. Therefore, CGH can be real-time updated
through the programmable control of the input pattern presented on the SLM. The modulation characteristics of a SLM
can be divided into two types, the amplitude-modulation type and the phase-modulation type. The phase modulation
type is preferable to the amplitude one because it provides higher diffraction efficiency and aso with the ability to
reconstruct the desired image on-axis. In this paper, we adopted the iterative Fourier transform agorithm (IFTA) to
design CGH and use a liquid crystal television (LCTV) as the displaying device. We describe the modulation
characteristics of LCTV and report computer simulations of phase-encoded CGH implemented with LCTV.

2. PRINCIPLES

CGH coefficients, generated by FFT of the desired image, are usualy complex numbers. How to represent complex
coefficients by a pure phase device is the main concern of phase encoding technique. Several methods have been
proposed and demonstrated 3*°. Basically, these methods require a technique to represent a distribution of phase
information between 0 and 21tin analog mode, i.e., a continuous distribution of phase gray levels. This has brought in a
practica difficulty for the implementation by using LCTV. Commercial LCTV has limited ranges of phase modulation,
and it is difficult to have a precise modulation of gray levels between 0 and 21t In order to aleviate this problem, we
adopt the iterative Fourier transform algorithm (IFTA) ®”® for designing the CGH. The advantage is that the solution of
the phase encoded CGH is a distribution of discrete phase levels. The quantization of phase levels makes it more
feasible to be implemented by using LCTV.
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2.1 Designing phase-encoded CGH with IFTA

Fig.1 shows the schematic diagram of CGH and the reconstructed image. In the diagram, CGH is an optical mask to be
designed so that the desired image can be reconstructed at the output plane. We call the CGH pattern in Fourier domain
and the desired image to be reconstructed in space domain. The goal of the IFTA? is to generate a discrete phase pattern
W(m,n) such that the desired image I(m,n) can be retrieved by optical illumination of w(m,n) .
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Fig. 1. Reconstruction of CGH

The block diagram of the IFTA iterationsis shown in Fig.2. Inthefigure, w(m,n) represents the discrete phase pattern

of CGH in Fourier domain, w(m,n) is the reconstructed wave in space domain, and A(m, n) =4I im,ni is the desired

image. During the iteration procedure, w(m,n) is continuously modified such that its Fourier transform w(m,n)

approaches the desired function A(m,n). In order to achieve a pure phase-encoding result, there are specific constraints
in the two domains. In the Fourier domain, the amplitude of al the w(m, n) elements are equalized to 1 and the phase

termsof w(m,n) are quantized to become discrete phase-levels between 0 and 27t (for example, 8 or 16 levels). On the

other hand, in the space domain, w(m,n) is modified such that the error in amplitude between w(m,n) and the desired
function A(m,n) is reduced. The up-date of the image function is described by the following equation

w(m,n) = nw(m,n)\+ a(m,n)e(m, n)]exp[jga(m,n)] @)
where
£(m,n)= A(m,n) - jw(m,n) @)

In the above equation, (m,n) is the error between the reconstructed image and the desired image anda (m,n) is the
error-correction factor, O<a (m,n)< 1.

Now we describe the iterative procedure. In the beginning, an arbitrary phase pattern w(m,n) is given in the CGH

plane. By taking the Fourier transform of the initial random phase pattern, we obtain the reconstructed image in the
image plane. Then, the amplitude of the reconstructed function is modified according to Eq.(1). The phase of the
reconstructed function is retained unchanged. The combination of the modified amplitude and phase forms the modified
image function w(m, n). By taking the inverse Fourier transform of Vv(m, n) , We obtain a new pattern w(m,n) . In order

to be a pure phase pattern, the amplitude of all elements of w(m,n) are set to be unity, and the phase is discretized.
Combination of the unitary amplitude and the discretized phase forms a new pattern w(m,n). Then, this pattern is

compared with the input pattern for previous iteration. If they are identical then this means that a stable state has been
reached and it is the solution for our CGH. Otherwise, the new w(m,n)is the input for next iteration. The iteration

procedure continues until it converges, and the final pattern is the solution of our CGH.
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Fig. 2. Block diagram of IFTA

3. COMPUTER SIMULATIONS

We use a character “R”, a binary pattern with 50x50 pixels, as the desired image, as shown in Fig.3. We assume the
light transmission of the pixels of the character “R” tobe 1, and itis O for all other pixels.

Fig. 3. Character " R ”, the desired image.

In order to evaluate the image quality produced by CGH, we define three parameters. First, we define the diffraction

efficiency n % as the ratio of the total energy inside the character "R” to the total energy in the output plane, It is
described by

w(m,n) 2
n% = 7(’“%5"? | x 100 % ®)
> \w(m,n)\2

all (m,n)

Second, we define the signal to noise ratio as the ratio of the average light energy inside the character “R” to the
average energy outside the character. The SNR is described by
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3 [w(m,m)|? /(pixel number inside R) 4
DR = (m,n)dR ( )

> [w(m, n)\2 (pixel number outside R)
(m,n)dR

Finaly, the error rate is defined as the average value of the energy error of the reconstructed image, averaged over all
pixels. It iswritten by

> |Am )2 - |w(m, n)\z‘

ER% = dlmn) 100% ©)
total pixel number

3.1 Simulation results

In our simulations, we consider three cases of the phase quantization: 8, 16, and 256 discrete levels for 21 Finer phase
levels may produce a better image but it will result in either more iterations for designing CGH or more complexity in
manipulating SLMs. Fig.4 shows convergence of the error rate versus iteration loop numbers. It is seen that for all three
cases the solution converges very quickly.
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Fig. 4. The error rate versus | FTA loop number.

For the case with 8 phase levels, the solution converges in about 28 loops, and it converges to a state at an error rate of
25.7%. For the solution with 16, and 256 phase levels, the iteration converged at 68 and 109 loops, with the error rates
of 20.1% and 15.8%, respectively. The phase patterns, the reconstructed images, the diffraction efficiencies, SNR, and
the ER for the three cases are shown in Table.1. In the second column of this table, the phase levels of the CGH are
represented by the gray scale of the color. It is seen that as the number of phase levels is increased, the image quality,
the diffraction efficiency, SNR, as well as ER are improved.

Di;?éﬁ;;: on CGH Reconstructed |mage n% SNR ER%
8 83.23 31.01 25.7
16 87.93 4552 20.1
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256 92.26 74.45 15.8

Table 1. CGH patterns, reconstructed images, diffraction efficiencies, SNR, and ER for the three cases.

4. IMPLEMENTATION BY LCTV DISPLAY

4.1 Phase modulation characteristicsof LCTV

The main component of a LCTV isaliquid crystal panel, which is sandwiched between a polarizer and an analyzer, as
shown in Fig.5. Let the polarization angle of the polarizer be Wp, the polarization angle of the analyzer be W,, with
respect to the x-axis. By applying the Jones calculus, the transmitted light can be found as

M. M cosW, - AR cosW, (6)
AT Tsny, snwy,

In the above expression, M, and M, and are the Jones matrix of the analyzer and LC panel, respectively. The intensity
and phase of the transmitted light can be written as

A7 = 10255 cos(w, =) ~cos X sin(Wp = WP +[5 T sin(w, + w1 ()
- -5 S+ 9 ®
$=p-tn sin X .
¢ " cos(Wp —W,) —cosXsin(Wp — W,)
where | _ /¢2+[%J )
r= zl‘l(ne(e) ~n)d = 27”An(9)d (10)
p=2n,(6)+n)d )

A is the light wavelength, nqis refractive index for extraordinary ray, n,is refractive index for ordinary ray, ¢ is the
twisted angle of the twisted nematic LC cell, and d is the LC film thickness. For a specific LCTV with the oriented
polarizer and anayzer, the device parameters are al fixed. The only parameter that is real-time adjustable is the
extra-ordinary refractive index ng(B), which is a function of the tilt angle 8 of LC molecules and it in turn can be
controlled by the external voltage applied to LCTV. Thus, by applying different voltages to LCTV the modulation
characteristics is real-time programmable. In our simulation, we set Wp to be 0°, W, to be 90°, the twisted angle ¢ to be
90°, ne= 1.856, n,=1.561, and film thickness to be 6um. The modulation characteristics of the LCTV are shown in Fig.6.
Note that, in this figure, the modulation characteristics are shown as a function of the phase retardation I', which can be
adjusted by applying voltages on the LC panel.
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Fig. 5. LCTV asaSLM
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Fig.6. Modulation characteristics of LCTV

It can seen in Fig.6 that whenl™ is tuned between 1.51to 4.5, the phase is modulated from about 1t to 3, and the
output intensity is almost a constant. In thisregion, LCTV can operate as a phase modul ation device.

4.2 Phase-encoded CGH implemented with LCTV

The liquid crysta panel is not uniformly transparent within the whole device area because part of its area is covered
with electrical circuits. The schematic diagram of pixel structure is shown in Fig.7, in which the gray area represents the
electrica circuits and is opaque. Let the pixel pitch be represented by A and the width of the transparent window be 9,
then a mathematical representation of phase-encoding CGH displayed on LCTV can be written as

[s

Fig. 7. Light transmission structure of LC pixels.

M-IN-1 u v
H(uv)=> >W(m, n)rect(g)rect(g) 06(u-ma,v-na)

m=0 n=0

(12)

where  w(m,n) isthe matrix element of the CGH pattern obtained by the IFTA algorithm. Let the LCTV be placed in

the (u, v) plane, being illuminated by a plane wave, and the reconstructed image be formed at the (x, y) plane, as shown
in Fig.8. The reconstructed image can be written as

Vv

!

Fig.8. Optical reconstruction of the CGH.

LCTV
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\

.2m
= j—(ux + vy)]dud
NA)exp[ 5 (ux + vy)]dudv

h(x,y) = %H H (u, v)rect(ﬁ)rect(

. OX, Oy MIINSI— .21\ . AX, . Ay 13
O {sn nc(ﬂ)smc(ﬂ)m%O nEOW(m n)ex;{] W(m><+ ny)D Osinc(M ﬂ)smc(N W) ( )
The above equation shows that the amplitude of the reconstructed image is enveloped by sinc functions, sinc(dx/Af) and
sinc(dy/Af). It also shows that the spot size of the reconstructed image is about Af/MA. In our calculation, we choose

wavelength A to be 633 nm, the LCTV pitch 33 um, the width of transparent window 24 um, and lens focus length 15
cm. The reconstructed image is shown in Fig.9.

Fig. 9 Reconstructed image.

5. CONCLUSIONS

We have investigated the designing principle of phase CGH and the modulation characteristics of LCTV. We have
described an iterative Fourier transform algorithm for the design of phase-encoded CGH with discrete phase levels. We
have performed three cases of phase quantizations with 8, 16, and 256 phase levels, respectively. The results show that
as the quantization level isincreased, the image quality is improved, with an increasing complexity of calculation. We
have described the modulation characteristics of LCTV. It is shown that under certain conditions a real-time pure-phase
modulation of LCTV can be achieved. A computer simulation of the phase-encoded CGH implemented with LCTV has
been demonstrated.
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