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Holographic
data storage

We present an overview of our research
effort on volume holographic digital data
storage. Innovations, developments, and new
insights gained in the design and operation
of working storage platforms, novel optical
components and techniques, data coding
and signal processing algorithms, systems
tradeoffs, materials testing and tradeoffs,
and photon-gated storage materials are
summarized.

Introduction
With its omnipresent computers, all connected via the
Internet, the Information Age has led to an explosion of
information available to users. The decreasing cost of
storing data, and the increasing storage capacities of the
same small device footprint, have been key enablers of
this revolution. While current storage needs are being
met, storage technologies must continue to improve in
order to keep pace with the rapidly increasing demand.

However, both magnetic and conventional optical data
storage technologies, where individual bits are stored as
distinct magnetic or optical changes on the surface of a
recording medium, are approaching physical limits beyond
which individual bits may be too small or too difficult to
store. Storing information throughout the volume of a
medium—not just on its surface— offers an intriguing
high-capacity alternative. Holographic data storage is a
volumetric approach which, although conceived decades
ago, has made recent progress toward practicality with the
appearance of lower-cost enabling technologies, significant
results from longstanding research efforts, and progress in
holographic recording materials.

In holographic data storage, an entire page of
information is stored at once as an optical interference
pattern within a thick, photosensitive optical material
(Figure 1). This is done by intersecting two coherent laser
beams within the storage material. The first, called the
object beam, contains the information to be stored; the
second, called the reference beam, is designed to be
simple to reproduce—for example, a simple collimated
beam with a planar wavefront. The resulting optical
interference pattern causes chemical and/or physical
changes in the photosensitive medium: A replica
of the interference pattern is stored as a change in
the absorption, refractive index, or thickness of the
photosensitive medium. When the stored interference
grating is illuminated with one of the two waves that was
used during recording [Figure 2(a)], some of this incident
light is diffracted by the stored grating in such a fashion
that the other wave is reconstructed. Illuminating the
stored grating with the reference wave reconstructs the
object wave, and vice versa [Figure 2(b)]. Interestingly, a
backward-propagating or phase-conjugate reference wave,
illuminating the stored grating from the “back” side,
reconstructs an object wave that also propagates
backward toward its original source [Figure 2(c)].

A large number of these interference gratings or
patterns can be superimposed in the same thick piece of
media and can be accessed independently, as long as they
are distinguishable by the direction or the spacing of the
gratings. Such separation can be accomplished by changing
the angle between the object and reference wave or by
changing the laser wavelength. Any particular data page
can then be read out independently by illuminating the
stored gratings with the reference wave that was used to
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store that page. Because of the thickness of the
hologram, this reference wave is diffracted by the
interference patterns in such a fashion that only the
desired object beam is significantly reconstructed and
imaged on an electronic camera. The theoretical limits
for the storage density of this technique are around
tens of terabits per cubic centimeter.

In addition to high storage density, holographic data
storage promises fast access times, because the laser
beams can be moved rapidly without inertia, unlike the
actuators in disk drives. With the inherent parallelism
of its pagewise storage and retrieval, a very large
compound data rate can be reached by having a large

number of relatively slow, and therefore low-cost,
parallel channels.

The data to be stored are imprinted onto the object
beam with a pixelated input device called a spatial light
modulator (SLM); typically, this is a liquid crystal panel
similar to those on laptop computers or in modern camcorder
viewfinders. To retrieve data without error, the object
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beam must contain a high-quality imaging system—
one capable of directing this complex optical wavefront
through the recording medium, where the wavefront
is stored and then later retrieved, and then onto
a pixelated camera chip (Figure 3). The image of the
data page at the camera must be as close as possible to
perfect. Any optical aberrations in the imaging system or
misfocus of the detector array would spread energy from
one pixel to its neighbors. Optical distortions (where
pixels on a square grid at the SLM are not imaged to a
square grid) or errors in magnification will move a pixel
of the image off its intended receiver, and either of
these problems (blur or shift) will introduce errors in
the retrieved data. To avoid having the imaging system
dominate the overall system performance, near-perfect
optics would appear to be unavoidable, which of course
would be expensive. However, the above-mentioned
readout of phase-conjugated holograms provides a partial
solution to this problem. Here the reconstructed data page
propagates backward through the same optics that were
used during the recording, which compensates for most
shortcomings of the imaging system. However, the
detector and the spatial light modulator must still be
properly aligned.

A rather unique feature of holographic data storage is
associative retrieval: Imprinting a partial or search data
pattern on the object beam and illuminating the stored
holograms reconstructs all of the reference beams that
were used to store data. The intensity that is diffracted
by each of the stored interference gratings into the
corresponding reconstructed reference beam is
proportional to the similarity between the search
pattern and the content of that particular data page. By
determining, for example, which reference beam has the
highest intensity and then reading the corresponding data
page with this reference beam, the closest match to the
search pattern can be found without initially knowing its
address.

Because of all of these advantages and capabilities,
holographic storage has provided an intriguing alternative
to conventional data storage techniques for three decades.
However, it is the recent availability of relatively low-cost
components, such as liquid crystal displays for SLMs
and solid-state camera chips from video camcorders for
detector arrays, which has led to the current interest in
creating practical holographic storage devices. Recent
reviews of holographic storage can be found in [1– 4].
A team of scientists from the IBM Research Division
have been involved in exploring holographic data storage,
partially as a partner in the DARPA-initiated consortia
on holographic data storage systems (HDSS) and on
photorefractive information storage materials (PRISM).
In this paper, we describe the current status of our
effort.

The overall theme of our research is the evaluation
of the engineering tradeoffs between the performance
specifications of a practical system, as affected by the
fundamental material, device, and optical physics.
Desirable performance specifications include data fidelity
as quantified by bit-error rate (BER), total system
capacity, storage density, readout rate, and the lifetime of
stored data. This paper begins by describing the hardware
aspects of holographic storage, including the test platforms
we have built to evaluate materials and systems tradeoffs
experimentally, and the hardware innovations developed
during this process. Phase-conjugate readout, which eases
the demands on both hardware design and material
quality, is experimentally demonstrated. The second
section of the paper describes our work in coding and
signal processing, including modulation codes, novel
preprocessing techniques, the storage of more than one bit
per pixel, and techniques for quantifying coding tradeoffs.
Then we discuss associative retrieval, which introduces
parallel search capabilities offered by no other storage
technology. The fourth section describes our work in
testing and evaluating materials, including permanent
or write-once read-many-times (WORM) materials,
read–write materials, and photon-gated storage materials
offering reversible storage without sacrificing the lifetime
of stored data. The paper concludes with a discussion
of applications for holographic data storage.
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Hardware for holographic data storage
Figure 3 shows the most important hardware components
in a holographic storage system: the SLM used to imprint
data on the object beam, two lenses for imaging the data
onto a matched detector array, a storage material for
recording volume holograms, and a reference beam
intersecting the object beam in the material. What is not
shown in Figure 3 is the laser source, beam-forming optics
for collimating the laser beam, beamsplitters for dividing
the laser beam into two parts, stages for aligning the SLM
and detector array, shutters for blocking the two beams
when needed, and waveplates for controlling polarization.
Assuming that holograms will be angle-multiplexed
(superimposed yet accessed independently within the same
volume by changing the incidence angle of the reference
beam), a beam-steering system directs the reference beam
to the storage material. Wavelength multiplexing has some
advantages over angle-multiplexing, but the fast tunable
laser sources at visible wavelengths that would be needed
do not yet exist.

The optical system shown in Figure 3, with two lenses
separated by the sum of their focal lengths, is called the
“4-f” configuration, since the SLM and detector array turn
out to be four focal lengths apart. Other imaging systems
such as the Fresnel configuration (where a single lens
satisfies the imaging condition between SLM and detector
array) can also be used, but the 4-f system allows the high
numerical apertures (large ray angles) needed for high
density. In addition, since each lens takes a spatial Fourier

transform in two dimensions [5], the hologram stores the
Fourier transform of the SLM data, which is then Fourier-
transformed again upon readout by the second lens. This
has several advantages: Point defects on the storage
material do not lead to lost bits, but result in a slight loss
in signal-to-noise ratio at all pixels; and the storage
material can be removed and replaced in an offset
position, yet the data can still be reconstructed correctly.
In addition, the Fourier transform properties of the 4-f
system lead to the parallel optical search capabilities
offered by holographic associative retrieval. The
disadvantages of the Fourier transform geometry come
from the uneven distribution of intensity in the shared
focal plane of the two lenses, which we discuss in the
axicon section below.

Holographic digital data storage testers
In order to study the recording physics, materials, and
systems issues of holographic digital data storage in depth,
we have built three precision holographic recording
testers. Each of these platforms is built around the basic
design shown in Figure 3, implementing mapping of
single SLM pixels to single detector pixels using
precision optics in the object beam, and angle-
multiplexing in the reference beam. In addition, care
has been taken in the design and assembly of the
components listed above but not shown in Figure 3,
in order to allow experimental access to a wide range
of holographic data storage parameters with minimal
instrumental contributions to the raw error rate. The
three testers, described in the following sections, are
called the PRISM tester, the DEMON I platform, and
the DEMON II platform.

● PRISM tester
The PRISM tester [6, 7], built as part of the DARPA
PhotoRefractive Information Storage Materials
consortium, was designed to allow the rigorous evaluation
of a wide variety of holographic storage materials. This
tester was designed for extremely low-baseline BER
performance, flexibility with regard to sample geometry,
and high stability for both long recording exposures and
experimental repeatability. The salient features of the
PRISM tester are shown in Figure 4. The SLM is a
chrome-on-glass mask, while the detector array is a low-
frame-rate, 16-bit-per-pixel CCD camera. Custom optics
of long focal length (89 mm) provide pixel matching over
data pages as large as one million pixels, or one megapel.
A pair of precision rotation stages direct the reference
beam, which is originally below the incoming object beam,
to the same horizontal plane as the object beam. By
rotating the outer stage twice as far as the inner, the
reference-beam angle can be chosen from the entire
360-degree angle range, with a repeatability and accuracy
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of approximately one microradian. (Note, however, that
over two 30-degree-wide segments within this range, the
reference-beam optics occlude some part of the object-
beam path.) The storage material is suspended from a
three-legged tower designed for interferometric stability
(better than 0.1 mm) over time periods of many seconds.
The secondary optics occupy approximately 2 feet by
4 feet of optical table space, and the tower and stages
approximately 4 feet by 4 feet.

The system is equipped with an argon (514.5-nm) and
a krypton (676-nm) laser, and all optics are optimized
to work at both wavelengths. Beam-forming optics and
shutters control the power and polarization of the object
and reference beams, and relay optics overexpand the
object beam to ensure a uniform illumination of the data
mask. Precision linear stages control the position of the
data mask in two axes (allowing selection from a set of
multiple patterns), the Fourier lenses in one axis each (to
control magnification), and the crystal position in three
axes. In addition, the crystal can be rotated about two
axes, and the camera position controlled in three linear
axes and one rotational axis. All stages and shutters are
under computer control, allowing direct operator control
of the system as well as unsupervised execution of long
experiments. While the camera uses 1024 3 1024 detector
pixels on 9-mm centers, data masks are available with pixel
pitch of 36 mm (resulting in 65 536 data pixels), 18 mm
(262 144 pixels), and 9 mm (1 048 576 data pixels, also
known as a “megapel”). The baseline BER performance of
the system without a storage material (limited only by the
imaging system) was estimated to be 1 3 10218 with the low-
resolution mask, 1 3 10212 with the medium-resolution mask,
and 1 3 1027 with the megapel data mask.

Figure 5 shows the experimental demonstration of
holographic storage and retrieval of a 1Mb data page,
with object and reference beams entering orthogonal faces
(90-degree geometry) of an Fe-doped lithium niobate
(LiNbO3) crystal [7]. This histogram shows the occurrence
of intensity levels in the data page detected by the camera.
Since the data mask pattern of bright (“1”) and dark (“0”)
pixels is known, the intensity levels of each of these
classes can be plotted separately. In the absence of
random noise and deterministic variations, all bright pixels
would have the same detected intensity, which would be
well separated from the intensity of all dark pixels,
resulting in two spikes. Instead, the distribution of
intensities makes it more difficult to apply a single
threshold and separate the bright and dark pixels in the
real data-retrieval scenario (for which the data mask
pattern is, by definition, unknown). While this particular
page has no detected errors, the distributions can be fitted
with Gaussian approximations to provide a BER estimate
of 2.4 3 1026. Since this hologram was retrieved using a
readout pulse of 1 ms, this experiment implements the

optical signal (but not the subsequent fast electronic
readout) of a system with a readout rate of 1 Gb/s.

● DEMON I
While PRISM was designed to handle any conceivable
material testing requirement, the DEMON I platform
[8], shown in Figure 6, was built to be a platform for
evaluating coding and signal processing techniques. The
reference/object-beam geometry was restricted to the
90-degree geometry, and the reference beam deflected with
a galvanometrically actuated mirror through a simple 4-f
system, limiting the variation of the angle to 610 degrees.
A transmissive liquid crystal SLM, capable of displaying
arbitrary data patterns, was pixel-matched onto a small,
60-Hz CCD camera in two stages. First, a precision five-
element zoom lens demagnified the SLM (640 3 480
pixels with 42-mm pitch) to an intermediate image plane
(same pixel count on 18-mm pitch). Then a set of Fourier
lenses identical to those in the PRISM imaged this plane
1:1 onto the detector array (640 3 480 pixels, but 9-mm
pitch). Because of the finer pitch on the CCD, only the
central 320 3 240 field of the SLM was detected. To
implement true pixel matching, the detector was aligned
so that light from each SLM pixel fell squarely on a single
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detector pixel (thus ignoring three of every four pixels
on the CCD). Laser light from the green 514.5-nm line
of an argon-ion laser was delivered to the platform with
a single-mode polarization-preserving optical fiber,
which produces a clean Gaussian intensity profile.
Optical power delivered to the apparatus prior to the
object/reference beamsplitter was as much as 400 mW.
Simple linear stages move the SLM in two axes and the
CCD in three axes for alignment. The entire system, not
including the laser, occupies 18 3 24 inches of optical
table space.

The first experiment performed on the DEMON I tester
was the demonstration of multiple hologram storage at
low raw BER (BER without error correction) using
modulation codes, which allow decoding over smaller pixel
blocks than the global thresholding described above. Using
an 8-mm-thick LiNbO3:Fe crystal storage medium and a
strong modulation code (8:12), 1200 holograms were
superimposed and read back in rapid succession with
extremely low raw BER (,2 3 1028) [8]. Subsequently,
many of the codes and signal-processing algorithms and
techniques described later in this paper were either
refined or invented on the DEMON I system. In addition,
the DEMON I platform has been used to implement both
associative retrieval and phase-conjugate readout, as
described below.

● DEMON II
The DEMON II holographic storage platform, shown in
Figure 7, was designed to achieve high-density holographic
data storage using short-focal-length optics, while
including aspects of the previous two test platforms.
DEMON II combines the large data pages of the PRISM
tester with the dynamic SLM and the 90-degree geometry
configuration of the DEMON I platform. Here, the SLM
is a reflective device fabricated by IBM Yorktown [9],
containing 1024 3 1024 pixels and illuminated via a
polarizing beamsplitter cube. A novel apodizer, described
in the next section, provides uniform illumination over
the entire data page without sacrificing input power. The
magnification from the 12.8-mm pitch of the SLM pixels to
the 12-mm pitch of the 41-Hz CCD camera (1024 3 1024
pixels, 41 frames per second) is built into the Fourier
optics (effective focal length 30 mm). A pair of scan
lenses provide an improved relay of the reference beam
from the galvanometrically actuated mirror to the LiNbO3

crystal, providing diffraction-limited performance over
an angular scan range of 615 degrees.

The laser light is provided by a diode-pumped solid-
state laser (532 nm, doubled Nd-YAG); waveplates and
polarizing beamsplitters provide control over the power
in the reference beam and object beam. The use of two
separate elements in the back Fourier lens (between
the storage material and the detector array) allows the
magnification of the optical system to be varied over a
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range of 60.5%. Linear stages provide two axes of motion
for the storage material and three axes of motion for
the detector array. The entire system, including the laser,
occupies 2 feet 3 2 feet. As with the PRISM and DEMON I
systems, all stages and shutters are under computer control,
allowing both direct operator control of the system and
unsupervised execution of complex scripted experiments.

The short focal length of the DEMON II optics allows
the system to demonstrate high areal storage densities
(the storage capacity of each stack of holograms, divided
by the area of the limiting aperture in the object beam).
Since the lenses in the object beam implement a two-
dimensional spatial Fourier transform, an aperture placed
in the central focal plane of the 4-f system (just in front
of the storage material) can be described as a spatial low-
pass filter. The smaller the volume allocated to each stack
of holograms, the larger the capacity of a given large
block of storage material. However, if the aperture is
decreased too far, some of the information from the SLM
fails to pass through the aperture. The size of the smallest
tolerable aperture corresponds to the spatial equivalent of
the Nyquist sampling condition, in which the spatial
frequency sampling on the SLM (one over its pixel pitch)
is twice the maximum spatial frequency allowed to pass
the limiting aperture. Only for apertures equal to or larger
than this so-called “Nyquist” aperture is the information
from all pixels of the SLM guaranteed to pass to the
detector array. Since both “positive” and “negative”
spatial frequencies are represented in a centered aperture,
the Nyquist aperture turns out to be equal to the inverse
of the pixel pitch of the SLM, scaled by the wavelength
and the focal length of the lenses. The design of the
imaging optics is then complicated by this need for short
focal length, since the maximum ray angle (and thus the
potential for optical aberrations) is greatly increased.
The optical distortion (displacement of pixel centers
from a rectangular grid) in the DEMON II platform is
consequently much larger than in the other two testers,
reaching approximately 0.03% (0.3 pixels) in the
corners of the received data page. The development
of signal-processing algorithms to compensate for
this misregistration between SLM and CCD pixels
is a research topic that we are currently pursuing,
with some initial success.

● Innovative optics
In the course of development of PRISM, DEMON I,
and DEMON II, a number of challenging optical design
problems arose. Here we describe two innovative hardware
solutions that have been developed.

Axicon
As previously noted, the Fourier transform process used
to focus the object beam into the storage media has the

side effect of producing an undesired high-intensity peak
on the optical axis. This intensity spike can easily saturate
the photosensitive response of the storage media, resulting
in severe degradation of both transmitted images and
stored holograms. It has been known for many years that
a potential solution to this problem can be implemented
by superimposing a random phase distribution on the pixels
of the SLM. In work performed by M.-P. Bernal et al.
at IBM Almaden [10], it was shown that although such
a “random phase mask” does redistribute the intensity in
this spike, the alignment of such a phase mask is critical,
and new optical artifacts (dark lines and interference
fringe effects) are introduced in the transmitted image.
These artifacts, along with the difficulty of maintaining
the alignment of yet another pixelated component, have
made it improbable that random phase masks will be
the solution to the coherent saturation problem.

As an alternative, we have developed several optical
structures which also spread the energy in the undesired
intensity spike across the Fourier transform plane, without
requiring precision alignment. One particular structure of
interest is the axicon, a simple cylindrically symmetric
cone of glass, typically with an oblique vertex angle.
Introducing the axicon in the illumination beam of the
SLM distributes the undesired intensity spike along a ring
in the Fourier plane. The diameter of the ring depends
on the vertex angle of the conical optic, the index of
refraction, and the focal length of the Fourier lens. The
axicon can either be placed directly behind the data mask
or SLM, as shown in Figure 8, or, preferably, imaged onto
the SLM using some relay optics. In the latter case, there
is some slight longitudinal alignment sensitivity (but little
sensitivity to transverse position). These relay optics can
double as the beam expander used to fill the SLM aperture,
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with the axicon placed at its input focal plane. The axicon
has been shown to slow down the degradation of the object-
beam imaging path with optical exposure to the same degree
as the random phase mask [11], without requiring precision
alignment or increasing interpixel crosstalk [10].

Aspherical apodizer
Typical laser beams have a spatial profile dictated by the
oscillation mode of the laser resonator, with the simplest
mode having a Gaussian or bell-shaped profile. The
simplest method for generating a beam with a uniform (or
flat) spatial profile is to simply expand a Gaussian beam
and use only the center portion. The power efficiency then
trades off directly with the desired flatness of illumination:
If an illumination flatness of 5% is required over a certain
area, only 5% of the incident beam power can actually be
used. It has long been desirable in laser physics to be able
to efficiently generate a laser beam with a uniform cross
section. Although many ingenious solutions have been
proposed, the few that have been implemented generally
work only over the first 1/e field points of the original
Gaussian beam, and commonly suffer from poor flatness,
severe diffraction effects, and distortion of the wavefront
quality of the apodized beam. In addition, many solutions,
including diffractive optics, create a beam which attains
uniform intensity in one plane in space, but then diverges
and distorts away from that plane.

As part of the design of DEMON II, the creation of
“flat-top” beams was studied. This was germane not only
to DEMON II, but also to ongoing work in deep-UV

lithography. A new insight was obtained after a review of
historical efforts in this field. A two-element telescope
with transmissive optical elements was designed that
produces a highly efficient flat-top laser beam with the
capability of propagating for several meters with little
distortion and diffraction-limited wavefront quality. The
Gaussian-beam-to-flat-top converter utilizes a convex
aspheric lens to introduce aberrations into the beam,
redistributing the laser power from a particular incident
Gaussian profile to the desired flat-top profile with a
rapid-intensity roll-off at the edge. A second aspheric
optic recollimates the aberrated beam, restoring the
wavefront quality and allowing it to propagate for long
distances without spreading. As a result, the central 60%
of the output power will be uniform in intensity to 2%,
and 99.7% of the incident laser beam power is used in the
output apodized beam. The roll-off of the intensity profile
was carefully crafted to minimize diffraction effects from
the edge of the beam during propagation. Although the
input and output beam dimensions are fixed for a given
apodizer, it was discovered that a single apodizer could be
used from the deep UV into the far IR with only a simple
focus adjustment.

Fabrication of such aspheric elements has long been
very difficult and costly. Recently, new computer-
controlled polishing technology has become available
which can make the fabrication of such aspheric surfaces
routine. Working closely with the vendor who developed
these fabrication capabilities has allowed the DEMON II
design team to build such an apodizer and to demonstrate
that it works. Figure 9 shows an example of input and
output intensity profiles (not showing the roll-off)
measured using the apodizer. A second design will
achieve tighter specifications through the use of more
sophisticated optical testing devices (computer-generated
holograms) during fabrication. This apodizer represents a
real step forward in the area of laser illumination control,
and many potential applications in a variety of areas have
already surfaced.

● Phase-conjugate readout
As described in the previous sections on tester platforms,
the need for both high density and excellent imaging
requires an expensive short-focal-length lens system
corrected for all aberrations (especially distortion) over a
large field, as well as a storage material of high optical
quality. Several authors have proposed bypassing these
requirements by using phase-conjugate readout of the
volume holograms [12–15]. After the object beam is
recorded from the SLM with a reference beam, the
hologram is reconstructed with a phase-conjugate (time-
reversed copy) of the original reference beam. The
diffracted wavefront then retraces the path of the
incoming object beam in reverse, canceling out any
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accumulated phase errors. This should allow data pages
to be retrieved with high fidelity with a low-performance
lens, from storage materials fabricated as multimode fibers
[12, 13], or even without imaging lenses [14, 15] for an
extremely compact system.

Most researchers have relied on the visual quality of
retrieved images or detection of isolated fine structure in
resolution targets as proof that phase-conjugate retrieval
provides high image fidelity. This, however, is no
guarantee that the retrieved data pages will be correctly
received by the detector array. In fact, the BER of
pixel-matched holograms can be used as an extremely
sensitive measure of the conjugation fidelity of volume
holograms. Any errors in rotation, focus, x-y registration,
magnification, or residual aberrations will rapidly increase
the measured bit-error rate (BER) for the data page.
Using the pixel-matched optics in both the DEMON I
platform and the PRISM tester, we have implemented
low-BER phase-conjugate readout of large data pages. On
the PRISM tester, phase conjugation allowed the readout
of megapel pages through much smaller apertures than in
the original megapel experiment mentioned above, which
was performed without phase conjugation [7]. This
demonstrates a thirtyfold increase in areal density per
hologram.

Figure 10 shows a simplified diagram of the PRISM
tester, modified for this phase-conjugate experiment. The
Fourier lenses were removed, and the object beam was
focused by a lens through the megapel mask onto a
mirror placed halfway between the mask and CCD. After
deflection by this mirror, the object beam was collected
by a second lens, forming an image of the mask. Here an
Fe-doped LiNbO3 crystal was placed to store a hologram
in the 90-degree geometry [16]. After passing through the
crystal, the polarization of the reference beam was rotated
and the beam was focused into a self-pumped phase-
conjugate mirror [17] using a properly oriented, nominally
undoped BaTiO3 crystal. In such a configuration, the input
beam is directed through the BaTiO3 crystal and into the
far corner, creating random backscattering throughout the
crystal. It turns out that counter-propagating beams (one
scattered upon input to the crystal, one reflected from the
back face) are preferentially amplified by the recording of
real-time holograms, creating the two “pump” waves for
a four-wave-mixing process. Since momentum (or wave-
vector) must be conserved among four beams (energy
is already conserved because all four wavelengths are
identical), and since the two “pump” beams are already
counter-propagating, the output beam generated by this
process must be the phase-conjugate to the input beam [17].

The crystal axes of the LiNbO3 were oriented such that
the return beam from the phase-conjugate mirror wrote
the hologram, and the strong incoming reference beam
was used for subsequent readout [16]. (Although both

mutually phase-conjugate reference beams were present in
the LiNbO3 during recording, only the beam returning
from the phase-conjugate mirror wrote a hologram
because of the orientation of the LiNbO3 crystal axes. For
readout, the phase-conjugate mirror was blocked, and the
incoming reference beam read this hologram, reconstructing
a phase-conjugate object beam.) By turning the
mirror by 90 degrees, this phase-conjugate object beam
was deflected to strike the pixel-matched CCD camera.
We were able to store and retrieve a megapel hologram
with only 477 errors (BER ' 5 3 1024) after applying a
single global threshold. The experiment was repeated with
a square aperture of 2.4 mm on a side placed in the object
beam at the LiNbO3 crystal, resulting in 670 errors. Even
with the large spacing between SLM and CCD, this
is already an areal density of 0.18 bits per mm2 per
hologram. In contrast, without phase-conjugate readout,
an aperture of 14 mm 3 14 mm was needed to produce
low BERs with the custom optics [7]. The use of phase-
conjugate readout allowed mapping of SLM pixels to
detector pixels over data pages of 1024 pixels 3 1024
pixels without the custom imaging optics, and provided an
improvement in areal density (as measured at the entrance
aperture of the storage material) of more than 30.

In a second experiment, we modified the DEMON I
platform in an analogous manner, using a BaTiO3 crystal
for phase conjugation and LiNbO3 for recording data-
bearing holograms of 320 pixels 3 240 pixels. To
demonstrate the phase-conjugation properties, the two
retrieved pages of Figure 11 illustrate the results of
passing the object beam through a phase aberrator
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(a 1-mm-thick plastic plate). Figure 11(a) shows the
data page with only one pass through the plastic plate,
demonstrating conventional, non-phase-conjugate readout,
while Figure 11(b) demonstrates phase-conjugate readout,
where the object beam passes through the plate once
during hologram storage and then again upon readout
with the phase-conjugate reference beam, correcting the
phase aberrations.

One of the practical issues affecting the use of phase-
conjugate readout is the need to multiplex the reference
beam in order to attain meaningful capacities. Instead of
the single pair of reference beams shown in Figure 10, a
practical system would require as many as a thousand
pairs of reference-beam angles. If the two reference
beams are not true phase-conjugate pairs, the differences
between them will distort the resulting reconstructed data
page. It is not yet clear how a practical system would be
able to guarantee this phase-conjugation relationship
among many reference beams.

Having discussed the optical components that imprint
and detect information, we move to a discussion of coding
and signal processing, and the best possible use of these
components to record and retrieve digital data from a
holographic data storage system.

Coding and signal processing
In a data-storage system, the goal of coding and signal
processing is to reduce the BER to a sufficiently low level
while achieving such important figures of merit as high
density and high data rate. This is accomplished by

stressing the physical components of the system well
beyond the point at which the channel is error-free, and
then introducing coding and signal processing schemes to
reduce the BER to levels acceptable to users. Although
the system retrieves raw data from the storage device with
many errors (a high raw BER), the coding and signal
processing ensures that the user data are delivered with
an acceptably low level of error (a low user BER).

Coding and signal processing can involve several
qualitatively distinct elements. The cycle of user data
from input to output can include interleaving, error-
correction-code (ECC) and modulation encoding, signal
preprocessing, data storage in the holographic system,
hologram retrieval, signal postprocessing, binary detection,
and decoding of the interleaved ECC.

The ECC encoder adds redundancy to the data in order
to provide protection from various noise sources. The
ECC-encoded data are then passed on to a modulation
encoder which adapts the data to the channel: It
manipulates the data into a form less likely to be
corrupted by channel errors and more easily detected at
the channel output. The modulated data are then input
to the SLM and stored in the recording medium. On
the retrieving side, the CCD returns pseudo-analog data
values (typically camera count values of eight bits) which
must be transformed back into digital data (typically
one bit per pixel). The first step in this process is a
postprocessing step, called equalization, which attempts to
undo distortions created in the recording process, still in
the pseudo-analog domain. Then the array of pseudo-
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analog values is converted to an array of binary digital
data via a detection scheme. The array of digital data
is then passed first to the modulation decoder, which
performs the inverse operation to modulation encoding,
and then to the ECC decoder. In the next subsections, we
discuss several sources of noise and distortion and indicate
how the various coding and signal-processing elements can
help in dealing with these problems.

● Binary detection
The simplest detection scheme is threshold detection,
in which a threshold T is chosen: Any CCD pixel with
intensity above T is declared a 1, while those below T
are assigned to class 0. However, it is not at all obvious
how to choose a threshold, especially in the presence
of spatial variations in intensity, and so threshold
detection may perform poorly. The following is an
alternative.

Within a sufficiently small region of the detector array,
there is not much variation in pixel intensity. If the page is
divided into several such small regions, and within each
region the data patterns are balanced (i.e., have an equal
number of 0s and 1s), detection can be accomplished
without using a threshold. For instance, in sorting
detection, letting N denote the number of pixels in a
region, one declares the N/ 2 pixels with highest intensity
to be 1s and those remaining to be 0s. This balanced
condition can be guaranteed by a modulation code
which encodes arbitrary data patterns into codewords
represented as balanced arrays. Several such codes are
reported in [8, 18]. Thus, sorting detection combined with
balanced modulation coding provides a means to obviate
the inaccuracies inherent in threshold detection. The price
that is paid here is that in order to satisfy the coding
constraint (forcing the number of 0s and 1s to be equal),
each block of N pixels now represents only M bits of data.
Since M is typically less than N, the capacity improvement
provided by the code must exceed the code rate, r 5 M/N.
For example, for N 5 8, there are 70 ways to combine
eight pixels such that exactly four are 1 and four are 0.
Consequently, we can store six bits of data (64 different
bit sequences) for a code rate of 75%. The code must
then produce a .33% increase in the number of
holographic pages stored, in order to increase the
total capacity of the system in bits.

One problem with this scheme is that the array
detected by sorting may not be a valid codeword for the
modulation code; in this case, one must have a procedure
which transforms balanced arrays into valid codewords.
This is not much of a problem when most balanced arrays
of size N are codewords, but for other codes this process
can introduce serious errors. A more complex but more
accurate scheme than sorting is correlation detection, as
proposed in [8]. In this scheme, the detector chooses the

codeword that achieves maximum correlation with the
array of received pixel intensities. In the context of the 6:8
code described above, 64 correlations are computed for
each code block, avoiding the six combinations of four 1
and four 0 pixels that are not used by the code but which
might be chosen by a sorting algorithm.

● Interpixel interference
Interpixel interference is the phenomenon in which
intensity at one particular pixel contaminates data
at nearby pixels. Physically, this arises from optical
diffraction or aberrations in the imaging system. The
extent of interpixel interference can be quantified by the
point-spread function, sometimes called a PSF filter.
If the channel is linear and the PSF filter is known, the
interpixel interference can be represented as a convolution
with the original (encoded) data pattern and then
“undone” in the equalization step via a filter inverse to
the PSF filter (appropriately called deconvolution).
Results on deconvolution with data collected on
DEMON I at IBM are described in [19, 20].

Deconvolution has the advantage that it incurs no
capacity overhead (code rate of 100%). However, it suffers
from mismatch in the channel model (the physics of
the intensity detection makes the channel nonlinear),
inaccuracies in estimation of the PSF, and enhancement
of random noise. An alternative approach to combating
interpixel interference is to forbid certain patterns of high
spatial frequency via a modulation code. According to the
model in [21], for certain realistic and relatively optimal
choices of system parameters (in particular at the Nyquist
aperture described above [21]), if one forbids a 1
surrounded by four 0s (in its four neighbors on the
cardinal points of the compass), areal density can be
improved provided that the modulation code has a rate
.0.83. Such a code at rate 8:9 5 0.888 . . . is described in
[22]; in fact, [22] describes such codes of much higher
rate, but at the expense of increased complexity.

A code that forbids a pattern of high spatial frequency
(or, more generally, a collection of such patterns of
rapidly varying 0 and 1 pixels) is called a low-pass code.
Such codes constrain the allowed pages to have limited
high spatial frequency content. A general scheme for
designing such codes is given in [23], via a strip encoding
method in which each data page is encoded, from top
to bottom, in narrow horizontal pixel strips [24]. The
constraint is satisfied both along the strip and between
neighboring strips. Codes that simultaneously satisfy both
a constant-weight constraint and a low-pass constraint are
given in [22].

● Error correction
In contrast to modulation codes, which introduce a
distributed redundancy in order to improve binary
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detection of pseudo-analog intensities, error correction
incorporates explicit redundancy in order to identify
decoded bit errors. An ECC code receives a sequence of
decoded data (containing both user and redundant bits)
with an unacceptably high raw BER, and uses the
redundant bits to correct errors in the user bits and
reduce the output user BER to a tolerable level (typically,
less than 10212). The simplest and best-known error-
correction scheme is parity checking, in which bit errors
are identified because they change the number of 1s in a
given block from odd to even, for instance. Most of the
work on ECC for holographic storage has focused on
more powerful Reed–Solomon (RS) codes [25]. These
codes have been used successfully in a wide variety of
applications for two reasons: 1) They have very strong
error-correction power relative to the required redundancy,
and 2) their algebraic structure facilitates the design and
implementation of fast, low-complexity decoding algorithms.
As a result, there are many commercially available RS chips.

In a straightforward implementation of an ECC, such as
an RS code, each byte would be written into a small array
(say 2 times 4 for 8-bit bytes), and the bytes in a codeword
would simply be rastered across the page. There might
be approximately 250 bytes per codeword. If the errors
were independent from pixel to pixel and identically
distributed across the page, this would work well.
However, experimental evidence shows that the errors are
neither independent nor identically distributed. For example,
interpixel interference can cause an error event to affect a
localized cluster of pixels, perhaps larger than a single byte.
And imperfections in the physical components can cause the
raw BER to vary dramatically across the page (typically,
the raw BER is significantly higher near the edges of the
page).

Assume for simplicity that our choice of ECC can
correct at most two byte errors per codeword. If the
codewords are interleaved so that any cluster error can
contaminate at most two bytes in each codeword, the
cluster error will not defeat the error-correcting power of
the code. Interleaving schemes such as this have been
studied extensively for one-dimensional applications (for
which cluster errors are known as burst errors). However,
relatively little work has been done on interleaving
schemes for multidimensional applications such as
holographic recording. One recent exception is a class
of sophisticated interleaving schemes for correcting
multidimensional cluster errors developed in [26].

For certain sources of error, it is reasonable to assume
that the raw-BER distribution is fixed from hologram to
hologram. Thus, the raw-BER distribution across the page
can be accurately estimated from test patterns. Using this
information, codewords can then be interleaved in such a
way that not too many pixels with high raw BER can lie in
the same codeword (thereby lowering the probability of
decoder failure or miscorrection). This technique, known
as matched interleaving, introduced in [27], can yield a
significant improvement in user BER.

● Predistortion
The techniques we have described above are variations
on existing coding and signal-processing methods from
conventional data-storage technologies. In addition, a
novel preprocessing technique unique to holographic
data storage has been developed at IBM Almaden.
This technique, called “predistortion” [28], works by
individually manipulating the recording exposure of each
pixel on the SLM, either through control of exposure time
or by relative pixel transmission (analog brightness level
on the SLM). Deterministic variations among the ON
pixels, such as those created by fixed-pattern noise,
nonuniformity in the illuminated object beam, and even
interpixel crosstalk, can be suppressed (thus decreasing
BER). Many of the spatial variations to be removed are
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present in an image transmitted with low power from the
SLM directly to the detector array. Once the particular
pattern of nonuniform brightness levels is obtained, the
recording exposure for each pixel is simply calculated
from the ratio between its current brightness value and
the desired pixel brightness [28].

At low density, raw-BER improvements of more than 15
orders of magnitude are possible [28]. More significantly,
at high density, interpixel crosstalk (which is deterministic
once each data page is encoded) can be suppressed and
raw BER improved from 1024 to 10212 [28]. Figure 12 shows
this experimental result, implemented on the DEMON I
platform with a square aperture of 2.8 mm 3 2.8 mm
placed at the Fourier transform plane of the imaging
optics. Another use of the predistortion technique
is to increase the contrast between the 1 and 0 pixel states
provided by the SLM. By using interferometric subtraction
while recording the hologram, the amount of light
received at the 0 detector pixels can be reduced [28].

● Gray scale
The previous sections have shown that the coding
introduced to maintain acceptable BER comes with an
unavoidable overhead cost, resulting in somewhat less
than one bit per pixel. The predistortion technique
described in the previous section makes it possible to
record data pages containing gray scale. Since we record
and detect more than two brightness levels per pixel, it is
possible to have more than one bit of data per pixel [29].
The histogram of a hologram with six gray-scale levels
made possible by the predistortion technique is shown in
Figure 13. To encode and decode these gray-scale data
pages, we also developed several local-thresholding
methods and balanced modulation codes [29].

If pixels take one of g brightness levels, each pixel can
convey log2 g bits of data. The total amount of stored
information per page has increased, so gray-scale encoding
appears to produce a straightforward improvement in both
capacity and readout rate. However, gray scale also divides
the system’s signal-to-noise ratio (SNR) into g 2 1 parts,
one for each transition between brightness levels. Because
total SNR depends on the number of holograms, dividing
the SNR for gray scale (while requiring the same error
rate) leads to a reduction in the number of holograms
that can be stored. The gain in bits per pixel must then
outweigh this reduction in stored holograms to increase
the total capacity in bits [29].

● Capacity estimation
To quantify the overall storage capacity of different gray-
scale encoding options, we developed an experimental
capacity-estimation technique [12]. In this technique,
the dependence of raw BER on readout power is first
measured experimentally. A typical curve is shown in

Figure 14(a). The capacity-estimation technique then
produces the relationship between M, the number of
holograms that can be stored, and raw BER [Figure 14(b)].
Without the capacity-estimation technique, producing
Figure 14(b) would require an exhaustive series of
multiple hologram experiments.

In general, as the raw BER of the system increases,
the number of holograms, M, increases slowly. In order
to maintain a low user BER (say, 10212) as this raw-
BER operating point increases, the redundancy of the
ECC code must increase. Thus, while the number of
holograms increases, the ECC code rate decreases. These
two opposing trends create an “optimal” raw BER, at
which the user capacity is maximized [30]. For the
Reed–Solomon ECC codes we commonly use [29], this
optimal raw BER is approximately 1023. By computing
these maximum capacities for binary data pages and gray-
scale data pages from g 5 2 to g 5 6, we were able to
show that gray-scale holographic data pages provide an
advantage over binary encoding in both capacity and
readout rate. The use of three gray levels offered a
30% increase in both capacity and readout rate over
conventional binary data pages.

Associative retrieval
As mentioned in the Introduction, volume holographic
data storage conventionally implies that data imprinted on
an object beam will be stored volumetrically [Figure 15(a)],
to be read out at some later time by illumination
with an addressing reference beam [Figure 15(b)].
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