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Methods and algorithms for computer synthesis of holographic
elements to obtain a complex impulse response of optical information
processing systems based on modern spatial light modulators

E.Yu. Zlokazov

Abstract. The possibilities of designing optical devices for data
processing and imaging based on the manipulation of coherent light
beams by means of spatial light modulators (SLMs) are investi-
gated. A review of commercially available SL.Ms is presented and
the limitations of their complex modulation characteristics are ana-
lysed. The main problem of using present-day SLMs is the lack of
the ability to modulate directly all states within a unit circle in the
complex plane. In this regard, the characteristics of current meth-
ods for the synthesis of holographic elements are described that
implement a given complex impulse response of the optical system
and are optimal for using SLMs with purely amplitude, purely
phase, and hybrid amplitude — phase modulation.

Keywords: computer holographic synthesis, optical processing of

information, spatial light modulators.

1. Introduction

The use of the 2D distribution function of the complex ampli-
tude of light as an information carrier is of great interest
because it allows optical multichannel parallel transmission
and processing of large arrays of digital data with speed and
energy efficiency unattainable with pure electronics [1]. 2D
and 3D imaging systems [2,3], optical image encoding sys-
tems [4], coherent convolutional processors and correlators
[5—10] are based on the principles of the formation of a com-
plex impulse response of an optical system using 2D filtering
masks. The spatial transmission function of the photomask,
in the general case, is complex-valued. It is determined based
on the parameters of the optical system in which the carrier
light beam propagates, and with certain limitations can be
found using the methods of the scalar diffraction theory [11].
Optoelectronic devices, such as a spatial light modulator
(SLM) with high spatial resolution, allow fast introduction of
filter elements into an optical system, which offers the pros-
pects of developing dynamic devices for both imaging and
real-time data processing.

The main problem when using present-day SLMs with
high spatial resolution is that now there are no means for full-
scale manipulation of the light complex amplitude. To solve
this problem, the filtering photomasks displayed on the SLM
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screen must be somehow adapted to the characteristics of the
device to ensure maximum signal-to-noise ratio at the output
of the designed system.

In this regard, the main goal of this work is to assess the
prospects of using commercially available SLMs for optical
data processing and imaging based on the available types of
light modulation and methods for synthesising holographic
elements that implement a specified complex impulse response
function of the optical system under conditions of a limited
modulation characteristic of the used devices.

2. Optical system with a given complex impulse
response

The formation of light signals with a given 2D distribution of
complex amplitude is generally possible by realising a 2D fil-
tering mask as a holographic element in a certain plane of the
optical system. The transmission function of the mask is
determined by the parameters of the generated signal and the
configuration of the optical scheme of light beam propaga-
tion from the plane of filtration to the plane of the observed
output signal. The use of a Fourier-transforming lens (FTL)
and a Fourier-reconstructing lens (FRL) in the 4f configura-
tion allows applying spatial-frequency filtering methods to
processing and generating light signals with a given spatial
distribution of complex amplitude.

Figure 1 shows a typical 4f scheme with a Fourier filter in
the spatial frequency plane. The front focal plane of the FTL
with focal length f|, represented in Cartesian coordinates xi,
y1, 1s called the input image plane with the distribution func-
tion of the complex amplitude a(xy, y1). In this plane, the inp-
ut signal of the optical system forms. The transparency filter
with the 2D distribution function of the transmittance 7(u,v)
is located in the rear focal plane of the FTL, which is also the
front focal plane of the FRL. In Fig. 1, this plane is character-
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Figure 1. Schematic of a 4/ coherent convolutional processor.
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ised by Cartesian coordinates u,v. The rear focal plane of the
FRL with the focal length f is characterised by the Cartesian
coordinates x», y, and is referred to as the output image plane.

If xy = =x1 /ol fr1, yo = -01.olf1, u= x1 /(A 1), and v = /(A f)),
(4 being the radiation wavelength), then the distribution func-
tion of the complex light amplitude in the output image plane
can be related to that in the input image plane as [11]

[, 2) = F [A@0) T (,0)](x2,72) = (@ © 1)(x2, ), (1)

where A(u,v) = F[a(x,y)](u,v) is the Fourier transform of
the function a(x,y) in the spatial coordinates u,v; (a © t)(x,y)
denotes the convolution of the functions ¢ and ¢ in the coordi-
nates x, y. If we place a point source of monochromatic radia-
tion in the centre of the (x; y;) plane, then 4(u,v) = const, and
the distribution function of the complex amplitude in the out-
put plane of the system will be proportional to the inverse
Fourier transform of the function 7 :

S(x2,32) o t(x5,y7) = fﬁl[T(U,U)](xzayz)- 2

This configuration underlies coherent imaging systems
using Fourier holograms. In the present case, the function
T(u,v) is calculated such that its inverse Fourier transform,
the function #(x,, y,), contains the desired image.

The possibility of analogue implementation of the convo-
lution of two functions in an optoelectronic coherent proces-
sor can be used to solve a wide range of problems, such as
filtering and correlation recognition of images [12], ghost
imaging [13], implementation of multi-channel parallel com-
putations in partial derivatives [14,15], as well as the model-
ling of optical neural networks [16]. When designing a coher-

Table 1. Commercially available SLMs with high spatial resolution.

ent 4f scheme for correlation recognition problems, in the
(x1»1)-plane an image of a scene is formed containing images
of objects to be recognised, and the Fourier filter 7'(u,v) imp-
lements an impulse response corresponding to the reference
pattern presented in the object plane as a function #(x, y). In
the (x,),) plane, an image of the correlation function of the
input scene with the reference function is formed.
In the simplest case of a matched filter,

T(u,v) = A (u,v), 3)

expression (1) becomes identical to the formula for autocor-
relation, and the output signal is a bright and narrow correla-
tion peak. A well-known problem of matched filtering is high
sensitivity to noise and image distortion of a recognised object
relative to the reference one. Therefore, composite invariant
filters synthesised in the form of a linear or nonlinear combi-
nation of a set of training images that allow achieving the sta-
bility of correlation recognition in the presence of distortions,
such as rotation, scaling, partial overlap, changes in illumina-
tion, etc., are now widely used [12,17,18].

Thus, in the general case in order to generate the required
signal in the output plane of the optical system shown in
Fig. 1, the function representing the 2D transmission of the
Fourier filter 7'(u,v) should be complex.

3. Commercially available SL.Ms

The use of electronically controlled SLMs allows the process-
ing of optical signals and the formation of images in real time.
The operation speed of such systems is largely determined by
the number of active elements in the discrete structure of the
SLM screen and the speed of their switching; therefore, spa-
tial resolution, type of modulation, and frame rate are deci-

Model Manufacturer Technology Resolution dy Jum v [Hz
LCX202A Sony TLC 1924 x 1024 7.2 240
SXRD241A Sony LCOS 1920 x 1080 4.25 60

4K Compound Photonics LCOS 4096 x 2160 3.015 120
HX7318 Himax LCOS 1366 x 768 6.0 360
D-ILA Jvc LCOS 4096 x 2400 6.8 220
LC-2012 Holoeye TLC 1024 x 768 32 60
GAEA-2 Holoeye LCOS 4160 x 2464 3.74 60
LETO Holoeye LCOS 1080 x 1920 6.4 60/180
X13138 Hamamatsu LCOS 1272 x 1024 12.5 60/120
OP02220 OmniVision LCOS 1280 x 720 4.5 300
RDP700Q RaonTech LCOS 2560 x 1440 6.05 360
SLM-200 Santec LCOS 1200 x 1920 8.0 60/120
SYL2341 Syndiant LCOS 3840 % 2160 32 60
HSP1920 Meadowlark Optics LCOS 1920 x 1152 9.2 30-422
JD4704 Jasper LCOS 4160 x 2464 3.74 180
QXGA ForthDD FLCOS 2048 X 1536 8.2 5700
UXGA MDCA FLCOS 1600 x 1200 6.3 540
DLP7000 Texas Instruments DMD 768 x 1024 13.6 32552
DLP9500 Texas Instruments DMD 1080 x 1920 10.8 23148
IM SLM Fraunhofer IPMS AMM 2048 x 512 16 2000
1D LM Fraunhofer IPMS AMM 8000 x 1 10 1 MHz
G8192 Silicon Light Machines GLV 8192 x 1 5 250 kHz

Note: d, is the pixel size and v is the frame rate.
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sive in the design of an optical information processing and
imaging system.

Table 1 provides an overview of commercially available
(at the time of writing) spatial light modulation devices hav-
ing high spatial resolution (more than ~1 megapixel), as well
as a frame rate of about 60 Hz or more. As a result, we can
conclude that today only two types of devices are available
that meet the required characteristics, namely, SLMs whose
principle of operation is based on the use of liquid crystals
(LC), and microelectromechanical systems (MEMS).

In the case of LC SLMs, two different manufacturing
technologies can be distinguished, using transmissive liquid
crystal (TLC) and reflective liquid crystal on silicon (LCOS)
structures. Also worth highlighting, is the group of liquid-
crystal SLMs based on ferroelectric LC (FLCOS), which have
the highest frame rate among all LC-based devices, as well as
some unique modulation properties. MEMSs are represented
by two fundamentally different types: systems based on a
micromirror matrix, such as DMD™ (digital micromirror
device [19]) and AMM (active micromirror matrix), and sys-
tems based on grating light valve (GLV™) [20,21]. Many of
these devices have specific features that must be considered
when designing an optical system. Thus, the specific features
of Hamamatsu (X13138) liquid crystal SLMs are linear phase
characteristic, high accuracy of phase control, and high light
efficiency for specific wavelengths due to the use of a dielec-
tric mirror. The Santec (SLM-200) devices possess high flat-
ness (up to 1/40), as well as high input signal resolution of 10
bits, which makes it possible to carry out high-precision con-
trol of the beam phase. The Meadowlark Optics (HSP1920)
device is controlled by an analogue driver, which allows
increasing the frame rate to 422 Hz. The Syndiant (SYL2341)

devices have the smallest minimum pixel size, they are the
most compact and, therefore, in demand for head-mounted
displays.

The frame rate of all types of MEMS-based SLMs ranges
from 10 kHz to 1 MHz, which is especially attractive for the
development of high-transfer-rate optical digital devices.
However, it is important to keep in mind that devices of the
DMD™ and AMM types have a fundamentally binary amp-
litude modulation characteristic, and GLV™-based devices,
as a rule, have high resolution in only one spatial coordinate,
so that for operating in 2D mode in an optical scheme tempo-
ral scanning in low-resolution coordinate is necessary. The
frame rate ~1 MHz of the 1D LM device (Fraunhofer IPMS)
allows achieving a frame rate up to 500 Hz for a 2D function
consisting of 2000 lines, which is comparable to the frame rate
for the best LCD-based SLMs, and the resolution of 8000 pix-
els per line makes possible imaging with record-breaking spa-
tial resolution.

Figure 2a shows a phasor diagram of a typical complex
Fourier filter. Figures 2b—2h present typical diagrams of the
available modulation states that are potentially achievable
using the devices summarised in Table 1.

Continuous amplitude modulation (Fig. 2b) is available
using LC-based SLMs [22], as well as MEMS modulators of
the GLV™ type. However, when implementing a Fourier fil-
ter, it should be borne in mind that for some types of liquid-
crystal SLMs, the operation in the amplitude mode can be
accompanied by additive phase modulation, so that the mod-
ulation characteristic may look similar to that shown in
Fig. 2c. This can lead to errors and distortions at the output
of the designed optical system [23, 24]. A special case of ampli-
tude modulation, the binary amplitude modulation (Fig. 2d),
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Figure 2. Representation of states with different types of modulation available using modern SLMs on the unit circle in a complex plane: (a) ex-
ample of a phase diagram of a complex Fourier filter; (b) pure amplitude modulation; (¢) amplitude modulation with additive phase shift; (d) bi-
nary amplitude modulation; (e) pure phase modulation; (f) bipolar amplitude modulation; (g) binary phase modulation; (h) ternary amplitude

modulation.
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is implemented using FLCOS-based SLMs, as well as MEMS
based on an active micromirror matrix (DMD™ and AMM).
Pure phase modulation is possible using most LC-based
SLMs [22], as well as GLV™-based MEMS SLMs. The com-
bination of binary phase and continuous amplitude modula-
tions, i.e., bipolar continuous amplitude modulation (Fig. 2f),
can be obtained using SLMs based on nematic LCs with zero
twist [25,26] or ferroelectric LCs [22]. Binary phase (Fig. 2g)
and ternary bipolar amplitude (Fig. 2f) modulation cha-
racteristics can be obtained using some types of SLMs based
on both nematic twist structures [27, 28] and ferroelectric LC
[22].

In the present work, the quantised or binary types of mod-
ulation characteristics presented in Figs 2d, 2g, and 2h are
considered as special cases of a continuous unipolar or bipo-
lar modulation characteristic. Methods such as binarisation
and rasterisation are used to suppress distortion caused by
limiting the number of quantisation levels. A detailed discus-
sion of these issues is beyond the scope of this article. The
results of studies on the use of binary SLMs in free-space opti-
cal systems are given in Ref. [29].

Thus, at the moment there is no SLM, the unit cells of
which are capable of carrying out full-fledged complex
modulation of light for all states on a unit circle in the
complex plane. Available types of modulation characteris-
tics can be divided into three main groups: purely ampli-
tude, purely phase, and combined amplitude—phase
(amplitude with additive phase shift and bipolar ampli-
tude) modulations.

One approach to implementing the complex response
function is to use optical schemes based on two SLMs
[30—-33], as well as schemes using different zones of the SLM
to form beams, the interference of which generates the
desired function [34]. However, as a rule, these schemes are
very complicated and therefore their detailed consideration
is beyond the scope of this work. Of particular interest is the
approach consisting in the use of the synthesised holo-
graphic filter I'(u,v) instead of the transparency 7T'(u,v).
Below we present methods for implementing the impulse
response of a coherent optical system based on using only
one SLM in the optical scheme.

4. Methods of forming a complex impulse
response using amplitude SLMs

An early attempt to implement a holographic Fourier filter
using a purely amplitude binary mask was the detour phase
method described in the classical works of Brown and
Lohmann [35,36] and Lohmann and Paris [37, 38]. The idea
of the method is to represent the discrete complex element of
the Fourier filter in the form of a rectangular slit, the area of
which is proportional to the amplitude, and the displace-
ment of the slit within the element aperture is proportional
to the phase of the corresponding element of the Fourier fil-
ter. The practical application of this method using SLM
with a prespecified discrete structure of elements would
require a significant margin of resolution, because for each
discrete filter element, a large number of SLM pixels would
have to be used. In this case, the modulation characteristic
would take strictly defined discrete values in amplitude and
phase. Below we consider methods that do not require sig-
nificant redundancy in the resolution of SLM for their phys-
ical implementation.

4.1. Macropixel method

The macropixel method consists in encoding discrete values
of the Fourier filter complex amplitude using several SLM
elements. Lee [39] was the first to propose using four pixels of
an amplitude SLM to represent values of an arbitrary com-
plex function. According to the Lee method, a complex
impulse response in the object plane f(x, y) is formed by plac-
ing the amplitude hologram I'(u#,v) in the plane of Fourier
frequencies of the optical system. To find the holographic fil-
ter function, the complex amplitude of the impulse response
Fourier transform can be represented as the sum of two pairs
of mutually compensating vectors:

| F(u,v) [ expli®(u,v)] = Fi(u,v) = F3(u,v) + iF; (u,v)

— 1Fy(u,v), 4

where F'(u,v) is the real amplitude and @(u,v) is the real phase
of the Fourier transform of the function f(x, y). Non-negative
real functions of the kth subpixel Fi(u,v) can be determined
by the formulas

i) = {F(u ,v)|cos @ (u,v), Zz:gzz :3 >0,
Fs(u,0) = Fy(u,v) — | F(u,v) | cos®(u,v),
(%)
By = [
Fy(u,0) = Fy(u,v) — | F(u,v) | sin®(u,v).

Then the discrete real non-negative transmission function
of the amplitude hologram can be represented as

T'(u,v) = Z Z /Z:lﬂ(uv)S(u——+k4N1

i) ©
where N X M is the physical size of the discrete holographic
filter. It is important to note that subpixels are arranged along
one of the spatial discretisation directions having a dimension
of N elements. The actual dimension of the implemented com-
plex Fourier filter is (N/4) X M. The response of such a filter
can be found by calculating the inverse Fourier transform of
function (6):

y(x,y)= i i ifk(x—mM,y—nN)exp M]
m=—ocon=—ock=1
i itn(x—mM,y—nN), (7

where f (x, y) is the Fourier transform of the function Fj (u,v);

in(k — 1)7:]. )

4
106 0) = 3 filx = mM.,y — nN)exp|——
k=1

In Eqn (8), the term #,(x,y) is the inverse Fourier trans-
form of the complex function represented by Eqn (4), whence
it can be concluded that #(x,y) = f(x, y). Thus, it is possible to
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find a purely amplitude filter that forms in the object plane an
image of the desired impulse response f(x, y).

The Lee method was further developed in Ref. [40], where,
based on a similar idea, it was possible to realise the complex
function of the Fourier filter with the help of macropixels
consisting of three amplitude SLM subpixels. The key idea is
to represent the Fourier transform of the function f(x,y) as
the sum of three terms:

| F(u,v)|expli®(u,v)] = F(u,v) + F>(u,v)exp(i2n/3)

+ F3(u,v)exp(i4n/3). 9)

Here the non-negative real-valued functions of the kth
subpixel F, (u,v) are given in the form

| F(u,v) |cos @+ 3712

X | F(u,v)|sin @, 0< @< 2n/3,

Fi(u,v) =0, 2m/3 < < 4nl3,
37| F(uv)|sin®@”,  4n/3< &< 2,

(3712 F(u,v) |sin @, 0< d<2m/3,
| F(u,v) |cos @'+ 3712 % 10)

IEOLU)= . (
X | F(u,v) |sin @, 21/3 < @ < 4n/3,
0, 4n/3 < D < 2m,
0, 0< &< 2n/3,
Fy(u,v) = |37 F(u,v)|sin @', 2n/3 < @ < 4n/3,

| F(u,v) [cos @"+ 377
X | F(u,v)|sin ",

4n/3 < P < 2w,

where @' = @ - 27/3; @" = @ — 4n/3. Then the discrete func-
tion for calculating the amplitude hologram in the Fourier
plane of the system can be written in the form

o o 3
Fwv)y= Y > > F(uv)

=—con=—o0k=1

n, k=1 m
><8<u—N+ 3N,’U—M). (11)
It is important to note that in this case, 25% of the spatial
resolution of the filter is saved compared to the original Lee
method.

The disadvantage of the described multipixel methods is
that due to the purely amplitude implementation of the filter
in the plane of the Fourier frequencies, a bright zeroth order
and conjugate image will always be observed in the image
plane. In order to prevent the response image from overlap-
ping with the zeroth order and the conjugate image, an addi-
tional phase slope is added to the Fourier filter function,
similar to the off-axis hologram method discussed below in
Section 4.2. The maximum value of this slope is limited by the
resolution of the SLM. Thus, the resolution of the imple-
mented Fourier filter will not exceed 1/8 of the SLM resolu-
tion in the case of the four-pixel Lee method, and 1/6 in the
case of the three-pixel version.

In the presented methods of the macropixel approach,
spatial-frequency filtering of the image is necessary using the
spatial Nyquist filter, the width of which is determined by the
quantity Au = Af/(ldy) in one of the coordinates and Av = A f/d,,

in the other coordinate. Here / is the number of subpixels in
one macropixel, dj is the pixel size, and f'is the focal length of
the FRL.

4.2. Synthesis of an off-axis amplitude hologram

The holographic method for recording complex light fields is
based on adding a reference beam to the object beam, which
carries information about the complex amplitude of the rec-
orded field, with the aim of forming an interference field to be
recorded with a photosensitive carrier [41]. The resulting hol-
ogram is an amplitude fringe pattern. If such a pattern is illu-
minated with a reference beam, the image of the recorded
object will be restored in the appropriate plane of the system.
Using numerical models of the reference and object beams in
the plane of the holographic carrier, we can calculate the spa-
tial distribution of the interference pattern in the form of a
discrete array of real values. Figure 3 shows the scheme of
recording an amplitude Fourier hologram and subsequent
image formation with a reference beam (dash-dotted lines)
formed by a point radiation source o (x, y) located in the front
focus of the FTL. The object beam (dashed lines) is formed by
the scattering object a(x,y), separated from the reference point
source by a distance A, along the x axis.

FTL F

~
=

T

8}

Ja—
—

Figure 3. Scheme for recording and reading an amplitude Fourier holo-
gram.

A thin layer of the photosensitive material of the plate loc-
ated in the back focal plane of the FTL will record the inten-
sity of the interference pattern of the object and reference
beams in the form of a 2D structure with a distribution of
transmittance values:

L(u,v) o | A (w,0) + Agu,0) [P = |4, ] + [Ag]* + A7 4q

+ A Ag, (12)
where A, (u,v) = const is the amplitude of the reference beam;
and A4(u,v) is the complex amplitude of the object beam,
which can be represented as

Ag(u,v) = F [a(x,y)|(u,v)exp(-i2nA,u).

In the numerical synthesis of the holographic element, the
cross-correlation terms in formula (12) can be excluded, since
they do not contain information useful for reconstructing the
image of an object, and, in addition, they are sources of para-
sitic interference. Then the basic equation for calculating the
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pattern of a computer-generated Fourier hologram (CGFH)
can be simplified in the form

I'(u,v) = Re{F [a(x,y)](u,v)exp(-i2nA u)}. (13)

The function I'(x,y) takes only real values and can be
directly implemented using SLMs with bipolar amplitude
modulation (Fig. 2f). For its implementation using SLMs
with unipolar amplitude modulation (Fig. 2b), the amplitude
shift must be added to the function I'(x, y):

I''(u,v)=T(u,v)+ C, (14)
where
C 2 -minI(u,v). (15)

The resolution of the SLM used to implement the CGFH
function I''(u,v), as well as the presence of a conjugate image,
limit the resolution of the object being realized to (N/2) X M,
where N and M are the numbers of discrete SLM elements
along the axes u and v, respectively [42].

The method based on the synthesis of amplitude holo-
graphic patterns is most often used when implementing com-
plex Fourier filters in coherent 4/ image correlators [43—48].
Illustrative examples of the application of the high-resolution
imaging scheme based on the CGFH are the archive holo-
graphic memory system [49, 50] and the symbolic information
output device in the augmented reality system [51], devel-
oped and studied at the Bauman Moscow State Technical
University.

5. Methods for the formation of a complex
impulse response using purely phase SLMs

A number of authors have shown that in the simplest case,
only the phase component of the Fourier filter function in the
plane of the Fourier frequencies of the system can be used. An
example of possible application of this approach is the imple-
mentation of correlation filters in a coherent 4f correlator
[52, 53]. However, it must be understood that with such an
implementation, part of the useful information is lost and the
brightness of minor elements of the generated response
increases, which does not guarantee the correctness of the
output signal in all possible situations of the designed optical
system functioning. In the case of using an imaging system,
equating the amplitude component of the Fourier filter ele-
ments to the same value will lead to distortions of the gener-
ated scene, consisting, e.g., in enhancing the brightness of
sharp-gradient areas and contours.

5.1. Synthesis of kinoform

In some cases, phase information is not important and it is
necessary to restore only the intensity of the light distribution,
but the high diffraction efficiency of the optical system is imp-
ortant. Examples of such optical devices are coherent imaging
systems for visual observation. In such cases, a method of
synthesising purely phase holograms can be used. In accor-
dance with this method, the image of the object is first encoded

with a random phase mask, while the density of the spatial
frequency spectrum is significantly increased and the ampli-
tude of the zeroth order decreases. Next, a complex impulse
response is calculated. For the physical realisation, only the
phase of such a synthesised hologram is used. In order to
improve the quality of the reconstructed image, iterative syn-
thesis algorithms are used.

The iterative Gerchberg—Saxton algorithm (GSA) [54], as
well as its modifications [55-58], are the most efficient and
frequently used methods for the synthesis of phase kinoforms
of various types. The basic flow diagram of the GSA is shown
in Fig. 4. First, a random phase mask ¢, is added to the amp-
litude a of the digital image of the holographic object. Next,
the iterative algorithm itself is launched, which consists in cal-
culating the inverse integral optical conversion (ITOC) of the
complex amplitude from the object plane to the kinoform
plane (steps 1 and 2), unifying the obtained amplitude factor
A, (n being the iteration number) of the kinoform (step 3), and
calculating the direct integral optical conversion (IOC, step 4),
as well as in the analysis of the amplitude of the reconstructed
image and verification of the fulfillment of the condition for
exiting the loop. As a criterion for exiting the loop, e.g., the
standard deviation o (a,,ay) of the amplitude of the image a,
obtained in step 4 from the amplitude of the original holo-
graphic image ay is used. If the condition for exiting the loop
is not fulfilled, the next iteration is started, and in step 1, a new
complex image function with the amplitude g, and phase ¢,
obtained in step 4 of the previous iteration is formed. If the
condition for exiting the loop is fulfilled, the result of the alg-
orithm execution is the function of the kinoform phase argu-
ment @,, obtained in step 2. Depending on the application
conditions of the synthesised kinoform, the appropriate inte-
gral transformation is selected: Rayleigh—Sommerfeld or its
Fresnel or Fraunhofer approximations, as well as analogues
of these approximations underlying the method of angular
spectrum propagation [11].

Step 2
oC A,exp(i®,)
Step 4 Step 3
a,exp (ipy) 1oc exp(i®,)

Figure 4. GSA flow diagram.

The obvious drawback of iterative synthesis algorithms is
the large time expenditure, as well as the impossibility of gen-
erating a wave with simultaneously specified values of the
amplitude and phase. Therefore, this approach has limited
application to problems where fast recalculation or correction
of the complex impulse response is required.
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5.2. Realisation of synthesised patterns of amplitude
holograms using purely phase SLMs

Transferring the amplitude pattern of a Fourier hologram into
pure phase (bleaching) is a well-known method for obtaining
holograms with high diffraction efficiency. Similarly, it is pos-
sible to realise the amplitude patterns of Fourier holograms
synthesised in accordance with formula (13) by displaying them
on a pure phase SLM:

Ioh(u,v) = exp|i I'(u,v)|, (16)

_a
max I'(u,v)

where «a is the coefficient (in rad), which has the meaning of
the phase modulation depth.

An important problem in this case is the presence of hig-
her diffraction orders in the holographic pattern in the output
light field of the optical system. Thus, it was shown in [59]
that if a Fourier hologram is used to form a high-resolution
image (an image of a binary data page of archive holographic
memory), the presence of higher harmonics during phase mod-
ulation leads to a significant decrease in the signal-to-noise
ratio of the reconstructed amplitude—phase image data pages
with a phase modulation depth greater than n/2. In this case,
the diffraction efficiency for the depth of phase modulation
/2 turns out to be comparable with the diffraction efficiency
of a purely amplitude hologram. Thus, the method of synthe-
sising CGFHs and its implementation using phase-modulat-
ing carriers has a number of limitations when solving high-
resolution imaging problems, especially when exact recon-
struction of the complex values of the spatial distribution
function of the light beam amplitude is required.

When developing a coherent system of correlation recog-
nition, the output useful signal is the image of the area of the
cross-correlation peak, which occupies a small area of the
output light field. The presence of spatial harmonic interfer-
ence arising from the implementation of the GGSF of the syn-
thesised invariant filter using a phase SLM does not actually
affect the signal-to-noise ratio of the detected correlation sig-
nal. In Ref. [60], using an example of the implementation of
an invariant MINACE filter, it was shown that within a phase
modulation depth range n—4xz an increase in the diffraction
efficiency of the holographic filter improves the discriminatory
characteristic of the recognition system compared to the
purely amplitude implementation described in Section 4.2 of
this paper. The minimum error estimated by the
Neyman-—Pearson criterion was observed at a modulation
depth of ~2m and amounted to 2.9 %, which turned out to be
0.7% less than for a purely amplitude implementation of a
holographic filter.

5.3. Double-phase coding method

In Refs [61-63], the possibility of complete complex modula-
tion using a purely phase SLM was shown. In this case, a
macropixel is represented by two subpixels of a SLM. An
arbitrary complex number a(x,y) can be represented on the
unit circle in a complex plane as the sum of two phasors with
the same amplitude:
. 1 . .

a(x,y) = |alexp(ip) = 5 [exp(i0) + exp(i6y)], a7
where 6; and 6, are the phase shifts of the first and second
subpixels of the common macro-pixel. It can be seen from

Figure 5. Presentation diagram of an arbitrary complex number on a
unit circle using two phase-modulating SLM elements.

Fig. 5 that by choosing the values of 8, and 6,, one can obtain
any complex number from the unit circle. This method is also
known as the double-phase coding method. The values of
subpixels can be found, for example, in the form [61]

01=(p+A§07 02=‘P_A<Pa (18)
where
_ |4
Ap = arccosT. (19)

It is worth noting that representation (17) of a complex
number as a sum of two complex numbers with the same real
amplitude was also used in a scheme, in which a complex
impulse response is formed due to the double passage of the
reading beam through different regions of the same phase
modulator [34]. Dividing the total beam in the Fourier plane
into two beams and the appropriate phase manipulations in
each channel made it possible to compensate for the spatial
phase shift in the object plane between these regions and to
obtain the corresponding sum from Eqn (17).

6. Methods for the formation of a complex
impulse response using SLMs with combined
types of amplitude — phase modulation

Theoretical studies [23,24] and [59] showed that the presence
of additive phase modulation can significantly reduce the
signal-to-noise ratio of the output optical signal both for opti-
cal correlation problems and for complex imaging systems
[59]. An accurate measurement of the modulation character-
istic will allow optimisation of the output filter function and
compensation of the resulting distortions [23,24]. This section
discusses some approaches to implementing a complex Fou-
rier filter using devices with combined amplitude-phase mod-
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ulation, such as additive hybrid and bipolar amplitude modu-
lation.

6.1. Optimal projection method

In some cases the complex impulse response of a coherent 4f
correlator can be realised with SLMs having a limited number
of hybrid amplitude and phase modulated states on a unit
circle in the complex plane by searching for the optimal pro-
jection of the Fourier filter complex function on the space of
available states of the modulation characteristic [64—66]. The
idea of this approach is to find the projection of the Fourier
filter complex function on the modulation characteristic of the
SLM, for which the optimisation objective function will be
minimal. As optimisation functions, one can use general met-
rics, such as the L” norm, in particular, the Euclidean distance
L?, as well as metrics specific to correlation recognition. Exa-
mples of the latter are the ratio of the autocorrelation peak
intensity to the total correlation field energy (peak-to-correla-
tion ratio, PCR) and the ratio of the peak intensity to the mean
energy in the surrounding region (peak-to-sidelobe ratio, PSR).
As parameters for choosing the filter projection to represent
the set of its values, the scaling coefficient u and the rotation
parameter ¢ of the set of filter values in the phasor diagram
can be used. The optimisation problem of finding the proj-
ection of the Fourier filter values onto the set of available
SLM states can be described by the expression

N-1
Lope = argmin| > |(Fup) — (lyexp(i)) e |,
Tuipe DV k=0

(20)

where I is the N-dimensional function of the initial Fourier
filter; Iy is the desired optimal function for representing the
holographic filter using SLM; and the argument I',, is the
Euclidean projection of the scaled and rotated filter 4l exp(ip)
onto the surface of possible states of the SLM transmission
function represented by the set D,

In Ref. [49], the problem of implementing Fourier filters
in a 4f correlator of images using SLMs having a spiral, bin-
ary amplitude or binary phase modulation characteristic (see
Figs 2¢, 2d, and 2g) was investigated. It is worth of particular
note, that one of the research results presented in [49] is a
decrease in the error probability of recognition system when
using the synthesised projection of the Fourier filter on the
space of SLM values in the case of a spiral hybrid characteris-

Figure 6. Configuration of SLM elements with bipolar amplitude mod-
ulation for the implementation of a complex filter by the two-element
quadrature macropixel method.

tic of SLM as compared to the system based on the initial
complex Fourier filter.

6.2. Quadrature macropixel method

This method is based on the use of reflective SLMs with bipo-
lar amplitude modulation. This method was implemented
using SLMs with a nematic LC with zero twist [26] and SLMs
with a ferroelectric LC [67—-69]. The essence of the method is
the quadrature representation of a complex number in the
form of the sum

A(u,v) = I(u,v) +10(u,v), 21

where I(u,v) and Q(u,v) are the real amplitudes of the in-
phase and quadrature components of the signal, respectively.
Two adjacent SLM subpixels belonging to one macro-pixel
modulate in-phase and quadrature amplitudes. The shift by
/2 between the subpixels is achieved due to the configuration
of the optical illumination scheme of the SLM, in which the
phase shift between adjacent pixels having the same value is
1/2. In this case, the amplitudes for each second macro-pixel
are taken with the opposite sign (Fig. 6).

The quadrature pixel method was successfully demon-
strated in the implementation of the holographic imaging sys-
tem [67] and was used in the 4f'image correlator scheme [68].

The idea of the optical configuration of the read beam and
the SLM with a quadrature phase shift between adjacent pix-
els in one of the spatial directions was generalised to the ver-
sion with an arbitrary modulation characteristic of the
SLM. The method was demonstrated using a liquid crystal
SLM with a nematic twist structure possessing a hybrid
amplitude-phase modulation [70], similar to that shown in
Fig. 2c.

7. Conclusions

The advantages and disadvantages of the basic methods for
the formation of a 2D complex pulse response of an optical
system using commercially available spatial light modulation
devices with high spatial resolution are considered. A review
of the available SLMs showed that modern fast operating
devices have a spatial resolution of up to 10 megapixels, but
there are currently no means for direct control of the ampli-
tude and phase of the beam. The main types of modulation
available are purely amplitude, purely phase, and hybrid
amplitude—phase modulation. To synthesise the holographic
element structure that implements a given complex impulse
response using a device with a purely amplitude modulation
characteristic, the Lee macropixel method and its improved
versions, the quadrature multipixel method, as well as the met-
hod of synthesis of an amplitude off-axis Fourier hologram
(CGFH) can be used. The latter is the most promising for use,
because it allows the high-precision formation of a complex
impulse response with only two-fold redundancy of the reso-
lution of the SLM.

In the case of a purely phase modulation characteristic
of the SLM, the kinoform synthesis method, the paraphase
encoding method, and the method based on the amplitude
CGFH structures for modulating the phase shift can be used
to form a complex impulse response. The disadvantage of the
kinoform iterative method is the large computing expendi-
tures in the synthesis. The paraphase encoding method, as well
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as the CGFH-based method, allow implementation of the
complex impulse response function with twice the redundancy
of the SLM resolution. When using the CGFH amplitude
structures to modulate the phase shift, the presence of higher
orders can limit the accuracy of the designed system, espe-
cially if the system is used to restore images with high spatial
resolution. However, if the output signal is the correlation
function of the input image and the filter, the CGFH-based
method can lead to an increase in the accuracy of optical data
processing compared to the case of using SLM with a purely
amplitude characteristic.

The use of devices with a hybrid amplitude—phase modu-
lation for the implementation of the GFSF can lead to an
increase in noise and distortion in the output plane of the
optical system. An alternative method for implementing a Fou-
rier filter in this case may be the optimal projection method.
With bipolar amplitude modulation, the quadrature sub-pixel
method with double resolution redundancy can be used to
represent the complex values of the Fourier filter. An impor-
tant feature of this method is the need to orient the SLM
plane with respect to the direction of the read beam, which
provides a phase difference of n/2 between the beams scat-
tered by adjacent pixels.

Thus, the current state of the component base of spatial
light modulation devices in combination with current meth-
ods for the synthesis of holographic elements make it possible
to implement optical systems with a given complex impulse
response function. This circumstance makes it possible to cre-
ate devices for multi-channel parallel data processing and
imaging with a resolution (number of channels) of up to 10°
elements and an update frequency of up to 1 MHz.
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