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Abstract. We report the results of simulations and experiments on 
the formation of light distributions by holograms and diffraction 
elements displayed by digital micromirror devices. Examples of 
successful experiments on the implementation of optical-digital 
systems based on them are demonstrated.

Keywords: digital micromirror device, hologram, diffractive optical 
element, correlator, invariant correlation filter, optical encryption, 
spatially incoherent illumination.

1. Introduction 

A digital micromirror device (DMD) is a microelectrome-
chanical device that allows binary amplitude modulation of 
light [1]. Currently, DMDs are widespread and technologi-
cally advanced devices that have the highest operation speed 
among the available means of spatial light modulation. The 
best serial DMD models provide kilohertz frame rates at a 
resolution of a few megapixels and micron pixel size. High 
speed and spatial frequency characteristics of DMDs deter-
mine the interest to using them in diffractive optical-digital 
systems for various purposes [2] that require the formation of 
specified light distributions and/or spatial filtering. 

This paper presents the results of experiments on the 
implementation of diffraction and holographic elements 
by means of the DMD intended for use in diffraction sys-
tems under both coherent and spatially incoherent illumi-
nation. 

2. Digital micromirror devices 

Modulation by DMDs is caused by the reflection of light 
from an array of micromirrors, on a silicon chip. Depending 
on the control signal, tiltable micromirrors of the DMD 
reflect incident radiation in two directions at angles of about 
±15°. One of the directions corresponds to the state of a 
bright pixel, and the other to a dark one. DMDs provide 
binary amplitude modulation of light at a resolution of sev-
eral megapixels, a frame rate of tens of kilohertz and a pixel 
size of about 10 mm. Such modulation parameters determine 

the possibility of creating relatively compact optical-digital 
diffraction DMD-based information processing systems 
that provide an input transmission capacity of several tens 
of Gbit per second. Of special interest is the use of DMDs 
for fast input into the optical system the diffraction elements 
that determine the system functionality. A significant prob-
lem in this case is the binary nature of the amplitude modu-
lation produced by the DMD, which makes it necessary to 
use different (depending on the system type and purpose) 
approaches to ensure the required parameters of diffraction 
elements. 

In order to determine the practical possibilities of using 
DMD in optical-digital diffraction systems, experiments were 
carried out to implement holographic and diffraction ele-
ments, including: 

– computer-generated and digital holograms that form 
object images (Section 3); 

– computer-generated Fourier holograms (CGFHs) and 
diffraction elements forming responses that correspond to 
correlation filters (Sections 4, 5); 

– computer-generated Fourier holograms forming a cod-
ing response in an optical encryption system (Section 6); 

– computer-generated diffraction elements without spatial 
carrier frequency, forming images of objects (section 7); and

– digital holograms forming images of objects (Section 8). 
During the experiments, holographic and diffraction ele-

ments were implemented using serial Texas Instruments 
0.7 XGA DLP7000 (resolution 1024 ́  768 pixels, pixel size 
10.8 ́  10.8 mm, frame rate above 32 kHz) and Texas 
Instruments Discovery DLP9500BFLN DMDs (resolution 
1920 ́  1080 pixels, pixel size 10.8 ́  10.8 mm, frame rate above 
23 kHz). Their photos are presented in Fig. 1. 
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Figure 1. DMDs: (a) Texas Instruments, model 0.7 XGA DLP7000, 
resolution 1024  ́   768 pixels, frame rate above 32 kHz; (b) Texas 
Instruments, Discovery model on DLP9500BFLN chip, resolution 
1920  ́   1080 pixels, frame rate above 23 kHz.
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3. Implementation of computer-generated 
Fourier holograms 

Currently, methods for computer-aided synthesis of holo-
grams have received significant development [3 – 5]. For a 
given 2D distribution h, an off-axis computer-generated 
Fourier hologram can be obtained in the standard way using 
the formula 

Hholo (x, y) = Re [H’ (x, y)] – min{Re [H’ (x, y)]},

where 

H’ (x, y) = H(x, y) exp[– i2p(Dxx + Dyy)];

H(x, y) is the Fourier transform of the matrix h; and Dx and 
Dy are the displacements of the image h from the optical axis. 
Image reconstruction can be performed numerically by calcu-
lating the Fourier transform of the function of the hologram 
Hholo (x, y), as well as optically in a coherent Fourier cascade 
scheme. Figure 2 shows the results of computer synthesis of 
Fourier holograms and numerical reconstruction of a 
greyscale image using them. The hologram is a greyscale 
raster image with a greyscale depth of 8 bits (levels from 0 
to 255). 

The results of studying the capabilities of computer-gener-
ated Fourier holograms for reconstructing images and syn-
thesising light beams with a given distribution of a complex 
amplitude demonstrate that when implemented using purely 
amplitude modulating means, the signal-to-noise ratio for the 
reconstructed signal is determined by the dynamic range of 
the carrier modulation producing the synthesised hologram 
[6]. When such a hologram is formed using a DMD, it is bina-
rised, and the consequent reduction in the quality of the 
reconstructed light distribution relative to the initial one 
should be made minimal. In this case, it is necessary to sepa-
rate two fundamental possibilities: the use of binary rasterisa-
tion for representing gradations of pixels and the use of direct 
binarisation of pixels [7 – 9].

In binary rasterisation, each pixel of the initial hologram 
is represented by several binary DMD subpixels, and so to 
represent m2 + 1 sampling gradations of an N ´ N hologram, 
an mN ´ mN DMD is required. Direct binarisation methods 
are ‘more economical’ from the point of view the DMD size, 

since in this case, to output an N ´ N hologram, a DMD of 
the same size is required. However, limiting the number of the 
hologram quantisation levels to 2 leads to an increase in the 
quantisation noise in the signal generated by the hologram. 
To reduce the effect of quantisation noise on the output sig-
nal, various binarisation methods can be used, such as the 
global threshold methods (e.g., the Otsu method [10]) that use 
a single threshold value for the entire image, and the adaptive 
binarisation methods, in which the threshold is calculated for 
each image pixel based on statistical characteristics of the 
neighbouring pixels brightness [11, 12]. The choice of the 
binarisation method is determined in each case by the proper-
ties of the object and the conditions for using the synthesised 
hologram. Figure 3 illustrates the work of some binarisation 
methods. 

Figure 4 shows the results of binarisation of the Fourier 
hologram shown in Fig. 2 and the numerical reconstruction 
of an image from it. For binarisation the adaptive Bradley 
method [12] was used. It should be noted that the binary rep-
resentation of holograms always reduces the quality of the 
reconstructed distributions relative to the initial ones (Fig. 
4b), but in this regard, it is worth mentioning the possibilities 
of using widely known and actively developing methods for 
improving the quality of image reconstruction from Fourier 
holograms. One of these methods is multiplexing, applicable 
for any objects [13]; a multiplexed hologram is a set of identi-
cal holograms arranged symmetrically [14]. This approach 
allows getting the best-quality hologram image reconstruc-
tion. For holograms of purely amplitude objects, the effi-
ciency can be improved by adding a random phase shift for 
each pixel [15]. Worth of particular consideration is the prob-

a b

Figure 2. Computer-generated Fourier hologram for greyscale image: 
(a) central part of the hologram and (b) numerically reconstructed im-
age (hereinafter, the first diffraction order).

a b c d

Figure 3. (a) Fragment of the original hologram, the same fragment (b) 
binarised by the Otsu method and (c, d) represented by random rasters 
with (c) five and (d) 17 gradations.

a b

Figure 4. (a) Hologram binarised by the Bradley method shown in 
Fig. 2a, and (b) result of numerical reconstruction of the image of a 
greyscale object from it.
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lem associated with the presence of phase distortions due to 
the non-flatness of the matrix and the protective glass of the 
DMD [16], but to the more advanced models of the DMDs 
this drawback is less inherent. 

Figure 5 schematically shows an experimental setup for 
image reconstruction with Fourier holograms realised by 
means of DMDs. A plane-wave laser beam form the collima-
tor consisting of a microlens L1, a micro aperture, and lens L2 
illuminates the surface of the DMD. An image corresponding 
to a computer-generated hologram is displayed on the DMD. 
The modulated beam reflected by the DMD is directed to lens 
L3, in the rear focal plane of which the original image recon-
structed in diffraction orders can be observed. 

Figure 6 shows the result of an experiment on the optical 
reconstruction of a greyscale image of a binarised computer-
generated Fourier hologram. Despite the significant noise 
level, the image reconstructed by the hologram is of satisfac-
tory quality, the elements of the displayed object can be easily 
extracted using known image processing tools. 

4. Implementation of invariant correlation filters 

The main advantage of the implementation of the correla-
tion method of image recognition based on invariant opti-
cal-digital diffraction correlators is the high processing 
speed and energy efficiency of the calculations, achieved pri-
marily by using DMDs. From the moment the idea of an 

optical correlator came to the latest impressive successes in 
this field, the main requirements are for the speed and reso-
lution of the DMD used to load the input scene and the ref-
erence function [17 – 26]. Thus, a coherent correlator based 
on modern DMDs can have up to several million parallel 
channels with a switching rate of tens of kilohertz, which 
provides equivalent operation speed of the order of 
1012 – 1014 operations s–1 (operations per second), its power 
consumption being ~10 W. The corresponding energy effi-
ciency will exceed 1011 operations s–1 W–1. For comparison, 
supercomputers from the top of the Green500 list have a 
computational efficiency of no more than 1.7 ´ 1010 opera-
tions s–1 W–1. 

The work of an optical correlator is based on solving the 
problem of generating the impulse response of the optical sys-
tem corresponding to the reference object, both for systems 
with a filter in the frequency plane and for systems with joint 
spectrum registration. At present, instead of the classical 
approach, which consists in implementing a matched filter 
with a high sensitivity to distortions, various types of invari-
ant filters are used that are synthesised based on a set of refer-
ence images subjected to an a priori known type of distortion 
[17]. As a rule, an invariant filter is a complex-valued object. 
To form the corresponding complex impulse response of the 
optical system of the correlator in practice, methods should 
be used that take into account the characteristics of the DMD 
used. In this section of the paper, invariant filters are consid-
ered for coherent correlator schemes with filtering in the fre-
quency plane (4f configuration), which, however, does not 
exclude the possibility of generalising the results, including 
for schemes with registration of a joint spectrum or for vari-
ous versions of incoherent schemes. The experimental imple-
mentation of one of the incoherent schemes is presented in 
Section 5. 

An effective way to obtain an invariant filter is computer 
synthesis of the corresponding holographic filter (HF), viz., 
the Fourier hologram of the original invariant filter, used, 
like the Van der Lugt filter, as a spatial frequency filter. The 
synthesis of HFs is similar to the synthesis of Fourier holo-
grams considered in Section 2, and in the same way, to display 
a HF to a binary DMD, it is necessary to use binarisation 
methods [8, 9, 27 – 31]. Due to the resulting limitations on the 
dimensionality of processed images, the use of binary screen-
ing in the synthesis of an invariant filter, as a rule, is not effi-
cient for improving the quality of recognition in the optical-
digital correlator. Using multiplexing is almost impossible or 
complicates the scheme, and since the invariant filter is a com-
plex-valued object, one cannot use the random phase mask 
method in the synthesis of HF. Nevertheless, in some cases it 
is possible to select the direct binarisation method, which pro-
vides the best result for this type of filter; in particular, in 
[8, 9], when recognising contour images, a significant improve-
ment in the quality of recognition was demonstrated in com-
parison with the initial filter for HF binarisation by the global 
Otsu threshold method. Figure 7 shows an example of an 
invariant filter with a maximum height of the correlation 
peak [32], as well as the results of its numerical and optical 
reconstruction from the corresponding Fourier hologram 
binarised by the Bradley method. 

Another way to implement invariant filters is based on the 
idea of adapting the filter to the modulation characteristic of 
the DMD and consists in searching for the so-called optimal 
projection of the Fourier transform of the filter on the values 

L3

L2
L1

Spatial light modulator

Aperture

Camera

Laser

Figure 5. Experimental setup for reconstructing images from Fourier 
holograms.

Figure 6. (Colour online) Result of the optical reconstruction of the im-
age from the synthesised hologram shown in Fig. 4a. 
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available for modulating DMD. In this case, the minimum 
Euclidean distance from the filter to its projection, as well as 
the estimation of the recognition error, can serve as a criterion 
of optimality. The optimisation parameters are the phase and 
amplitude factors common to all filter [ixels, which respec-
tively rotate or scale the position of the values of the pixels of 
the Fourier transform of the filter on the modulation dia-
gram. The problem of overlapping correlation and convolu-
tion regions arising with this approach is solved by introduc-
ing additional phase factors at the stage of obtaining the pro-
jection, which form the spatial carrier. 

Figure 8 shows an example of the implementation of an 
optimal filter projection with a minimum of noise and corre-
lation energy [33, 34] using a DMD. Euclidean distance opti-
misation is performed using the gradient descent method; the 
filter provides recognition invariance during spatial rotation 
of the object in the range of 180°. Despite the fact that such a 
method does not guarantee an exact correspondence of the 
amplitude and phase of the optical system to the amplitude 
and phase of the initial filter, in some cases the projection of 
the filter provides better recognition characteristics than the 
original filter [34]. 

5. Experimental implementation of the optical 
correlator based on the DMD in incoherent light 

The combination of the characteristics of the DMD provides 
grounds to believe that modern DMDs can be successfully 
used as devices for the operational display of hologram filters 
in optical correlator setups not only under coherent illumina-
tion. 

The optical correlator with the of filters displayed on the 
DMD [35, 36], used in the work for the operative recogni-

tion of objects, was constructed according to the scheme 
with only one lens to form the correlation distribution. The 
use of such a scheme is especially advisable when recognis-
ing objects in spatially incoherent light. In the output plane 
of the correlator, a correlation signal is formed in intensity 
rather than in amplitude, as in a coherent correlator, which 
eliminates phase distortions that affect the quality of the 
correlation signal.

The experimental setup is schematically shown in Fig. 9. 
Coherent radiation from a source ( 1 ) passes through a colli-
mating system (microlens 2, aperture, and lens 4 ), in which a 
rotating ground glass ( 3 ) is used to destroy the spatial coher-
ence of radiation. A transparency ( 5 ) with the image of the 
test object located in the input plane of the correlator is illu-
minated by spatially incoherent radiation, which is then 
reflected from a DMD ( 6 ) (Texas Instruments 0.7 XGA 
DLP7000) with the displayed holographic filter, synthesised 
on it in advance for the necessary reference object. A camera 
( 8 ) is located in the output plane of the correlator to register 

a b

c d

Figure 7. (Colour online) (a) Images of the object for which the correla-
tion filter (CF) was synthesised; (b) amplitude distribution of the CF 
with the maximum height of the correlation peak, ensuring recognition 
invariance when turning in the plane of the object; (c) result of the HF 
numerical reconstruction; (d) result of the optical reconstruction of the 
HF using the DMD.

a b c d

e f

Figure 8. (Colour online) (a) Object for which CF is synthesised, (b, c) 
distributions of (b) amplitude and (c) phase of the Fourier transform of 
the CF with a minimum of noise and average correlation energy, (d) 
distribution of the binary amplitude of the optimal projection on the 
modulation characteristic of the DMD, and (e, f) response of the opti-
mal projection, corresponding to the initial CF [(e) experiment and (f) 
calculation].
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Figure 9. Schematic of the  experimental incoherent holographic cor-
relator setup based on the DMD: ( 1 ) laser; ( 2 ) microlens with a dia-
phragm; ( 3 ) rotating ground glass; ( 4 ) collimating lens; ( 5 ) transpar-
ency with an object to be  recognised; ( 6 ) DMD with a holographic fil-
ter displayed on it; ( 7 ) lens; ( 8 ) recording camera; ( 9 ) zeroth diffraction 
order (image of the object); ( 10 ) first diffraction order (region of the 
correlation signal).
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the structure formed by a lens ( 7 ), including the zeroth order 
( 9 ) (image of the object) and the first diffraction order ( 10 ) 
(region of the correlation signal). From the presence of a 
localised intense peak in the first diffraction order, it can be 
concluded that the spatial characteristics of the reference and 
recognised objects coincide. 

As test recognised objects, various contour images were 
used. Figure 10 shows the recognition results in the case 
when the input object remained unchanged, and hologram 
filters synthesised for various objects were sequentially dis-
played on the modulator. When the shapes of the input and 
reference objects coincide, a recognition signal is observed 
(Fig. 10a). If the scale of the objects (the reference object is 
larger than the input) and the shapes of the objects (the ref-
erence object is the contour of a fish) do not coincide, there 
are no localised correlation peaks (Figs 10b and 10c, respec-
tively). Thus, the operation of incoherent correlator was 
demonstrated in the case of dynamically changing recogni-
tion parameters. The use of a DMD in such system provides 
the ability to perform tens of thousands of correlation com-
parisons per second. 

6. Optical encryption of information using the 
DMD 

The prospects of optical encryption methods [37 – 46] are due 
to the high security level provided by the 2D encryption keys 
combined with the high operation speed of optical methods. 
Since the creation of a high-speed encryption system requires 
the use of the fastest input devices, the use of DMDs in this 
case is preferable. 

The experimental setup for optical encryption with spa-
tially incoherent illumination based on two DMDs is shown 
in Fig. 11. 

A 200 mW Nd :YAG laser with a radiation wavelength of 
532 nm was used as a source of monochromatic illumination. 
Spatial coherence was destroyed by a rotating ground glass 
(RGG). The encryption scheme was based on the classical 4f 
architecture. DMD1, used for information input, was in the 
front focal plane of the lens L3. DMD2, which served to out-
put the synthesised holograms forming the encryption 
response of the system, was located in the rear focal plane of 
the lens L3 and in the front focal plane of the lens L4. Two 
Texas Instruments 0.7XGA DLP7000 DMDs had 1024 ́  768 
pixels (pixel size 10.8 ́  10.8 mm). The Canon EOS 400D cam-
era with a matrix of 3888 ́  2592 pixels (pixel size 5.7 ́  5.7 mm) 
was located in the rear focal plane of the lens L4 and recorded 
encoded images, which were an optical convolution of the 
image displayed on DMD1, with the response of the encoding 
hologram displayed by DMD2. 

The encoded binary image displayed on the DMD1 is 
shown in Fig. 12a. A coding computer-generated binarised 
amplitude Fourier hologram containing 300 ́  300 pixels and 
displayed on the DMD2 is shown in Fig. 12b. Figure 12c 
shows the response of the hologram in the first diffraction 

a b c

Figure 10. (Colour online) Images of signals at the correlator output (a) when the input and reference objects coincide, (b) when the scale of the objects 
does not match (the reference object is larger than the input one) and (c) when the objects are different (the reference object is the fish contour).
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DMD2
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Camera
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Figure 11. Schematic of the experimental setup for optical encryption 
with spatially incoherent illumination based on two DMDs.

a b c

Figure 12. (a) Encoded binary image, (b) encoding amplitude Fourier 
hologram and (c) its response in the first diffraction order.

a

b

Figure 13. (a) Coded and (b) decoded images.
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order. The coded image is shown in Fig. 13a. Decoding was 
carried out numerically by the inverse filtering method with 
Tikhonov regularisation [47]. The decoded image is shown in 
Fig. 13b. The visual quality of the decoded image is suffi-
ciently high; the normalised standard deviation from the orig-
inal is 0.18. 

Thus, the possibility of a high-speed encryption system 
based on DMDs was experimentally demonstrated. 

7. A binary amplitude diffraction element  
without spatial carrier frequency

The main disadvantages of the DMDs as compared to liquid 
crystal spatial light modulators (SLMs) are the impossibility 
of modulating the light phase and the binary nature of the 
modulation. In fact, the only diffractive optical element 
(DOE) suitable for the display on the DMD is a binary 
amplitude hologram. The disadvantages of such holograms 
include low diffraction efficiency of the order of 2 % – 4 %, as 
well as the presence of undesirable diffraction orders, which 
requires their spatial separation and, accordingly, reduces 
the useful area of the reconstruction field.

To eliminate these disadvantages, a method for the syn-
thesis of self-focusing amplitude DOEs without a spatial car-
rier frequency was proposed and tested. Such a DOE when 
illuminated by a spherical diverging wave of a certain radius 
of curvature at a given distance forms the required light distri-
bution. The DOE synthesis method is based on an iterative 
algorithm similar to the Gerchberg – Saxton algorithm [48], 
with the differences that the synthesised DOE is amplitude 
rather than phase, and the incident wave front is diverging 
spherical. An example of a synthesised binary DOE without a 
carrier spatial frequency is shown in Fig. 14a, and its recon-
struction field is shown in Fig. 14b. The DOE size was 
1024 ́  1024 pixels, the synthesis error was 7 %, and the dif-
fraction efficiency was 8 %. The result of optical reconstruc-
tion of DOEs using a Texas Instruments Discovery 
DLP9500BFLN DMD is shown in Fig. 15. 

8. Use of DMD for optical reconstruction  
of scenes from digital holograms

At present, digital holography means the optical recording of 
the interference pattern from the object and reference waves 
by the digital matric registrar [49]. It is possible to reconstruct 

the image of an object from the obtained digital hologram 
numerically (using a computer) [50] and optically (when illu-
minating holograms displayed on SLMs) [51]. For most of the 
parameters, especially for frame speed, the DMD is a very 
preferable option for displaying holograms [2], which finds 
application in the problems of creating displays [52], in char-
acterising light-scattering media [53], etc. 

Since digital holograms are recorded by cameras, in which 
the brightness gradations are usually hundreds or thousands, 
then to display holograms on the DMD, one must first bina-
rise the resulting image, as in the case of computer-generated 
holograms [8, 9]. When registering digital holograms of vari-
ous objects, such binarisation methods are most applicable as 
introducing a local [7] or global threshold [7], using the stan-
dard [54, 55] or the point diffusion error operation [56], etc. In 
this case, it is necessary to take into account such parameter 
as the binarisation runtime. While the processing of a digital 
hologram with a size of 2048 ́  2048 pixels using global binari-
sation methods based on the analysis of histograms takes mil-
liseconds on a standard computer, some cluster methods take 
~10 s [52], which may require additional computing power, 
including CUDA-type software architectures [56], graphic 
processors [56], programmable circuits [57], etc. All this leads 
to the need to find a compromise between the quality of the 
reconstructed images, diffraction efficiency, binarisation 
speed, and rate of hologram displaying on the DMD. 

A fragment (128 ́  128 pixels in size) of an optically regis-
tered digital Fresnel hologram of a diffuse object in its initial 
greyscale form and its numerically reconstructed image are 
shown in Fig. 16. A fragment of a hologram of the same size 
binarised by the Niblack method [58] and its numerically 
reconstructed image are shown in Figs 17a and 17b. The opti-
cal implementation of the reconstruction of images from digi-
tal holograms was carried out on a setup whose scheme is 
similar to that shown in Fig. 5; however, the image was 
recorded in the Fresnel diffraction zone. An example of image 
optically reconstructed from a binarised hologram displayed 
on the DMD is shown in Fig. 17c. 

9. Conclusions

Thus, we present the results of simulations and optical exper-
iments on the reconstruction of light distributions by holo-
grams and diffraction elements realised using the DMDs, and 
demonstrate possible options for optical-digital systems 

a b

Figure 14. (a) Synthesised DOE without the carrier spatial frequency 
and (b) its calculated response.

Figure 15. Result of the optical reconstruction of the DOE shown in 
Fig. 14a.
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based on them. As can be seen from the results of the exper-
iments, the DMDs provide the reconstruction of the given 
light distributions with an acceptable quality comparable 
to the quality in numerical simulation. The main problem 
of using the DMDs in the construction of optical-digital 
systems is the negative effect of the binary representation 
of the holograms and diffraction elements on the quality of 
the reconstructed light distributions. However, in a signifi-
cant number of cases, the binary character of the modula-
tion in the DMDs can be taken into account and to some 
extent compensated in the synthesis of holograms and dif-
fraction elements. The main advantages of the DMD, 
namely, high speed and spatial resolution, currently pro-
vide the possibility of implementing optical-digital systems 
for various purposes, with a transmission capacity of tens 
of gigabits per second.
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