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Volume Holographic Storage Demonstrator
Based on Phase-Coded Multiplexing
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Abstract—We present the design and realization of a compact age techniques. Therefore, we realized a volume holographic

volume holographic memory based on phase-coded multiplexing. storage demonstrator based on phase-coded multiplexing that

Due to the use of nonmechanical reference beam changes in thisy|o\ys to assess the practicality of this technology [16], [17].
multiplexing technique, rapid access of the stored data pages is

achieved. Our system can reach a maximum storage capacity up The rqulrements we imposed qn thg system are .that it _has
to 480 data pages with a resolution of 640x 480 pixels in a tO combine a reasonable small size with the potential of high
single interaction region of a photorefractive LiNbO; crystal. We —storage capacity, fully automated storage and data retrieval,
present the implementation of the system and first experimental rapid access to arbitrary data pages and the flexibility to
results of both, high-resolution analog image storage and digital Dprocess analog as well as digital data. Recently, a first testing
data storage. The storage of 180 data pages is demonstrated a . . . .
well as the application of the system to real-time optical image of this device gave a storage Cap_aC|ty (_Jf 8_8 data pages easily
processing. [18], [19]. Here, we extend these investigations on the storage
of high-resolution analog images. Moreover, the storage of
digital data is realized. To the best of our knowledge, this
is the first succesfull implementation of digital data storage
using phase-coded multiplexing.

l. INTRODUCTION In this paper, we discuss the architecture and the perfor-

MONG THE TECHNIQUES that have been envisagefnance of this demonstrator. In Section II, we give a short re-
for page-oriented data storage in volume holographitew of the principles of phase-coded multiplexing. Section IlI
memories, orthogonal phase-coded multiplexing [1], [2] oflescribes the design and architecture of our memory as well as
fers several advantages over angular [3], [4] and wavelendfi® characteristics of the key system components. Section IV
multiplexing [5], [6], having the same storage capacity. Ahows results on binary image storage, high-capacity analog
holographic data storage system based on phase-coded mifage storage applied to medical (e.g., tomographical) images
plexing operates with a fixed wavelength and a fixed geometfQ! archival storage purposes, and the reconstruction of stored
avoiding mechanically moving parts. At the same time, fligital data. The application of the system to real-time optical
provides short readout times and high energy efficiency. THgage processing, namely addition, subtraction and inversion
signal-to-noise ratio (SNR) of phase-coded multiplexing fé¥f analog data pages is also presented. Finally, we discuss
a given number of holograms is more than two orders #1e actual constraints of the system and its perspectives for
magnitude higher than for angular and wavelength mul@pplications in different fields of optical storage.
plexing [7], [8]. Moreover, it allows to perform arithmetic
operations as addition, subtraction or inversion of different
data pages directly during readout of the memory [9]-[12].
Therefore, using phase-coded optical memories, high-capacityn phase-coded multiplexing, each image is stored with
data storage and high-speed data processing becomes pos8itfiged set of N reference beams incident on the crystal
simultaneously. Finally, this method can be used for thiith a discrete angular spectrum. As in angular multiplexing,
encryption of the stored data [13]. Experimentally, a storadlee incident angles of the reference beams obey the Bragg
capacity of 64 pages has been realized using determinigigndition. However, in contrast to angular multiplexing, all
phase-coded holographic storage [9]. Subsequently sevégference beams interact simultaneously with the signal beam
preliminary function demonstrations have been made by otHiérthe storage crystal, each having a relative phase shift of
authors [14], [15]. 0 or w. Therefore, it is not the direction of each reference
Because these were proof-of-principle experiments withat is varied, but its phase. Each stored data page can be
limited capabiliies—mainly due to the lack of reliable andetrieved independently with the appropriate phase address that
high-resolution phase-only modulation devices—it was difvas used during storage. The maximum number of pages to

ficult to show that this technique is as powerful as angul@e stored in a single interaction region is determined by the
multiplexing in its possibility to replace conventional stornumber of reference beams. During recall, reconstructions of
undesired images interfere destructively, thus producing zero

Index Terms—LiNbO 3, optical storage, phase-coded multiplex-
ing, photorefractive crystal, volume holographic memory.
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For reasons of simplicity in this review, we assume ad#lgorithm
reference beams and the data beam being plane waves. The ) )
extension to more complex beam distributions is straight F(1) — 11 g+l — H H 4
i : 1 —1) OO (4)
forward. Assume thgth data page with the complex amplitude -

S = Sje’" is stored with N reference beams?; = | nere the value 1 corresponds to a phase shift of 0 and
R YL, 7 ¢k, which are given by the sum of planethe value —1 corresponds to a phase shift of or by
wave components with relative phase shifts.. ¢'*/* is @ ysing more complex construction algorithms like the ones of
definite phase term added to each reference beam compongmfiamson- or Paley-type [21]. Becaudé-matrices of order
It is that phase term that gives the set of adjustable phasgs— 4m,m = 1,2,--- can be constructed in general, these
(@)1, ;) representing the phase address of ithedata construction rules allow to adapt the number of phase-codes
page and allows selective retrieval of stored images durigg the available number of reference waves or pixels of the
recall. Interference oV data pages with the appropriate referphase modulation device.
ences creates a refractive index modulation via the electrooptign addition to high-capacity data storage, phase-coded mul-
effect that is proportional to the intensity distribution of thejplexing offers the potential of performing coherent arithmetic
interference pattern operations like addition or subtraction of two data pages, linear
N N combinations of different pages as well as inversion of a single
An(7) ZZA”M(F) . G F=R)F =i 1) page during _readout of the memory [10], [12]. Therefore,
data processing like the comparison of two stored images or
logical operationsd@r, XOR, NOT) with digital data pages can
where An ;. (7) represents the modulation depth of the indele realized using a phase-coded memory.
grating between théth reference beam component and the To obtain addition of several data pages during recall, it is
jth signal beam. Reconstruction of tft image is achieved necessary to decrease the selectivity of the phase codes in such
by illuminating the crystal with the reference beams bearirgway that the recall of pages with equal phase codes becomes
the ith phase codéy;y, - - -, w1 ). Under consideration of the possible. For this purpose, only a subset of reference beams has
Bragg condition, and assuming thAt;;.(7) does not depend to be used for the reconstruction, giving the same phase code
on j, k itself, the readout of the storage medium with theonfiguration for certain images. Subtraction of data pages can

reference beams having the complex amplitdtjeyields the be achieved in a similar way, using a reference subset that has
diffracted amplitude [1] a phase difference of between the phase code configurations.
Furthermore, image inversion can also be realized during

j=1 k=1

N N .

. A readout of the memory by subtracting a page from a plane
diff E7 ilei—@gn

ST ZZSJ et (2)  wave stored in the photorefractive medium. Of course, linear

J=1 k=1 combinations of images combining addition and subtraction

To obtain the reconstruction of the desirk#ld image without are also possible by chosing the appropriate decrease in

crosstalk, the phases of the reference beams have to fulfill ?rféeCtiVity' T_h_ese operat_ions can be realized experimentally
condition [1], [20] with an additional amplitude modulator by addressing the

dynamic memory with only a subset of the original phase-

N N coded beams used for storage of the appropriate images.
ZXlk X = Zei(“@”"*%’“) =N-6&,;
¢ 3k lj
k=1 k=1
where [ll. DESIGN AND KEY SYSTEM COMPONENTS
P 0, forj#l, 3 In order to realize a high-capacity storage system, we
=1, forj=1 (3) initially established several parameters to guide the design

of the demonstrator. Information pages would be stored as

With such a phase code, tlith image will be reconstructed, volume holograms in photorefractive LiNgQeach containing
giving ST « G . ¢k = g, 640 x 480 pixels (37.5 kbyte) defined by the liquid crystal

Equation (3) can be solved algebraically by unitary matricesplay we chose as the spatial light modulation device (SLM).
x fulfiling x - x* = 1, where 1 is the identity matrix. To increase the information content of each hologram, up to
For phase-coded multiplexing, the componegts of the 16 gray levels or 4 bits can be assigned to each pixel. This
matrix x are pure phase factors, having an absolute valueuld yield a storage capacity of 150 kbytes per hologram,
of 1. The phase codes for each data page are given fopvided that the bit-error rate (BER) of the system remains
the N orthogonal columns of the matrix. Therefore, N the same introducing gray values. Probably a noise reduction
determines the maximum number of data pages that cantbehnique (e.g., inverse filtering [22]) needs to be applied in
stored independently. In the case of binary phase encodingier to discriminate these gray levels. The initial requirement
which can be easily accomplished using phase-only spatidl having a fast random data access can be achieved using
light modulators, the values for the relative phase shifts abeary phase encoding with a phase-only liquid crystal device.
0 or . For that purpose, we used a phase-only liquid crystal spatial

Hadamard matrice& (™ are solutions of (3). They can ei-light modulator, having a resolution of 480 pixels in a single
ther be constructed using the Walsh—Hadamard transformatiore. This number limits the number of holograms to be



834 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 4, NO. 5, SEPTEMBER/OCTOBER 1998

optical system S1 BS A2 BE L1 CGH
P Y Nd:YAG] I | a AN N reference
(532nm) 1 L R U | arm
[ laser |r-—{SLM}—s{LiNbO:}—{ CCD | o
T Y bl
g M2 I PM
' '
| E:PM é;BE —_ 2
! ! ! SLM L3 ci L2
o] = = ' M [ N
nput / output ‘data input‘ ‘addressing] ‘data output data arm O U \ ccD
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presentation Fig. 2. Setup of the volume holographic memory with phase-coded mul-
. tiplexing. BE: Beam expansion. CGH: Computer-generated hologram. SLM:
electronical system Spatial light modulator. PM: Phase modulator. S1, S2: Shutter. L1-L4: Lenses.

. ) . . BS: Beam splitter.
Fig. 1. Schematic architecture of the phase-coded holographic memory.

SLM: Amplitude spatial light modulator. CCD: Charge-coupled device. PM:
Phase modulator. compact frequency-doubled Nd:YAG laser that has an output
power of 200 mW has been selected. Light passing the beam
phase-multiplexed at a single interaction region of the storagpglitter enters the reference arm of the system. The signal
material, giving a capacity of 17.6 Mbyte for binary data pagdsam is reflected off the beam splitter, subsequently expanded
(70 Mbyte including gray values). Obviously, the storagand passes through the computer driven amplitude SLM. The
capacity is limited by the available number of independent I&LM presents the data pages to be stored to the memory and
cations that can be realized in the storage material. The storagedulates the signal beam spatially according to the displayed
of around 1-Gbyte data would require 57 independant storageages. In our experiment, we use a commercially available
locations or 15 locations for gray-level storage respectivelywisted nematic liquid crystal display (LCD) with active TFT
As a matter of fact, the requirements on the size of the crystathnology. The display has an active area of 5642.5 mn?
decrease with increasing gray levels. Adjusting of the differeahd a pixel pitch of 88.5:m. Its resolution is 646 480
storage locations can be achieved using a moveable crygiiakls, corresponding to a capacity of about 37.5 kbyte per data
holder, shifting the crystal to the different positions withoupage. Actually, the useable area of the display is determined
changing the imaging system of the memory. by the circular aperture of the optical components with a

Fig. 1 shows the schematic architecture of the phase-codidmeter of approximately 50 mm. The frame rate of the
memory. Data are introduced into the image arm by comput&LM is 50 Hz. The contrast ratio of the LCD i5'I, > 1100
driving the amplitude spatial light modulator (SLM). In thefor binary data. Lens L3 performs a two-dimensional (2-D)
reference arm, addressing of data pages is realized by a pHesarier transform (FT) of the input data page and projects
modulating device (PM) in combination with a computethe Fourier spectrum into the photorefractive crystal. Although
generated hologram serving as a beam separation unit. iByage holograms may also be stored with this configuration,
means of the driving computer, orthogonal phase codes ading a suitable image demagnification unit, FT holograms
generated and transferred to the phase modulator. Suksew to store information over an extended volume range,
quently, the beams of both arms are superimposed coheretttigrefore, being tolerant of media imperfections.
in the recording medium, a Fe-doped LiNb@rystal. During After expansion, the reference beam illuminates a computer-
recall of the stored data, the image arm is blocked amgnerated Fourier hologram (CGH). In combination with a
the reference arm addresses the storage medium with Bwarier lens (L1), it converts the laser beam into an array
appropriate phase codes. The phase-coded set of refereyfcd80 separate beams with equal amplitudes in the Fourier
beams thus reconstructs the corresponding page in the stonalgee of the lens. The purpose of this hologram is to ensure
medium which is imaged onto a charge-coupled device (CCB) equal intensity distribution of the reference beam into the
camera device. 480 references, at the same time minimizing intensity losses.

The recall time of the system is determined by the frame rafe achieve this aim, the hologram is realized as a kinoform
of the phase modulating device. Here, we are using a paralieltour phase type, where the concept of the detour-phase is
nematic stripe modulation device that is capable of switchirmpmbined with highly efficient carrier gratings. This leads
a whole data page in 10 ms, allowing a readout rate of 100 Ha. a high diffraction efficiency of; = 92% for the CGH.

The data retrieval rate is thus given by 30 Mb/s for binary datahe intensity variation between arbitrary spots in the array is

However, the data transfer rate is limited by the CCD cameless than 2.5% [23]. The spotsize and the spot distance are
actually used. Its frame rate of 30 Hz for VGA resolution (&djustable by changing the distance of the hologram relative
Hz for SVGA) results in a data access rate of 9 Mb/s. to lens L1.

Fig. 2 is a schematic showing the optical elements used inAll 480 beams can be phase-modulated separately by an
the demonstrator memory. The whole optical setup coverskectronically driven liquid crystal PM that is positioned in the
surface of around0 x 50 cn?. In order to ensure interfer- back focal plane of lens L1. It performs binary phase modu-
ometric stability, the setup is isolated against vibrations &ation to encode the reference beam array with the orthogonal
well as against air and thermal fluctuations. For the laserphase codes. The PM is a twisted nematic liquid crystal
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stripe array consisting of 480 stripes [24], each switchabdgcles in incremental recording make this recording proce-
to a phase shift of 0 orr for the corresponding beam. Itdure slower than sequential recording. Therefore, we use the
allows to modulate the phase of each beam simultaneousBquential recording schedule in our experiment, reducing the
and independently without a modulation of the amplitude. Trstorage times of subsequent images exponentially. During the
stripe pitch is 8Qum with a stripe width of 7Qum. Although data recording process, the exposure times are controlled by a
modulators with ferroelectric as well as parallel aligned liquidomputer which steers the shutter S1 appropriately.
crystals have the advantage of phase-only modulation, weFor recall of the stored data pages, shutter S2 will be closed.
chose a twisted nematic device for our phase-coded mem@mly the reference beams illuminate the crystal encoded with
out of two reasons. First, these systems are standard devitesappropriate phase code. The Fourier spectrum is then read
that will become available more and more easily for the highut without crosstalk due to destructive interference of the
resolution required in our configuration. These twisted nematioidesired contributions. After an inverse FT by lens system
LC devices can achieve phase-only modulation for a certdid, the retrieved data pages are detected on a CCD camera.
driving voltage region and polarizer orientation. The voltage ihhe CCD camera has 12801024 pixels, being slightly
our device can be switched by the system’s driving computeversized in they direction. Therefore, these supplementary
with a “steering byte” in a resolution of 256 steps fronpixels of the CCD camera are not used for our imaging
minimum to maximum. The phase codes of 0 andan be system. By carefully choosing the combination of the Fourier
adjusted with an accuracy better than 1%. This is an importaransform optics before and behind the crystal, we are capable
condition for achieving a minimal BER, because in phasef resolving all SLM pixels. For the readout process, this
coded multiplexing it is not random errors that define crosstalkgmera size enables two operation modes. It is possible to
but systematic deviations of the phase valuesrof11]. use only the number of pixels that are necessary for detecting
Second, such a twisted nematic LC cell can be switched fraah SLM pixels. Moreover, the demagnification provided by
pure phase to amplitude modulation, thus allowing to perforthe two FT lenses may also be used to impose one SLM
simulaneously the operation of a supplementary intensipyxel on four CCD camera pixels, two in each direction. This
modulator that enables to realize arithmetic operations inosiersampling allows the complete detection of all SLM pixels
single device. Decreasing the selectivity in order to obta#nd enables to lower the requirements of precise pixel-to-pixel
image addition and subtraction is achieved by tuning tf&ljustment. Both cases reduce the resolution to the one of the
voltage of the appropriate modulator stripes to their maximuffLM device thus allowing a readout rate of 30 fps.
values, being equivalent to zero transmission. The codes forThe complete experiment—storage as well as recall—is
the phase modulator are generated and provided by a compagtrolled by a single computer which steers the shutters,
using codes of Paley- or Williamson-type (see Section Iiyupplies the input data pages on the SLM, and generates
Lens L2 is positioned in such a way that the phase-modulatié¢ phase codes for the PM. A photograph of the complete
array is focused into the crystal. memory is shown in Fig. 3. Light from the doubled Nd:YAG

The reference and the data beam—both having a powerlager (upper left corner) is separated by the beam splitter into
several milliwatts—are intersecting in an Iron-doped LiNbOthe data arm (left and lower portion of the photo) and the
crystal having a size of £ 1 x 1 cn?, with the c-axis along reference arm (upper and right portion). The liquid crystal
one of the faces. Alternatively, a crystal of the same size, haLM left in front imprints the data onto the data arm. The
ing a 4%-cut can be used, allowing perpendicular incidengghase modulation device is visible at the right side of the
on the storage medium for signal and reference beam ensurfigto, in the middle part. Both beams are superimposed in the
maximum Bragg selectivity in the storage medium [25]. 1hiNbO3 crystal, which is located in the lower right side and
order to account for the tradeoff between diffraction efficiencghown also in the inset. The CCD camera is located at the
and quality of the reconstructions, which decreases severelyight front corner of the photo, but not visible in the photo.
the entire dynamic range of the recording material is used, we
restricted the recording range to the lower part of the dynamic
range of the crystal. A diffraction efficiency of about Z0for IV. EXPERIMENTAL RESULTS ON
each of the stored images results in a power level sufficiently ANALOG AND DIGITAL DATA STORAGE
large to be within the detection range of the CCD camera dueOur demonstrator was used to store and retrieve both analog
to reducing or oversampling the camera pixels as describaxad digital information. Fig. 4 shows examples of the recall
below. Moreover, the readout intensity can be enhanced uswfgl80 binary images stored with phase-coded multiplexing.
a higher reference beam readout intensity or a longer read®at demonstrate the imaging quality and identify possible
time. In the latter case, however, the readout rate of the systerosstalk sources, here simple binary images were used as data
is decreased proportional to the increase in the readout timgages. Each image had a diffraction efficiency of 1.0The

A computer-driven exposure schedule is used to achievarying locations of the numbers in the images enabled to
equal diffraction efficiencies for all data pages at the end of thietect undesired crosstalk easily. A global uniform contrast
recording procedure. Both, sequential [26] and incremental [@hhancement was the only image processing procedure used
recording schedules can be used. Although both mechanism&nhance all the retrieved images presented in the following
require the same total exposure time for a given diffractidor reproduction purposes. However, Fig. 4 shows that the
efficiency to be reached for each page [27], technically, theconstruced images exhibit a very low crosstalk. Results of
switching delay times between subsequent increments ahd storage of high-resolution analog images with several gray
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Fig. 3. Photograph of the volume holographic memory system based on phase-coded multiplexing.

Fig. 4. Examples for the recall of 180 images stored with phase-codg
multiplexing.

Fig. 5. Simple analog data pages stored in the phase-coded holographic
levels are shown in Figs. 5 and 6. Here, a reduced numberfmory-
several ten images was recorded in each storage cycle.

Most promising applications of holographic memories upversampling rate. In the upper data page, a combination of
to now are in the area of digital data storage. For the case3% 3 pixels and in the lower data page a combination &f%
angular multiplexing, digital data storage has been performpikels represents a single digital bit. The pixel-to-bit ratio is
in several demonstration setups [28], [29]. In order to approalimited by the distortions of our imaging system. Using highly
the requirements of digital data storage in our phase-codeatrected, adapted optical systems, it is possible to reduce the
memory, we investigated the transfer of binary pixels of mumber of pixels per bit in order to achieve higher storage
single data page. For this purpose, each pixel of the spatiapacities.
light modulator or a combination of them represents a digital A complete encoding-reconstruction cycle of a digitally
bit. Examples for the recall of digital data pages with differer@ncoded image page was realized for a pixel-to-bit ratio of
resolutions are shown in Fig. 7. This method of oversamplirfigx 5 pixels representing one single bit. Using the actual
SLM data pixels allows to reduce the BER, but at the sana@erture of our system, this results in a page size of 4096 bits.
time it reduces capacity and transfer rates in proportion to t@®nsequently, several holograms have to be used to store a
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Fig. 6. Original (left) and reconstruction (right) of analog medical (tomo
graphic) images stored in the phase-coded holographic memory.

single digital representation of an image. A simple image wa
used for an initial testing of the conversion of digital data bad
into the image, using 23 pages in a single interaction regid . ? :
for storage of the image. In Fig. 8, an example of these digital. 7. Recall of digital data pages with different resolutions stored in the
data pages, its recall by the phase-coded memory as wellpbase-coded memory:383 pixels per bit (upper image), 5 pixels per bit
the image and its reconstruction are shown. The resulting BER'e" image).
depends on the filling of the binary data page. For the image
shown in Fig. 8, we achieved a raw BERI05-10~*. Because of them. For analog images, this leads to an appropriate
we are actually exploiting only one third of the dynamidéncrease of the intensity in regions where both images are
range of the storage medium (see above), no increase of binght. The subtraction of two images is detected as destructive
BER was observed compared to the single-page storage. Niaterference producing zero intensity in regions where both
that actually no modulation or error correction method wamages have the same intensity. Because the result of this
yet applied for storing the data. Applying novel techniquasnage processing is detected with an intensity-sensitive CCD-
of noise reduction [22] as well as modulation coding (seeamera device, this operation is reduced to give only the
e.g., [28], [30]), a reduction of several orders in BER caabsolute value of the subtraction. However, the subtraction
be expected. process itself conserves the sign of the subtraction due to
For the demonstrations of analog and digital data storage coherent nature. Image inversion can be achieved in our
shown above, no fixing process is used and, therefore, themory by storing a supplementary plane wave in the memory
holograms are slightly erased during readout. However, dand performing subtraction on this page in combination with
to a strong read—write asymmetry of the response time of ttiee page to be inverted. An example on analog image inversion
LiNbOg3 crystal used, erasure is not a problem for the curreist shown in Fig. 10.
single-adressing purposes. However, for long term, multireadApplying these operations to binary or digital data pages
device purposes, thermal or electric fixing has to be addedr&ulizes logical operations likexor (subtraction) andor
order to circumvent undesired erasure. (addition). Moreover, the subtraction of a digital data page
from a plane wave is aOT operation. Therefore, signal
V. EXPERIMENTAL RESULTS ONARITHMETIC OPERATIONS  Processing and image operations during readout of a phase-

Examples for analog image addition and subtraction ggded holographic memory are possible.
described in Section Il are given in Fig. 9. The second row
shows the optical addition (left) and optical subtraction (right)
of pairwise operations of the pages in the first row. The In this paper, we presented a fast and compact volume holo-
addition of two images is detected as constructive interferengeaphic memory system based on phase-coded multiplexing

VI. CONCLUSION
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for high-density analog and digital data storage. Compared
to the more commonly used technique of angular multi-
plexing, this technique allows recording and retrieving of
data pages without introducing moving parts or frequency-
shifting elements into the setup, being at the same time
energy efficient and fast. The device can also be used for
image processing, being able to realize arithmetic operations
on the stored data pages during readout of the memory.
We demonstrated the phase-coded storage and recall of 180
images with low crosstalk. Examples of the storage and
almost error-free retrieval of high-resolution analog and digital
images have been presented as well as optical addition and
subtraction performed on the stored pages during readout of
the memory. Testing is now under way to demonstrate the
maximum capacity and to realize full, error-corrected digital
data retrieval. We expect the fully operating system having
a capacity in a single location of up to 18 Mbyte for binary
data in a single interaction region or more than 70 Mbyte
assuming 16 gray levels to be added. If spatial multiplexing is
added, the system capacity can be larger than 1 Gbyte having
an access time of about 30 Mb/s. Future challenges remain
the extension of the system to add this spatial multiplexing
Fig. 8. Original (left) and reconstruction of a digital data page (right) angf different locations of the storage crystal, enhancing at the
its decoded image. Data are distributed over several pages. No modulation or . .
error correction was applied to the data. same time the access speed of arbitrary data pages stored at
different volume locations.
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