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State of the Art in Holographic Displays: A Survey

Fahri Yaras, Graduate Student Member, IEEE, Hoonjong Kang, and Levent Onural, Fellow, IEEE

Abstract—True-3D imaging and display systems are based
on physical duplication of light distribution. Holography is
a true-3D technique. There are significant developments in
electro-holographic displays in recent years. Liquid crystal, liquid
crystal on silicon, optically addressed, mirror-based, holographic
polymer-dispersed, and acousto-optic devices are used as holo-
graphic displays. There are complete electro-holographic display
systems and some of them are already commercialized.

Index Terms—Holographic displays, digital holography,
real-time holography, spatial light modulators (SLMs).

I. INTRODUCTION

N THIS PAPER, we examined the current state of the art
I in holographic display technologies. 3D displays are ex-
pected to have a significant impact in various areas over the
next decade. Although the basic stereoscopic 3D displays have
been readily available for almost two decades, they failed to be-
come a commercially successful consumer product. A reason
for this is the viewing discomfort associated with stereoscopic
approaches. Almost all currently available 3D displays are still
stereoscopic. Although the advanced techniques, such as eye-
tracking, may reduce the discomfort to a certain degree, it is
impossible to eliminate it totally due to the fundamental prin-
ciples of stereoscopy. “True-3D” systems in which none of the
restrictions on the viewer exists due to physical duplication of
light distribution, is more desirable and superior compared to
stereoscopy; however such display systems are much more com-
plicated. Holography is a sophisticated true-3D method. More
research is needed to overcome technological difficulties asso-
ciated with holographic displays.

Holography is first presented in 1948 by D. Gabor
(1900-1979) [1]-[3] to avoid aberrations in electron mi-
croscopy. However, since the quality of the images was not
satisfactory, holography lost its popularity. After the develop-
ments in laser technologies, holography came forward again.
Leith and Upatnieks [4]-[6] developed the off-axis holography
and then Denisyuk invented the thick reflection holograms by
combining the ideas of Gabor and Lippmann [7], [8]. Lohmann
and Paris generated a hologram by using a digital computer in
1967 [9]; calculated holograms are printed on a transparency.
Goodman and Lawrence proposed the idea of digital holog-
raphy in 1967 [10] and in 1980 Yaroslavskii and Merzlyakov
introduced the fundamental theory of digital holography.
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There are some articles, surveys and reported workshops that
are related to holography and its applications in the literature
[11]-[17]. However over the years they became outdated and
new technologies and methods emerged. Although we cited
some of the old papers for the sake of completeness, the bulk
of the paper is based primarily on recent publications. This
paper will be useful to researchers in the field since it will
provide a better understanding of the current state of the art;
this will then guide subsequent research to a more meaningful
direction. Secondly, the survey will contribute to the efficiency
of research by preventing unnecessary duplication of already
conducted research.

In this paper we first discussed technical issues. Spatial
light modulators (SLMs) using liquid crystal, liquid crystal
on silicon (LCoS), optically addressed, mirror-based, and
holographic polymer-dispersed and acousto-optic devices are
presented in Section II. We include recent publications on these
topics and give detailed information on their operating prin-
ciples and drawbacks. We report current electro-holographic
display systems in Section III. Some of the holography related
display methods, which can not be classified as purely holo-
graphic techniques, are included in Section III-H; these include
holographic screens and some hybrid techniques. Finally, we
present a critical analysis in the conclusion section.

II. TECHNICAL ISSUES IN ELECTRO-HOLOGRAPHY

A. An Overview

Conventional holographic films offer full-parallax and excel-
lent resolution which is in the order of thousands of lines/mm.
However such a resolution is not yet possible for electro-holo-
graphic recording. Another difficulty arises due to pixellated
structures. Compared to wavelength of the visible monochro-
matic light, pixels are not small enough to yield sufficient
viewing angles. Recent achievements in new generation of high
efficiency liquid crystal devices have provided new tools for
electro-holographic reconstructions from digital holograms.

Several approaches for electro-holographic reconstructions
are reported. Holographic reconstruction by liquid crystal
devices is one of the most common methods. Bauchert, Serati,
and Furman [18] reported advances in liquid crystal SLMs.
According to them, these improvements include higher pixel
density, smaller pixel period, greatly improved optical effi-
ciency, and higher speed operation. The progress in liquid
crystal on silicon (LCoS) SLMs and their applications were
presented by Michalkiewicz et al. [19]. In their work, they
discussed several issues connected with electro-holographic
reconstruction of digital holograms by means of LCoS de-
vices. Moreover, various applications of digital holography
that also include holographic reconstructions by SLMs were
reviewed by Frauel ef al. [20]. The presented applications cover
three-dimensional (3D) imaging and the problems associated
with it. Holographic reconstructions using reflective liquid
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crystal devices (LCDs) together with a light-emitting diode
(LED) reference light are discussed in [21]. They presented
the setup and results for electro-holographic reconstructions
that are illuminated by a LED. For electro-holography, another
approach is time and space multiplexing of SLMs. Shimobaba
et al. [22], [23] analyzed an electro-holographic reconstruction
method for a color 3D object, using time division switching of
reference lights. A color 3D object is divided into red, green
and blue components and they compute three computer-gen-
erated holograms (CGHs) from those components. A single
LCD displays the CGHs in sequence at a total refresh rate
of about 100 Hz. In [24]-[26], Sato et al. proposed another
time-multiplexed holographic color display system that uses a
high-resolution reflective LCD which consists of a 1920x 1080
array of square pixels with a pixel period of 8.1 um. They used
red, blue, and green lasers for illumination and high quality
moving 3D color images are reconstructed by the developed
holographic system. Moreover, the viewing zone is enlarged
up to about 20 degrees by adopting a 6-channel LCD. Results
of the color holographic system and possible further modifica-
tions are also discussed by the authors. The main differences
between the system presented in [22], [23] and [24]-[26] are
light sources and time-multiplexing methods. In [24]-[26] red,
green, and blue lasers and an electronic shutter are used. On
the other hand, in [22], [23] they use LEDs as light sources
and replace the electronic shutter with directly switched LEDs.
Another color holographic display system was proposed by
Ito and Okano [27]. In this paper, the space-division method
is used and three colored reference light beams illuminate a
single SLM. In recent papers [28], [29], Ohmura and collab-
orators proposed a method to increase the viewing angle of
the hologram by using a single spatial light modulator driven
by a mirror module. With the help of the proposed method
they doubled the resolution along the horizontal direction. As
a result, the horizontal viewing angle was also doubled. In
[30]-[33], Takano, Minami, and Sato developed a method for a
color electro-holographic display system. A metal halide lamp
and three SLMs were used and they made a comparison with
systems that use lasers as light sources. In subsequent papers
by Sato and Takano [34], [35] a full-color electro-holographic
3-D display system employing LEDs is presented, and a virtual
image reconstruction technique is studied. In addition, they pro-
posed that direct and independent drives on LEDs through RGB
waves bring ease to the adjustment of white balance, and a wide
viewing angle can be attained. Another full-color holographic
projection system by using the original parts of a projector is
presented by Yamaguchi, Okabe and Yoshikawa [36], [37].
They used Fresnel holograms to speed up their system [37].
Reflective-type LCoS SLMs were also used by Moon and Kim
in [38], [39]. Contrary to the three-SLM method, a full-color
image pattern using a color wheel, by using only one LCoS
SLM for full-color reconstruction of a 3D object is presented.
The LCoS technology and LED illumination are used by Yaras
et al. [40], [41]. In their work phase-only SLMs are used for
reconstructions from inline phase holograms that are calculated
by the Gerchberg—Saxton iterative algorithm. They have shown
that reconstruction of 2D objects whose sizes are larger than
SLM size is possible. Not only single plane 2D objects but also
several objects in different depths are reconstructed using phase

JOURNAL OF DISPLAY TECHNOLOGY, VOL. 6, NO. 10, OCTOBER 2010

holograms by superposing their complex diffraction patterns. A
group from Barcelona University combined two LCDs and they
are used to display full complex Fresnel holograms [42]-[44].
One of them is working in real-only mode and the other is imag-
inary-only. In another paper, they used one of the modulators
in amplitude-only mode and the other one in phase-only mode.
They claim that it is possible to obtain full complex modulation
by combining two configurations of the modulators, such that a
larger part of the complex plane is densely covered.

There are some groups who are studying the phase-only
holograms. The paper [45] gives an overview of using synthe-
sized phase (SP) objects instead of amplitude-only or amplitude
and phase objects. They used an iterative algorithm to calcu-
late object-dependent phase distributions of SP-objects. They
suggested to use this method for pattern recognition problems
in hybrid optical-digital 4F correlators. Although their scope
is different then holographic displays, iterative algorithms for
calculating synthesized-phase objects are interesting. They also
published their experimental results in another paper [46]. Yet
another paper from this group [47] describes the calculation
of double-phase holograms (DPHs) by two different iterative
methods. They reported that by using either one of the two
methods, the reconstructions can reach up to 50 percent of the
full size of a diffraction order of the reconstruction. They have
also shown that reconstructed images can also be observed in
(4+1/2 or —1/2) diffraction orders together with the 0, +1, and
—1 orders.

Phase holograms (kinoforms) have significant advantage
over amplitude holograms when diffusely illuminated objects
are used [48], [49]. The kinoform preserves only the phase
information of the complex field. The main advantage of the
kinoform is the high diffraction efficiency that theoretically can
reach 100 percent. A high-resolution kinoform can be fabricated
with lithography techniques. Real-time kinoform generation
is reported in [50]. Another paper [51] focuses on kinoform
synthesis using “two” object-dependent filters (amplitude and
phase), that are on the object plane rather than one phase filter
as usual, in the process of iteration. Two filters give two degrees
of freedom and this accelerates the convergence and gives less
amplitude variance in the reconstructed image. They have also
stated that the described method is the most efficient one for
binary objects and it is generalized for off-axis kinoforms.
Another paper from the same group [52] focuses on similar
problems as the previous one but they have used weighting
coefficients in the amplitude filter and control the amplitude of
the object in this case. Encoding many intensity distributions
into a single phase-only hologram is the topic of the paper by
Makowski et al. [53]. Fully customizable object planes can be
located at different positions. In their experimental results they
used eleven object planes and compared their results for two
holographic methods: photographic and electron beam lithog-
raphy. Moreover, the paper by Nakamura et al. [54] proposes
a numerical method to get complex amplitude distribution of
a 3D object from a digital hologram. The proposed method
contains two processes: first they record the hologram of a
3D object by two image sensors; after this process they get
the phase. The second process is used to determine the phase
distribution by an iterative algorithm. There are two constraints
used in the algorithm: reconstructed 3D object is in focus and its
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(b)

Fig. 1. Pictures of the dynamic holographic stereogram. (a) Curved array of
SLMs mounted without upper arms. (b) Whole system with electronic con-
trollers [57]. (J. Hahn, H. Kim, Y. Lim, G. Park, and B. Lee, "Wide viewing
angle dynamic holographic stereogram with a curved array of spatial light mod-
ulators," Opt. Express, 16, 12372-12386 (2008),© 2008 OSA. Reprinted with
permission.)

conjugate is out of focus. They have also shown the numerical
and experimental results of the proposed algorithm.

A zeroth-order suppression method is proposed by Palima
and Daria [55]. They introduce corrections to the phase-only
CGHs. Corrections are made by designing a hologram to
produce a tailored light pattern and they used a corrective beam
that destructively interferes with the zeroth-order beam. With
the help of the proposed technique, removal of the zeroth-order
beam due to partial reflection from the SLMs protective glass
plates and coatings is also achieved. Yet another group from
Korea, who are mostly specialized for integral imaging, pro-
posed a novel full parallax viewing-angle enhanced computer
generated holographic 3D display system [56]. They also
implemented the proposed system by combining a micro-lens
array and colorized synthetic phase holograms displayed on
a phase-type spatial light modulator. In order to analyze the
viewing-angle limitations of their 3D display system, they
provide some theoretical background and introduce a simple
ray-tracing method for 3D image reconstruction. With the help
of proposed method they report continuously varying full par-
allax 3D images with a viewing angle of about 4-6°. Another
novel design of holographic display is proposed by the same
group, recently [57]. Their system is described as a kind of
holographic stereogram with a curved array of SLMs (Fig. 1).
Based on the fundamental idea of the holographic stereogram,
each SLM in the system is individually transformed to display
the local angular spectra of object wave in the curved array of
SLMs. Each SLM is reconfigured so that the optical structure
is simplified and the light power loss is reduced. They reported
that this design improves the viewing angle of holographic
display and the loss of light power is significantly reduced. With
this method, they achieved a viewing angle of about 22.8°.

A SLM-based implementation of a method to create complex
valued holograms by using two cascaded phase diffractive op-
tical elements (DOEs) have been presented by Jesacher et al.
[58]. By diffracting the light from two successive phase holo-
grams that are located in conjugate Fourier planes, they can pro-
gram both spatial amplitude and phase distributions indepen-
dently. They also show that the obtained light efficiency is close
to 100 percent.

For all these holographic applications, SLMs are among the
most popular devices. SLM is a device that can modulate light
in a prescribed way, based on its input control parameters. The
two main types are optically and electrically addressed SLMs.
With an optically addressed SLM a coherent light source is used
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to write the prescribed spatial pattern onto the SLM. The SLM is
then used to modulate the light from a different monochromatic
light source. Electrically addressed SLMs can convert electrical
signals into an interference pattern. Typically, electrically ad-
dressed SLMs are popular since they are readily addressed from
a computer. Existing types of SLMs include LCDs, acousto-op-
tical displays and digital micro-mirror devices (DMDs). The
main requirements of an SLM to be used in digital holography
are that they should be fast, have high transmittance and provide
a good optical efficiency [59].

The wavefront of an optical field can be controlled by using
liquid crystal devices [42]-[44], [60]-[67]. Moreover, this can
be done in real time. To drive a liquid crystal display, we need
two inputs. One of them is the applied voltage to the pixel. The
other input is the polarization state of the incident light. Another
factor that determines the wavefront obtained by using a liquid
crystal display is its configuration. There are three common con-
figurations used to display images on a LCD. First one is called
the “high-contrast (HC)” method [42]. In this configuration the
aim is to achieve highest contrast ratio, but there may be a signif-
icant phase modulation. The second one is called the “amplitude
mostly” method [42]; it is used to modulate the amplitude, but
its contrast ratio is lower than HC configuration and also there is
still a small phase variation on the output wavefront. The third
one is the so-called “phase-mostly” configuration [42]; it pro-
vides phase modulation but there is always a small variation in
amplitude, as well. Several methods are proposed to modulate
a wavefront by using the above mentioned LCD configurations.
One of them is to codify the complex information to be dis-
played on a single device within its limited capabilities. Birch
et al. used a 128 by 128 analog ferroelectric liquid crystal SLM
and to achieve full complex modulation in the Fourier plane they
used two pixels as a macro pixel [62]. One of the pixels is used
for the real part and the other one is used for the imaginary part
of the complex field. However, such an approach causes degra-
dation in resolution. Moreover, there is an intensity modulation
on the output field. This can be useful to eliminate the conjugate
image (the twin image) which overlaps on the real image. An-
other example is proposed by Stolz et al. [63] and their coding
algorithm has eight-levels of quantization. They used twisted
nematic liquid crystal SLM to couple the phase and amplitude
information. A twisted nematic liquid crystal SLM has a spiral
response in the complex plane. They indicate that coupling be-
tween the amplitude and the phase brings a trade-off between
the diffraction efficiency and the degradation on the quality of
reconstructed object. According to their conclusion, the twisted
nematic liquid crystal SLM can provide a phase modulation up
to 7 radians or more and can also offer a high transmittance.
Tudela et al. also used two LCDs to have complex modulation
but they proposed a simpler optical setup [42]. Their method
is based on adaptation of the complex information to real de-
vices. The first step is to adjust the amplitude information ac-
cording to the response of the high-contrast LCD. The second
step is to adjust the phase together with the compensation of the
phase distortion introduced by the amplitude stage. Adjustment
in step two is computed by using the minimum Euclidean dis-
tance criteria.

SLM properties and their settings were discussed by the
group of Kohler et al. [68]. They concluded that the quality
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of the reconstructed holograms depends on the properties of
the modulator. Therefore they stated that the characterization
of the modulators is required. They showed the result of a
modulator characterization and the influence of the modulator
on the quality of the reconstructed holograms. However, due to
the production process, the reflective surfaces are generally not
flat; therefore this leads to unwanted distortions in the phase
of the light. Due to this deviation, holographic reconstructions
may be affected adversely. Jesacher et al. [69] also proposed
a non-interferometric method based on the Gerchberg—Saxton
algorithm to correct those surface aberrations. The information
about the surface distortion is obtained from the shape of a
single optical vortex which is created by the light modulator.
Another development about SLMs has been presented by Putten
[70]. In their paper full spatial phase and amplitude control of
a laser beam using a twisted nematic LCD combined with a
spatial filter is presented. Their modulation scheme combines
four neighboring pixels into one super-pixel. Each super-pixel
is able to independently generate any complex amplitude value.
They showed that they are able to freely modulate the phase
over a range of 27 while keeping the amplitude of the light
constant. The advantage of the presented method is that the
modulation technique can be used with a wide range of different
SLMs. Another calibration technique for SLMs to have better
holographic reconstructions is reported by Otén ef al. [71]. A
multiple look-up table method provides multi-point calibration
to compensate both for the backplane curvature and for other
possible nonuniformities caused by thickness variations of the
liquid crystal layer.

B. Liquid Cristal Devices

In 1888 Austrian botanist Friedrich Reinitzer discovered the
liquid crystal [72]. A liquid crystal has a number of advanta-
geous characteristics that make it very consistent for displays.
Most of these characteristics arise due to the anisotropic na-
ture of the material. This means that the liquid crystal can react
differently to different forms of illumination. Moreover, their
optical properties may be varied depending on the electric or
magnetic fields applied to the liquid crystal. These characteris-
tics can be used for designing displays. Liquid crystal SLMs are
electrically addressed devices with a driving mechanism similar
to that used in commercially available LCD TVs. Dynamic in-
terference patterns can be written on liquid crystal (LC) SLMs.
The two main types are twisted nematic and ferroelectric LC
SLMs. LC SLMs can be used to perform amplitude and phase
modulation on the illuminating source. Since either amplitude
or phase modulation may be employed in holography, a choice
must be made. Phase modulation is often chosen over amplitude
modulation, since it does not require the additional polarization
optics which reduce the optical efficiency of the device. A LC
SLM consists of a matrix structure of twisted nematic cells that
may be individually addressed. The liquid crystal molecules are
sandwiched between two glass substrates and the orientation of
the molecules gradually twisted to 90° [73]. On reception of lin-
early polarized light, its polarization is twisted to 90°. The LC
molecules have to be aligned with an electric field to prevent a
shift in polarization of the light. The cross polarization or par-
allel polarization of the cell allows to control the electric filed
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though the cell. As a result, amplitude modulation is achieved.
Liquid crystal cells may operate as phase modulators by uti-
lizing the dielectric anisotropy of the LC molecules. A LC cell,
whose molecules are not twisted, is used when modulating the
phase.

Transmissive LCDs are designed to transmit the backlight,
through the liquid crystal layer. For transmissive displays a thin
film of liquid crystals is placed between two thin pieces of glass
[74]. Depending on the orientation of the liquid crystals and in-
cident light, the polarization and the phase of the light travel-
ling through the liquid crystal film is modified by a refractive
index change in the liquid crystal layer. An additional polarizer
in front and behind the liquid crystal film can be used for in-
tensity modification of the passing light wave, by polarization
changes in the liquid crystal layer. These effects can be varied
by the type of liquid crystal and by the film thickness. Each pixel
consists of an active area and a passive area where, for example,
a transistor for the pixel control is located. When reducing the
pixel size, the transistor cannot be reduced in size as much as
the active area of the pixel. Consequently, the fill-factor, which
specifies the percentage of the active area of a pixel, decreases
when the size of the pixel is reduced. The effect of this reduced
fill-factor is a reduction of the transmitted light efficiency. To
overcome this problem, new transmissive LCDs with small pixel
size have a micro-lens in front of each pixel to focus the light
onto the active area, so that the light can be transmitted with
better efficiency.

C. LCoS Devices

Liquid crystal on silicon (LCoS) devices use a combination
of a liquid crystal and a mirror to perform optical modulation.
The back of the mirror is designed as an electrode to apply the
electric field to the liquid crystal layer. As with the transmissive
LCD, the polarization and the phase of the light is modified by
the LC due to the refractive index change in the liquid crystal
layer. The thickness of the liquid crystals can be changed to ob-
tain the same phase shift or polarization change because the light
is passing through the film twice. The main advantage of LCoS
technology is the high fill factor of up to 93% [75], [76]. Such
a high fill factor is achievable because the rear of the mirror is
used as an electrode. There is, therefore, no need for a transistor
beside each pixel. Today, LCoS SLMs can support 1920x 1080
pixels and have pixel size down to 8 pm [76]. The LCoS dis-
plays have a much better optical efficiency and a smaller pixel
size than the transmissive displays. Therefore the suitability for
holographic applications is better. Most LCoS displays use a
very small liquid crystal film to obtain short switching times. A
small liquid crystal layer leads to a small phase lag of the wave-
front passing through the layer.

D. Optically Addressed LCDs (OALCDs)

An optically addressed LCD (OALCD) converts an inten-
sity pattern into a phase or amplitude modulation. The back-
side (writing side) of the display is illuminated by an intensity
pattern which creates a corresponding 2D-modulation of the re-
fractive index in the liquid crystal film on the other side of the
display (reading side) [74]. The incoherent light is converted
into a voltage applied to the liquid crystal layer. Therefore the
refractive index change is dependent on the incident intensity.
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The big advantage of the optical addressable LCD is the ab-
sence of pixels. Therefore no higher diffraction order occurs and
hence a higher efficiency is possible. A drawback of the display
is the low spatial resolution (/50 lines/mm) compared to analog
holography as a consequence of physical limitations which are
mainly due to used photo-conductors [77].

E. Mirror-Based Devices

Besides the previously discussed liquid crystal based light
modulators, digital mirror devices form another group of sys-
tems for spatial light modulation. These types of light modu-
lators consist of an array of micro-mirrors, where each mirror
can be separately electro-mechanically controlled [78]. Basi-
cally, there are currently two types of DMDs; one where the mir-
rors can only be tilted, and the other one, where the mirrors can
perform an out-of-plane linear translation. While those in the
first group are used to modulate the intensity of the light field,
the latter ones modulate the phase. One advantage of DMDs
over LCDs is that the incident light is reflected with high effi-
ciency, while the liquid crystal systems always suffer from a cer-
tain amount of light absorption, even if they are changing only
the phase. This cannot be avoided, since the light always has to
pass through the liquid crystal device. Additionally, because of
the lower absorption, the mirror based devices can be used with
higher light intensities without running into thermal problems.
There is much development going on in the area of DMDs.

F. Holographic PDLCs

Polymer-dispersed liquid crystals (PDLCs) and holographic
polymer-dispersed liquid crystals (HPDLC) are two of the most
investigated materials for display production. The difference
in refractive index between droplets and their environment
changes as a result of applied electric field to the PDLC.
The direction of the droplets align with the applied field and
thus scattering characteristics of the PDLC changes. This
in turn controls the light passes through. When there is no
applied voltage on PDLC, orientation of the droplets become
random and the PDLC behaves as a scattering object. These
droplets are fabricated by dispersing LC nano-scale droplets
in photo-polymer films. Main advantages are low cost, high
resolution, high contrast, full color support, low power con-
sumption, and low switch-on/switch-off durations. The major
disadvantages are high control voltage (more than 100 V) and
limited viewing angle.

R. Pogue et al. in [79] made an extensive review of the
PDLCs. An example of a 3D display constructed by the
combination of PDLC and integral photography is discussed
by Park er al. [80]. Another group from CLOSPI-BAS has
been investigating the related problems and their solutions
[81]-[83]. They studied holographic gratings to record them in
polymer-dispersed liquid crystals. They also proposed methods
to decrease the switching voltage.

G. Acousto-Optical Modulators (AOMs)

Acousto-optic (AO) SLMs have been used in real time 3D
holographic video since 1989 at the MIT Media Lab [84], [85].
S. A. Benton first succeeded in producing computer generated
electro-holograms using an AO device. AO devices are acous-
tically addressed light modulators that utilize the interaction
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of traveling acoustic waves and a coherent light source within
a medium, to modulate the properties of the transmitted op-
tical wavefront. The acousto-optic medium may consist of a
piezo-electric transducer bonded to a suitable crystal such as
fused silica. Upon application of an RF signal to the medium,
the acoustic wave acts like a “phase grating” traveling through
the crystal at the acoustic velocity of the material and with
an acoustic wavelength dependent on the frequency of the RF
signal. The incident laser beam is then diffracted by this grating.
AO SLMs generate a 1D modulation and require a scanning
mechanism. The scanning optics in an acousto-optical modu-
lator (AOM) system require synchronization to the fringe data
stream and an optical processing unit for the reconstruction.

Onural et al. have proposed an acousto-optical holographic
display device [86]. By using travelling surface-acoustic waves
(SAWs), hologram is produced as a surface pattern. When elec-
trical signals applied to the electrodes of the SAW device, a
time-varying acoustical wave is generated on the surface of the
crystal. Time-varying SAW pattern is controlled by signals that
are applied to each electrode, simultaneously.

III. ELECTRO-HOLOGRAPHIC DISPLAY SYSTEMS

A. Holo-Video

The first practical electro-holographic display named
Mark-I was developed by the Spatial Imaging Group at MIT
Media Lab in 1989 [85], [87]-[93]. The Mark-I is capable
of rendering full color 25 mmx25 mmx25 mm images with
15 degrees of viewing angle at rates around 20 frames per
second (fps). After that, the second prototype display named
Mark-II was demonstrated in 1992. The Mark-II provides
150 mm X 75 mmx 150 mm images with 36 degrees of viewing
angle at rates of around 2.5 fps. Moreover, a next generation
of holographic video display is developed for commercial
purposes [94].

The early Mark-I electro-holography system provided either
monochromatic or full-color display of holographic images by
trading off vertical spatial resolution for three separate color
channels. The holographic image is generated using a three-
channel tellurium-dioxide (TeOz) AOM. A holographic fringe
pattern is sent through each channel of the AOM to modulate an
RGB light consisting of three separate lasers. Each horizontal
line has 32K samples per color, and this provides sufficient res-
olution for the holographic diffraction pattern [84].

The second generation MIT holo-video display, or Mark II,
used 18-channel AOM instead of a three-channel AOM and a
bank of scanning mirrors instead of a rotating polygon. This
version of the display could be scaled by simply adding more
AOM channels and more scanning mirrors. The Mark II was a
sixfold scale up from the previous display with an image volume
of 150 mmx75 mmx 150 mm (W x H x D) and 30 degrees
of viewing angle. The Mark II was driven by a custom-built
supercomputer called Cheops designed and implemented at the
MIT Media Lab [87].

In Mark III, the AOM in which acoustic waves travel through
the volume of a crystal, was replaced by a SAW device called a
guided-wave optical scanner that uses acoustic waves traveling
along the surface of the crystal [94]. Lithium niobate, which has
a much lower acoustic attenuation than TeO, and is useful for
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Fig.2. Holographic display with a reconstructed 3D scene that is composed of object points. Each object point is encoded in a sub-hologram. The position and the
size of a sub-hologram is determined by the object point position and the position of the virtual viewing window. The total hologram is generated by a summation
of the sub-holograms. The 3D scene is visible through the virtual viewing window which is tracked to the eye position. The virtual viewing window contains the
wavefront that would be generated by a real 3D scene at the eye position. (© 2009 SeeReal. Reprinted with permission.)

modulating light with acoustic frequencies well into the giga-
hertz (GHz) range, is used for these devices. The horizontal
array of scanning mirrors is replaced in this generation by a
holographic optical element (HOE). Mark-III has 440 scan lines
and operates at 30 Hz. The viewing angle is 24 degrees and the
viewing volume is 80 mmx 60 mmx 80 mm (W x H x D).

B. SeeReal

SeeReal Technologies has developed a new approach to holo-
graphic displays. The primary goal of this approach is to recon-
struct only that part of the wavefront originating from the ob-
ject that actually hits the eye pupils of an observer [95]-[99].
It is a vertical-parallax-only system. A wavefront in a small re-
gion, called “observer window” is reconstructed. The size of the
observer window is related to the size of the eye pupil. The ob-
server window may be located in the Fourier plane of the holo-
gram. A separate observer window for each eye is generated ei-
ther by spatial or by temporal multiplexing. Then the size of the
observer window determines the pixel period needed on the dis-
play. Closely related to the concept of the observer window is
the subhologram which is a limited hologram region related to
the positions of an object point and the eye pupil. Fig. 2 shows
object points located at different depths and their subholograms
with different sizes.

A large reconstruction volume of the 3D scene is possible.
The size of the reconstruction is only limited by the size of
the hologram display used. The reconstruction is located in a
frustum ranging from the observer window to the borders of the
display and beyond. Movement of the observer is allowed and
tracked. The observer window can be shifted to the actual eye
position by movement of the light source. A scene reconstruc-
tion is visible for an eye located inside the observer window. In
Fig. 2, this reconstruction is shown between the display and the
user; in general it can also be located fully or partly behind the
display.

A monochrome real-time prototype using a 20-inch mon-
itor has been built and demonstrated in 2007 (Fig. 3). A holo-
graphic reconstruction of the wave field that would be gener-
ated by a real object is obtained at the observer’s eye position,

and nowhere else. This special configuration allows to use dis-
plays with a relatively large pixel size. In the 20-inch proto-
type, a state-of-the-art high resolution desktop LCD panel was
used with separation of about 70 pmx 210 pm between adjacent
pixels.

Since the pixel size of the used SLM (the LCD panel) is
large, the diffraction angle is about 0.5 degree, and the viewing
window is also very small. However, a clear large reconstruction
can be displayed on the space with a wide depth range of about
4 meters, because of the large SLM with a light steering tech-
nique (movement of the light source). An eye tracking system
using two CCD cameras is also integrated to this prototype. Ac-
cording to the tracked eye position, the light path is adjusted to
match the viewing window to the eye position in real time. The
correct hologram which will generate the correct image and par-
allax from the observed position is computed and written to the
SLM in real-time.

C. QinetiQ

The so-called Active Tiling system [100] was developed by
QinetiQ in 2003. This system take advantage of the high frame
rate of electrically addressed SLMs (EASLMs) and non-pixel-
lated structure of optically addressed SLMs (OASLMs) [101]. It
results in a system that can display images or patterns with sig-
nificantly higher pixel counts than previously reachable. This
design enables higher pixel counts to be written while main-
taining the overall video update rates. The modulator system is
composed of an EASLM to act as an “image engine” that can
display the CGH image elements quickly; a replication optics
set to project multiple de-magnified images of the EASLM onto
an OASLM; OASLMs to store and display the computer-gener-
ated pattern; a readout optics set to form the holographic image;
and a control system to synchronize the complete system (Fig.
4). This modulator system is designed to allow multiple chan-
nels to be assembled to produce a continuous output modulation
plane and, system performance can be adapted or extended to
meet different application requirements. OASLMs use optical
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Fig. 3. Tllustration of SeeReal’s holographic display prototype with a screen
diagonal of 20 inch. (© 2009 SeeReal. Reprinted with permission.)

Replication
| optics i Optically
| Addressed
Microdisplay +» SLM

Fig. 4. Tllustration of one channel of the Active Tiling modulator concept of
QinetiQ [102] (Slinger, C., Cameron, C., Stanley, M., “Computer-Generated
Holography as a Generic Display Technology,” Computer, vol.38, no.8, pp.
46-53, Aug. 2005. © 2009 IEEE. Reprinted with permission.)

intensity patterns to modulate light, whereas EASLMs use elec-
trical signals from electrical conductors.

A typical Active Tiling channel configuration consists
of a ferroelectric crystal on silicon (FLCoS) EASLM with
1024 x 1024 binary pixels and operating at a 2.5-kHz frame
rate, a binary-phase diffractive optical element and associated
refractive optics to perform the 5x5 replication, an OASLM,
light-blocking layers, a dielectric mirror, and a ferroelectric
liquid crystal output layer [102]. The output for each channel
consists of 26 million pixels. Current Active Tiling system
has more than 2.2 x 10° pixels cm~2 pixel area density. This
density for a compact system volume exceeds 2.4 x 10° pixels
m~3. Binary pixels in the system have a spacing of 6.6 4 m
between them. The system has an updateable 1x4 channel
arrangement (5120x 20480 pixels = 104 megapixels) in both
monochromatic and frame-sequential-color operation. With the
help of the scalable tilings, the system can have a pixel count
in the order of 10°. Fig. 5 shows a reconstructed full-color 3D
image with full-parallax by using spatially multiplexed 3x8
billion pixels.

D. Horn

The dedicated CGH calculators, named Horn (HOlographic
ReconstructioN), by using field programmable gate array
(FPGA) have being developed by the Tomoyoshi Ito’s Lab
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Fig. 5. Replay of a spatial-multiplexed, 3x 8 billion-pixel, full-parallax, full-
color, 3D image [102]. (Slinger, C., Cameron, C., Stanley, M., “Computer-Gen-
erated Holography as a Generic Display Technology,” Computer, vol.38, no.8,
pp. 46-53, Aug. 2005. © 2009 IEEE. Reprinted with permission.)

Virtual Window

Object Point 1

Hologram

Fig. 6. Virtual window for image hologram calculation [111]. (“Real-time
image plane full-color and full-parallax holographic video display system,” T.
Yamaguchi, G. Okabe, and H. Yoshikawa; Opt. Eng. 46, 125801 (2007). ©
2009 SPIE. Reprinted with permission.)

research group in Chiba University since 1992 [103]-[109].
The first calculator, HORN-1, was developed in 1993, and
its computing performance was about 300 megaflops. The
HORN-6, latest version, was developed in 2008, and has four
FPGA chips for calculation. The computing performance of
the HORN-6 was improved compared to the HORN-5 through
double data rate-synchronous dynamic random access memory
(DDR-SDRAM) module integration to the board. Moreover,
in order to achieve high performance and high quality, the
approximated Fresnel hologram generation algorithm with a
look-up table was used in the kernel of the HORN-6. Therefore,
fringe patterns for 10000 object points can be calculated in
real-time. Frame rates depend on the number of object points:
78 fps can be achieved for 1000 object points, whereas the rate
drops to about 1 fps for 200 000 object points.

E. Image Hologram

Image hologram is the name given to the technique to record
a real image of the object instead of the object itself by using a
large lens [110]-[113]. The image of the object is located very
close to the hologram; therefore, a single object image point
contributes only to a small portion of the hologram. Therefore,
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(b) (c)

Fig. 7. A perspective image of the 3D model and reconstructed images (a) 3D Model (b) Direct reconstruction (¢) ACPAS reconstruction [120].

computations per point are limited to a small portion. The ad-
vantage of such an approach is faster computation.

Fig. 6 shows the optical schematic which indicates the ob-
ject point, corresponding fringe area for calculations, and the
viewing zone (virtual window). The calculation time could be
reduced by decreasing the distance between the object image
point and the hologram plane, and increasing the distance be-
tween the hologram plane and the virtual window. The devel-
oped system in Nihon University has 1408 x 1058 pixel SLMs
with a separation between centers of adjacent pixels as 10.4 x4 m.
Number of object points is 3000 and a typical computing time
is 60 ms. They use white LED as the light source.

F. Coherent Stereogram

Computational speed of the coherent holographic stereogram
is much faster than that of the conventional techniques [114].
The main reason for the speed up is the initial partitioning of the
output fringe pattern into segments, and then approximating the
contribution of each object point to the hologram pattern over
one segment as a single 2D complex sinusoid; an initial Fourier
domain pattern is composed by writing the complex amplitude
of each such complex sinusoid to their frequency locations, and
a subsequent inverse fast Fourier transform (IFFT) completes
the fringe pattern computation for a segment. Repeating this
procedure for each segment completes the computation. Modi-
fied and improved versions of the basic coherent stereogram are
reported in the literature [115]-[120].

The latest version of the coherent stereogram is the accurate
compensated phase-added stereogram (ACPAS), and yields a
higher quality reconstructed image. The ACPAS is generated
using both the fringe generation methods of the compensated
phase-added stereogram and the accurate phase-added stere-
ogram. This method generates more accurate results which
closely resembles the results from conventional algorithms as
shown in Fig. 7.

Since the algorithm of the coherent stereogram can be easily
mapped to a single instruction multiple data architecture,
the ACPAS algorithm can significantly benefit from graphics
processing unit (GPU) based implementations. By using this
method, one megapixel frame size full color holograms can be
generated as a rate of 30 fps for objects with more than 10000
points [121]-[126].

G. NICT Holography System

An electronic holography system was demonstrated at Na-
tional Association of Broadcasters (NAB) exhibit in 2009 by
Japan’s National Institute of Information and Communications
Technologies (NICT) [127]. The demonstrated system consists
of three parts: a real scene acquisition system, a computing
system, and an electro-holographic display system. The acqui-
sition system uses an integral photography (IP) camera. It is an

ultra-high-definition camera (8 Kx4 K) shooting a real scene
through a micro-lens array. A computer processes the image to
generate a digital hologram from the captured image. The gen-
erated digital hologram is displayed on three LCDs (4 Kx2 K)
which are used as SLMs. Then, the SLMs are illuminated by
the three primary color lasers (red, green, and blue) in order to
reconstruct the elemental images from the holograms in space.
All steps are processed in real-time. This prototype uses micro
LCD SLMs, so the reconstruction size is small, but the impres-
sive part is the ability to combine a live integral photography
capture system with real-time holographic calculations and a
subsequent holographic display.

H. Other Approaches

This section is devoted to approaches that can not be easily
categorized into one of the previously discussed methods.

An interesting approach is described in a patent by Grossetie
[128]. In this approach, the digital representation of the 3D ob-
ject is sliced into 2D profiles and the complex wave field re-
sulting from each is computed and then reconstructed. Time-
multiplexed reconstruction of the profiles results in a human vi-
sual perception of the 3D object.

Holografika provides another type of 3D display system
[129], [130]. Holografika products, such as HoloVizio, are
essentially not holographic systems. They use only some holo-
graphic diffusers. The pixels of the holographic screen emit
light beams to the various directions. These directed beams
have different intensity and color values. The light beams are
generated in the optical modules and then they hit the screen in
various angles. Then the holographic screen makes an optical
transformation to generate a continuous 3D view with vertical
parallax [131]. Light beams which are leaving the pixels prop-
agate in multiple directions through a software control, as if
they were emitted from the points of 3D objects at fixed spatial
locations. They have presented 50 megapixel, 10 megapixel,
and 7.4 megapixel systems.

IV. SUMMARY AND CRITICAL ANALYSIS

Re-writeable holographic display devices primarily by
electronic means are the main focus of this paper. Although
advanced techniques such as auto-stereoscopy may relieve
some of the inconveniences of stereoscopic systems to some
extent, there are still fundamental problems associated with
stereoscopy. Therefore the need for “True-3D” for a superior
3D displays is clear. True-3D can be explained as physical
duplication of light distribution in a volume of interest. True-3D
display systems are desirable and superior since none of the
restrictions associated with stereoscopy exists in such displays.
However true-3D displays are much more complicated. One of
the sophisticated methods from true-3D display is holography.
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LCDs are one of the common choices as electro-holographic
displays. Transmissive and reflective types are discussed in the
paper. In transmissive type SLMs there are usually unwanted
higher order diffraction based replications in the reconstruction.
In addition to that, there might be also undiffracted light which
degrades the reconstructions. We have seen that diffraction
efficiency of commonly available reflective type SLMs is much
higher. Therefore, such devices may be used to reduce the
unwanted higher order diffractions and undiffracted beam. It is
given in the literature that experiments with LCoS SLMs are
promising. Another type of SLMs is optically addressed SLMs.
These devices are rarely used in electro-holography. It seems
that they have advantageous properties since they do not have
a pixelated structure and the viewing angle is limited only by
the wavelength of light. However their spatial resolution is low
due to physical limitations of photo-conductors. Mirror-based
SLMs are also used for holographic display systems. They are
relatively fast devices and suitable for future electro-holography
applications. However as all other devices, mirror-based SLMs
also have some drawbacks: mostly they are binary modulators
and generate gray levels only by time alternating methods.
Another SLM type discussed in this survey is holographic
polymer dispersed liquid crystals. Orientation of the nano-scale
LC droplets in photo-polymer films can be controlled by the
applied voltage in order to adjust the transmitted light passing
through the HPDLCs. Main advantages of such systems are
low cost, high resolution, high contrast, full color and fast
switch-on/switch-off durations. However major disadvantage
of HPDLC:s is high control voltage and limited viewing angle.
This technology will be one of the most promising technologies
for holographic displays if the level of control voltages is de-
creased. Another promising technology, which is not common,
is AOMs. AOMs are widely used for applications other than
holographic displays and therefore fundamentals of the un-
derlying technology is well known. Time-varying holographic
patterns can be generated by using SAWs. This is one of the
research fields for future holographic display systems.

The first electro-holographic video display system, called
Mark-I, was developed by the Spatial Imaging Group at the
MIT Media Lab in 1989, and it has been improving over the
past 20 years by incorporating multi-AOM or multi-SAW
devices. This approach, which uses such acoustic wave devices,
has strong advantages such as a wide diffraction angle, high
diffraction efficiency, and high available spatial frequency.
However, these devices are rarely used since they modulate
the light only in one dimension. LC SLMs are more suitable
for electro-holographic display systems because they are two
dimensional modulators and they are easier to use. Therefore,
even if the diffraction angle is not sufficient, many holographic
display prototypes use various LC SLMs. SeeReal technolo-
gies has developed a prototype with a 20 inch commercial
LCD monitor. The distance between the pixel centers in this
prototype is about 200 ¢ m, and the diffraction angle is less
than 0.2 degrees. They chose a large reconstruction volume
of the 3D scene instead of a wide viewing zone. The depth
perception that the system provides is impressive. Although the
viewing window for each eye is less than 10 mmx 10 mm, an
eye-tracking system provides the necessary flexibility. The ob-
server window is shifted to the actual eye position by movement
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of the light source. However this method is only for a single
observer. A future holographic display system must accom-
modate not only a large reconstruction volume but also a wide
viewing window in order to replace conventional 2D display
systems. A prototype called “active tiling system” is developed
by QinetiQ. This system exploits high frame rate EASLMs
and high resolution OASLMs. They use spatial-multiplexing
method to obtain 3x8 billion-pixel holographic display and
they achieved full-parallax and full-color reconstructions. On
the other hand, a huge computational resource is required to
generate a huge size holographic fringe pattern in real time.
They used more than 100 computers for this prototype. There
are several ways to solve this computational problem. A typical
dedicated CGH calculator is called Horn which uses an FPGA.
The HORN-6, latest version, has four FPGA chips and 256
megabyte DDR-SDRAM for calculation. Using the HORN-6
cluster system composed of 16 HORN-6 boards, researchers
have generated two megapixel frame size digital holograms at a
rate of one frame per second for objects with one million points.
The approach using the FPGA technology can provide an ex-
cellent computational performance. However, this approach
has problems associated with the high cost, long development
time, and complicated programming.

A typical approximation method for fast digital hologram
generation is the coherent holographic stereogram. Computa-
tional speed of the coherent holographic stereogram is much
faster than that of the reconstructions from direct methods. In
addition, the latest version called ACPAS has higher quality re-
constructed image, and generates more accurate results. Since
the algorithm of the coherent stereogram can be easily mapped
to a single instruction multiple data architecture, the ACPAS
computing can significantly benefit from GPU based implemen-
tations. By using this method, one megapixel frame size full
color holograms can be generated as a rate of 30 fps for objects
with more than 10 000 points. However, only point cloud cor-
responding to a 3D computer graphic model is allowed as the
input information. A different hologram type for holographic
video is the image hologram. The characteristic of this hologram
is to place an image of the 3D object close to hologram plane.
Therefore, the computational complexity for digital hologram
generation can be reduced. But this technique can be used for
only thin objects because the depth range is limited.

Electro-holography is one of the advanced techniques in 3D
display technologies. This survey paper presents the current re-
search activities on holographic displays together with related
commercial systems.
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