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Weichung Chao #*, Sien Chi °, Ching Yi Wu ¢, Chung J. Kuo ¢

@ Opto-Electronics and Systems Laboratories, Industrial Technology Research Institute, PO Box 9-161, Chutung, Hsin Chu 310, Taiwan
® | nstitute of Electro-Optical Engineering, National Chiao Tung University, Hsin Chu 300, Taiwan
¢ Microsystems Laboratory / Industrial Technology Research Institute (ITRI),
Bldg. 52, 195, Sec. 4, Chung Hsin Rd., Chutung, Hsin Chu 310, Taiwan
d Signal and Media (SAM) Laboratory, Department of Electrical Engineering, National Chung Cheng University, Chiayi 62107, Taiwan

Received 4 December 1997; revised 23 February 1998; accepted 24 February 1998

Abstract

An iterative algorithm for multiple incoming wavelengths is proposed to design a computer-generated holographic
diffuser with the features of high light utilization efficiency and uniform color mixing. The amplitude transmittance of this
computer-generated holographic diffuser is constant, while the phase transmittance consists of multiple phase levels. This
diffuser is designed according to the Fraunhofer diffraction theory and can uniformly spread the different input light at the
same time. The simulation results show that over 88% average far field amplitude transmission efficiency is achieved for
each input light and the output uniformity is within 12.4%. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The flexibility of optical systems design was enlarged
by the invention of computer-generated holograms (CGH)
and diffractive optical elements (DOE). They permit modi-
fications of the phase, amplitude, or both of the incoming
wavefront in an unlimited manner. Particularly, the phase-
only hologram has received much attention due to its high
light utilization efficiency.

Many different applications (such as diffuser and beam
shaper) for CGH (or DOE) have been reported recently
[1-4]. For the case of the diffuser, the phase distribution of
a CGH is carefully designed such that the light distribution
is uniformly distributed at the far field behind the diffuser.
As for the beam shaper, the CGH makes the light distribu-
tion at the far field become any prescribed pattern. In
addition, several iterative agorithms [5—-9] have been re-
ported to design these optical elements.

The current techniques for CGH and DOE design are
only suitable for monochromatic light sources. Here we
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modify the existing iterative algorithm for the computer-
generated holographic diffuser (CGHD) design that will be
used for color mixing. Our goal is to construct a diffuser
by computer-generated holographic technique for mixing
different input chromatic lights. Although CGHD is de-
signed here, our idea can be applied to design any optical
element when its inputs consist of severa different wave-
lengths. A key feature with our CGHD is its 100% light
utilization efficiency such that no energy will be lost when
the light passed through a diffuser. Numerical simulation
shows that our CGHD achieves uniform color mixing and
high far field amplitude transmission efficiency.

2. Model

We consider the system geometry shown in Fig. 1 in
our CGHD design. Here the random phase transmittance of
the CGHD is directly encoded in the computer-generated
hologram, while the amplitude transmittance is constant.
The CGHD is illuminated by input chromatic plane waves
(with wavelengths A;, A,, ..., A,) and the Fraunhofer
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Fig. 1. Schematic of a computer-generated holographic diffuser
for color mixing. The diffuser is illuminated by different plane
waves with multiple wavelengths.

diffraction theory is used to estimate the diffraction pattern
a the far field. To smplify our explanation, only the
one-dimensional case is considered.

The transmittance function f(x) of the CGHD is repre-
sented solely by the phase variation as

F(x) = [f(x)]exp[id(x)] = expljd(x)]. €Y

When a coherent plane wave (with wavelength A, A,
..., A,) impinges on this CGHD, the diffraction pattern at
a distance z away from the CGHD plane is

fz(x)ozf(x)®exp(j%), )

where ® is the convolution operator and f,(x) is the light
distribution at distance z behind the CGHD plane accord-

Initial Random Phase

constant-e

ing to the Fresnel-Kirchhoff theorem if z is sufficiently
large. Generally spesking when z> 2L2/A, where L is
the linear aperture of the CGHD, and the output pattern
f,(x) of the CGHD is equivalent to the Fourier transform
of the function f(x). That is,

f() = F(£)= [ f(x) exp(j2mx¢ ) dx

=|F(&)lexpliv(£)]. (©)

The proposed iterative algorithm for CGHD design is
shown schematically in Fig. 2. Without loss of generality,
we assume that the inputs only consist of two different
wavelengths. Hereafter, we will explain this agorithm in
detail.

The algorithm begins in the frequency domain with the
wavelength A; considered. A random number generator
[5,9] is used to generate an array of random numbers in the
range of 7 to — 7 that serves as the initial estimate of the
phase distribution ,( £) at the far field of the CGHD. As
for the amplitude transmittance | Fo( £), it is assumed to be
constant. With these assumptions, we can obtain the light
distribution (with amplitude transmittance and phase distri-
bution, |f,(x)] and ¢,(x), respectively) at the CGHD
plane through the inverse FFT. Since a uniform amplitude
transmittance is desired, the amplitude transmittance | f,( x)|
is then reset to a constant.

The procedure above is applied under the assumption
that the wavelength of the input light is A,. Since we have
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Fig. 2. Flow chart of the iterative algorithms for the computer-generated holographic diffuser with the model of multiple input wavelengths.
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two different input wavelengths for CGHD, we must con-
vert the phase distribution ¢,(x) into phase distribution
¢,(x) based on the fact that the thickness of the CGHD at
any position is fixed. The phase conversion is thus carried
out through the following relations:

quvi(x) =dikj + (Do—di)kjn, kj=27r//\j,
i=12,...1,j=1.2,...,m, )

where ¢, ;(x) is the phase distribution of the CGHD when
the input wavelength is A; with wave number denoted by
k;. ¢4(x) and ¢,(x) mean the set of total pixel numbersin
the CGHD for ¢; (x), with j =1for A;, j = 2for A,, and
i for the ith pixel unit, | and m are integer. We then let
Dy, d; and n denote the total etching depth and etching
depth of the ith units cell, and the refractive index of the
substrate, respectively, because the CGHD is fabricated
through the semiconductor etching process in terms of
multiple phase levels. For the substrate of quartz and
silicon wafers, the index dispersion versus different wave-
lengths can be neglect because the index difference (be-
tween 565 nm and 650 nm) is small than 2% of the
substrate index. After phase conversion, we can then ob-
tain the phase distribution ¢, assuming that the thickness
of the CGHD is fixed.

Now, we will start the algorithm for wavelength A,.
With amplitude phase distribution | f,(x)| and ¢,(x) at the
CGHD plane, we obtain its far field light distribution
[F(E)lexpljiy,(£)] through FFT. Here, we impose an-
other constrain on |F,( ¢)I. That is, the amplitude transmit-
tance should be constant for uniform color mixing. There-
fore, we will reset |F,(¢)| to a constant. From here, we
can reverse the process above to the beginning of the
algorithm and then keep repeating.

General speaking, the proposed algorithm is similar to
the GS [5] or YG [3] algorithm but with some necessary
modifications. Since our problem is to design an optica
element for different chromatic light, we must consider the
phase conversion shown in Eq. (4). Findly the algorithm
stops when the amplitude transmission efficiency at the far
field becomes constant or amost constant [9]. A reason-
able criterion of comparison is the root-mean-sguare error
&mn Of image amplitude defined by

2 2
[ A al? = 1Al?]

& = , 5
- ™ (®)

where A, , is represented by an array of image ampli-
tude at wavelength A, A, isthe initial amplitude transmit-
tance at the CGHD plane. The iterative algorithm stops
when the root-mean-square amplitude error ¢, for each
wavelength falls within an acceptable limit &.

Here, the average amplitude transmission efficiency is
the average of the amplitude transmission efficiency over

al input wavelengths, i.e. A= KA and the amplitude
transmission efficiency is defined as

A= ZAmn,A/AOv (6)
where A, , is the average amplitude spectrum at the far
field over mXx n pixels when the input wavelength is A
and A, is the average amplitude spectrum at the CGHD
plane. 88% average amplitude transmission efficiency
means that most of the light energy at the diffuser planeis
also available at the far field.

Now, let us define the amplitude uniformity as

A - Ani
UA _ Amax,/\ - Amfn,/\ , (7)
max , A min, A

where A, and Ay, are the maximum and minimum
output far field light amplitude for input wavelength A,
respectively. The average amplitude uniformity U thus
becomes U = U,. According to the simulation, the average
amplitude uniformity is 12.4%, which shows that the
designed CGHD provides an almost uniform output pattern
at the far field.

3. Simulation

To obtain good uniformity and efficiency, the whole
simulation is divided into two procedures. (i) Process 1, an
initial random generator is searched to solve the optimum
converging condition for the iterative algorithm. (ii) Pro-
cess 2, phase only freedom is explored for this iterative
algorithm with multiple input wavelengths.
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Fig. 3. (A) The image map of the computer-generated holographic
diffuser is illustrated eight quantized phase levels. The dark cell
means O-phase level and the bright cells describe other phase
levels. (B) Quantization is shown by the one-dimensional spatial
profile.
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Fig. 4. The average far field amplitude transmission efficiency at
565 nm wavelength is 88.32%, and 88.29% for wavelength of 650
nm. The average uniformity of far field amplitude distribution is
12.4%. The abscissa gives the total number of pixel cells.

To simulate the proposed idea, we consider color mix-
ing for two different wavelengths and show its diagram in
Fig. 1. The wavelengths considered are 565 and 650 nm,
respectively. In total, we have N X N pixels in the de-
signed CGHD and each pixel consists of p phase levels.
Here, N can be 32, 64, 128, 256, or 512, while p can be 2,
4, 8, 16, and 32. The maximum number of p is limited to
32 because it is the maximum phase levels that can be
fabricated by the state-of-the-art techniques.

Since the discrete phase is utilized, we show the result-
ing phase profile of the designed CGHD in Fig. 3 by the
gray-scale encoding technique that converts the different
phase level values into gray-scale values. For example, if
four phase levels (0°, 90°, 180°, and 270°) are encountered,
then they are shown via gray-scale values (0, 85, 170, and
255).

Fig. 4 shows the 2-D far field amplitude transmission
efficiency (in one dimension) of two different wavelengths
of the designed CGHD in 1-D via progressive scan ar-
rangement. We found that the minimum amplitude trans-
mission efficiency is 0.78 and the average of the amplitude
transmission efficiency is more than 0.88 while the ideal
diffuser should have spectrum 1 at the output. In addition,
the designed CGHD achieves 12.4% uniformity. Please
note also that the results obtained above are for a diffuser
that is specificaly designed to diffuse two different input
wavelengths at the same time, while the previous results
are only designed considering single input wavelength.

4. Conclusion

An iterative algorithm is proposed to design a computer
generated holographic diffuser. Our algorithm is especially
developed for a diffuser to uniformly spread input lights
with different wavelengths. The designed diffuser consists
of only phase variation and its amplitude transmittance is
constant. Therefore, all the light at the diffuser plane is
available at the far field and thus the light utilization
efficiency is 100%. In addition, 12.4% uniformity and
more than 88% average amplitude transmission efficiency
are achieved by our technique.

The proposed agorithm is an extension of the well-
known GS agorithm but with some necessary modifica-
tions that can solve a more general problem. Although
only two-wavelength input is considered here, our algo-
rithm is suitable for many-wavelength cases.
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