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We introduce a holographic data storage system for intermediating between small data sets and
mass holographic data recording. It employs a holographic sequentially superimposed recording
technique. We discuss a time scheduling technique for making uniform reconstruction of
sequentially recorded holograms and we show experimental results. We also discuss the Bragg
selectivity of sequentially recorded holograms. The maximum storage density of our system is
estimated to be 224kbit/mm2. Our system is useful as an intermediate recording system before
recording mass holographic data in a larger system.
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I. INTRODUCTION

Holography is very useful and interesting technology
in many optical areas such as optical components [1],
display [2, 3], microscopy [4, 5] and so on. Also, holo-
graphic storage technology is one of the most extensively
studied mass storage technologies in recent years because
of the extended internet usage, the development of
three dimensional display systems, and therefore the great
demand for mass storage systems. Holographic storage
technology is the most promising candidate.

The advantage of the holographic storage technology
comes from the parallel data processing and the hologram
multiplexing. In this system a large quantity of data
is first arranged in a two dimensional data page and
then it is recorded all together during a short period
of time. At the data reading process, the two dimensional
data is restored instantaneously and at the same time
by a single illumination by the reference beam. These
make it possible for the holographic data storage
systems to have a rapid data transfer rate.

However, the parallel data processing may reduce
the system efficiency in some cases. For example, class
grades, daily diaries, and short e-mails produce files of
small size. If one tries to record these small files in a
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holographic data storage system that is capable of
recording a large size data page all at once, the data
page may not be filled with these small files and may
be recorded with a lot of blank data that will result
in system waste. In this case, an intermediate data
storage system is needed to reduce the system waste.

In this paper, we propose an intermediate holographic
data storage system in which one dimensional data is
sequentially recorded and, then, the recorded data is
restored simultaneously in a two dimensional data page
as in the conventional holographic data storage system.

The system is based on the technique of sequentially
superimposed hologram recording. This technique has
been widely studied in different approaches. LaMacchia
and Vincelette discussed the diffraction efficiency of
the sequentially recorded hologram and that of the
single hologram [6]. Carlsen showed that sequential bit
recording could be used to form a page-oriented
hologram memory [7]. Kostuk et. al. used a coupled
wave model to analyze both simultaneously and
sequentially recorded holograms [8].

In our intermediate holographic data storage system,
a one dimensional spatial light modulator is used together
with the sequential holographic recording technique.
First, the principle of the sequential recording technique
is explained. Then, the experimental setup is explained.
Also discussed in this section is the time scheduling
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FIG. 1. Schematics of data recording and recon-
struction. (a) Sequential data recording. (b) Simul-
taneous reconstruction of data.

technique required for the uniform reconstruction of
sequentially recorded signals. Finally, the Bragg
selectivity of the sequentially recorded hologram is
discussed.

II. SEQUENTIALLY SUPERIMPOSED
HOLOGRAPHIC RECORDING AND
EXPERIMENTAL SETUP

1. Sequentially superimposed holographic recording

In the conventional holographic recording method, a
two-dimensional data page is imposed to the signal
beam and it is recorded by the interference between
the signal and the reference beam. However, in our
system using a sequentially superimposed holographic
recording method, the data page is separated into
multiples of one dimensional column data and they are
imposed on separate signal beams. Fach signal beam
interferes with the same reference beam, at different
times, and records the data sequentially.

Fig. 1 shows schematics of our system for recording
and reconstructing n signal beams. First, as shown in
Fig. 1(a), the reference beam R interferes with the 1%
signal beam S; and records the data on the recording
medium such as photopolymer. Next, the same
reference beam interferes with the second signal beam
S» to record the second data set, and so on. Fig. 1(b)
shows that the recorded n data are reconstructed by
the same reference beam at the same time.

2. Experimental setup

Fig. 2 shows the experimental setup used in our
experiment. The light source is a DPSS laser of 532nm
wavelength. The laser beam first passes through switch
1, which is used to control the exposure time during
the recording procedure.

DPSS Laser
A=532nm

switch 1

. beam expander |
—|=slitl L3m2 Y
BS[H L1 P cop
slit 2 ) ‘

CYL&
SLM

P: photopolymer

M1: mirror

M2, M3: movable mirror

PM: prism mirror

L1: Fourier Lens

L2: inverse Fourier lens

BS: beam splitter

CYL: cylindrical lens

SLM: 1 dimensional spatial
light modulator

FIG. 2. Setup for holographic superimposed recording.

It is also used to make the reconstructed signal beams
be uniform in intensities. The beam is then expanded
by a beam expander to a beam of diameter about 3
cm. Slit 1 is used to truncate this light beam and make
the beam more uniform in intensity. The beam from
slit 1 passes through a non-polarizing beam splitter and
forms a signal beam and a reference beam.

The reference beam from the beam splitter passes
through lens L3 and is deliberately defocused on the
recording medium P. We will discuss the need to defocus
in the lens system section in detail. The movable
mirror M2 reflects the reference beam such that the
beam direction is changed according to its displace-
ment after the lens L1, which is used to make the
interference between the reference and the signal beam.
In other words, a small movement of the mirror M2
makes the incidence angle of the reference beam change
at the recording medium.

Slit 2 is used to truncate the signal beam for the
proper light shape to be used in the spatial light
modulator. The cylindrical lens CYL focuses the signal
beam from slit 2 to the effective area of the spatial
light modulator SLM, which will modulate and reflect
the signal beam. We will discuss the spatial light
modulator in detail in the spatial light modulator
section. The modulated signal beam passes through the
same cylindrical lens again. It makes the signal beam
be a parallel beam. Mirror 3 is movable and it, together
with the lens L1, causes the incident angle of the signal
beam to change at the recording medium. The incident
angle change caused by the position change of mirror
3 makes it possible to separate the signal beams recorded
during the sequential recording procedure. The lens L1
is a Fourier lens that also focuses the signal beam from
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FIG. 3. The reconstructed signals (a) before digitizing,
(b) after digitizing.

the prism mirror on the recording medium. Before it
reaches on the recording medium, it passes through
switch 2. We open switch 2 during the recording process
and close it during the reconstructing process. During
the reconstruction process, the lens L2 performs the
inverse Fourier transform and restores the image of the
signal beam at the CCD plane.

Figure 3 shows an example of the reconstructed
image. Fig. 3(a) is the reconstructed original signal
beam before digitizing and Fig 3(b) is that after
digitizing. The width of slit 2 was about 0.5mm and
the spatial interval between the mirror movements was
0.75mm in our experiment. We recorded four signals
in a photo polymer of thickness 100 pwm. In this case
pixels of the spatial light modulator were not matched
with those of CCD and the contrast of the spatial light
modulator was measured as 5.6 because it was operating
at the preliminary mode.

The digitizing of the data is done by the threshold
value properly selected from the intensity histogram of
the reconstructed signals. When the signal is recorded
without the time scheduling method, which will be
explained in detail in part III, the intensity histogram
of the reconstructed signals has a broad distribution so
that it may be impossible to find any threshold values.
However, when the signal is recorded using the time
scheduling method, the intensity histogram has two
peaks and the threshold value can be found at the
valley between the two peaks.

3. Lens system

In recent studies of the holographic storage system,
the co-axial lens system has been one of the main issues
[9-13]. This lens system is simple and makes it easy to
perform the angular multiplexing. Our holographic
sequential superimposed recording system consists of
two step superimposing processes. One superimposes
many signals with one reference beam and the other
multiplexes the two dimensional data pages with
several reference beams. To utilize the simple mechanical
operation, our storage system uses a partially co-axial
lens system.

Our lens system is partially co-axial because the lens
L3 defocuses the reference beam on the photopolymer
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FIG. 4. The ray aberration curves of the Fourier lens

in our experiment.
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FIG. 5. The spot shapes of the reference and the signal
beam on photo polymer. (a) and (b) are for the reference
beam. (c) and (d) are for the signal beam.

and therefore the reference arm is not co-axial. This
configuration makes the lens system widely tolerant.
The Fourier transform is performed by a three lens
system. Its effective focal length is about 85 mm and
the back focal length is about 30mm. Fig. 4 shows its
ray aberration curve which was obtained by using lens
simulation software, Code V. The curve shows that the
aberration is below 50 pm. It determines the spot
position of the sequential signals on the photo polymer.
Since the spot position of the signal beam should be
inside the reference beam, the spot size of the reference
beam is made larger than that of the signal beam by
using the defocusing of lens L3.

Figure 5 shows the profile as measured with the knife
edge method of the reference and the signal beam on
photo polymer [14]. Dots are measured values and solid
lines are Gaussian fitted curves. The 1/¢” beam diameter
of the reference beam was measured as 345 pm and 389
um in x and y directions, respectively. The 1/ ¢’ beam
diameter of the signal beam was measured as 129 um
and 83 wm in x and y directions, respectively.
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FIG. 6. The simple diagram of our one-dimensional
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4. Spatial light modulator

Figure 6 shows the one-dimensional spatial light
modulator used in our system. Fig. 6(a) is the top view
where 480 rectangular ribbons are arranged in the
y-direction. The outer length of the ribbon in the z
direction is about 200 pm and its outer width in the
y direction is about 7.5 pm. The width of the central
hole in a ribbon is about 2.5 pm and the space between
two ribbons is also about 2.5 pm. A ribbon consists of
a reflective aluminum thin film on top of a piezoelectric
film and it hangs over the valley, which is about half
the light wavelength deep as shown in Fig. 6(b). The
bottom of the valley is flat and coated with reflective
aluminum. The top and bottom figures in Fig. 6(b) are
side views of a ribbon in the y-direction without and
with an applied signal voltage, respectively. As shown
in the top of Fig. 6(b), the Al film is flat and parallel
to the bottom of the valley when there is no applied
voltage. In this case the reflected lights from the ribbon
surface and from the bottom of the valley are in phase
and the ribbon behaves as a simple mirror. However,
when a voltage is applied, the piezoelectric film will
extend and be protuberant as much as a quarter of the
light wavelength. In this case, the reflected lights from
the ribbon surface and the bottom of the valley are out
of phase and the ribbon behaves as diffract gratings [15].

mI. TIME SCHEDULING FOR
SEQUENTIALSIGNALS AND BRAGG
SELECTIVITY OF SEQUENTIAL
SUPERIMPOSED HOLOGRAMS

1. Time scheduling for sequential signals.
Generally, the sensitivity of the recording medium

and the desired diffraction efficiency of a hologram

determine the recording time of the hologram [16, 17].
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FIG. 7. The sensitivity of the photopolymer in our
experiment (a) in long exposure time, (b) in short
exposure time.
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Fig. 7 shows the sensitivity of the recording medium
used in our experiments. Fig. 7(a) is the diffracted
power measured with an optical power meter as a
function of the exposure time used in recording a
hologram. It shows the nonlinear sensitivity of the
recording medium. Fig. 7(b) shows the diffracted
power measured with a CCD in a short exposure time
below 5 seconds. The dots are measured values of the
diffracted power. A nonlinear curve with saturation
function,

1, = All—exp(-1/T)]. (1)

is fitted to the experimental data, where I; is the
gray level of the diffracted peak, A is a saturation
value, t is exposure time, and T is time to reach the
63% of the saturation value.

The diffraction efficiency 7 of a hologram is pro-
portional to the square of the visibility V of the inter-
ference fringe formed by the reference and the signal
beam [6, 18, 19,

— Imax - Imm
Imax + Imin (23)
Y
noc V%
(v+1) (2b)

where I is the maximum intensity of the fringe, Lnin
is the minimum intensity of the fringe and y is the
ratio of the reference beam intensity I, to the signal
beam intensity I,. The visibility is only related to the
saturation value A in equation (3) because it is
independent of the exposure time. Similarly, the
saturation time constant 7T is only related to the
recording medium. The visibility may be different for
different recorded signals because the position of signal
beams on photopolymer may be different.

Fig. 8 shows the measured positions of the signals.
These position changes may be from the ray aberration
of Fourier lens L1 and the tilt deviation of movable
mirror Ma3.
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FIG. 8. The position change of signals on photopolymer.

Because the reference beam may not be a perfect
plane wave and may not have a Gaussian intensity
profile, the position change of the signal beam on the
recording medium can cause a change of the fringe
visibility. If the visibilities are different for different
signal beams, the saturation values of the signals can
be different. Therefore, to make the reconstructed
signal intensities uniform, we consider the individual
sensitivity curves according to the signal sequence
numbers. From Eq. (3) the sensitivity curve for the

#th signal will be given as fa =4 [1-exp(t; /)] 1 our
sequential signal recording, the ¢th signal will be

recorded during the time At; =t =t In this case
diffracted beam intensity is given by

Al = A[1-exp(At, / T)] (3)

where ¢ is from 1 to n corresponding to the signal
sequence number, A; is the saturation value for the #th
signal. For the uniform diffraction intensities the é-th
diffraction intensity should be same with the first

diffraction intensity, Al = AIdi, or

Al1-en( ] -a1-em{ 3| (4)

From the equation we can determine the exposure
time t; as

At =T ln{l - j[l - exp(ATtlﬂ} (5)

The above calculation process is shown schematically
in Fig. 9.

To acquire the saturation values for different signals,
we recorded holograms with different signals during the
same time of 1 second. Fig. 10(a) shows the diffracted
signal intensity of the holograms. The ratio between
the lowest and the highest signal intensities is about
21%. As can be seen from the figure the first and the
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FIG. 9. The sensitivity curves for different signals.
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FIG. 10. Reconstructed signals (a) from holograms
with the constant time exposure (b) from holograms
with the time scheduling.

fourth reconstructed signals are smaller than the
others. It results from the fact that the signal beam
position varies due to the ray aberration as shown in
Fig. 8 and that the overlap of the first or the fourth
signal beam with the reference beam is not as good as
that of the other signal beams. We determined the
saturation time constants from Fig. 7(b) and the
saturation values from Fig. 10(a). Table 1 shows the
calculation results by equation (7). We improved on
the uniformity of the diffracted signal peaks to about
70%. Fig. 10(b) shows the time scheduled signals with
the exposure times of Table 1.
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TABLE 1. The calculation results from Fig. 7(b) and
Fig. 10(a)

Signal 1 | Signal 2 | Signal 3 | Signal 4

Saturation |1, q) ga9 | 4973.504 | 6279.791 | 1607.626
value (A)
Saturation
time (T) 187.4528
Exposure ]
time (At) 1.50 s 0.37s 0.29s 1.15s

1 ]

L reference

prove
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o 80 hologram
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]
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FIG. 11. Schematic geometry for angular Bragg selectivity.

2. Bragg selectivity of the sequentially recorded
hologram

The holographic storage capacity is strongly connected
to the Bragg selectivity. A storage system with smaller
Bragg selectivity can have larger storage capacity. In
Fig. 11 the reference and signal beams are incident
onto a photopolymer of thickness tuck . Their incident
angles are given by 6, and &, respectively. After the
hologram is recorded, it is read by the prove beam
incident with an angle 6,.

In this configuration the diffraction efficiency 7 is
obtained by the Born approximation [20] as

(Slktlhick )2 2 2tthix:k (Ae) sin©®

= S1 _—
1 2¢, cos O cos” (80) A cos(30) (6)
Where 9:(09+9r)/27 69:(09_97")/27 Aa:gr_ezﬂ and

L=t,,4/cos(80). Also used in the equation is sinc(u)=
sin(7u)/(7w), the dielectric constant & of the recording
medium, the modulation amplitude of the hologram g,
and k=271/A. The minimum of the diffraction efficiency
occurs at the zero of the sinc function. Therefore
angular Bragg selectivity (A&)g is obtained as (Af) ;=
Acos (60) / (2,4, 5in6) . In our sequential hologram recor-

ding, the incident angles of the signal beams are different
and therefore the angular Bragg selectivities are different
for different signals. When the incident angle of the signal
beam is changed by a small amount as & = Bu+d0, the
angular Bragg selectivity is given by

A 005(76“‘ * 0;6’ 0. j

. [030+d6’+9,j

(AG)B =
2tthl("( sim

(7)

It is noted that the change of the angular Bragg
selectivity is negligible for df < G or 6, < 6.

This means that the two-dimensional data page
restored from our sequential hologram recording system
can have data columns uniformly distributed in the
horizontal direction. Similarly, the shift Bragg selec-
tivity can be obtained as

(Agv )B oc (eso + de)iltt;l}ck (8)

and the change of the shift Bragg selectivity can also
be negligible for df < Gs.

In our experimental condition, &, was 10" and dé
was 0.5°, which satisfy the condition of df < 6, and
therefore produce uniformly distributed bit data. We
superimposed four holograms sequentially in the
experiment. Fig. 12 compares the Bragg selectivity of
the sequentially superimposed four holograms with that
of a single hologram. Solid squares are the diffracted
optical power from the sequentially superimposed holo-
grams. Solid line is the fitting of a sinc function. Open
circles are the diffracted optical power from the single
hologram. Dash line is the fitting of a sinc function. It
can be seen from the figure that there is little change
in both the angular and the shift Bragg selectivities for
the sequentially superimposed holograms and the single
hologram.

Therefore the sequentially superimposed method can
increase the storage density. To estimate the storage
density, the shift Bragg selectivity was measured by
displacing the reference beam and by measuring the
diffraction intensity. Then the hologram record area
was estimated from the measured shift Bragg selec-
tivity. The storage density for the single exposure
hologram was estimated to be about llkbit/me,
which is the ratio of 480 pixels of our modulator to the
hologram record area, and that for the sequentially
superimposed hologram about 32kbit/mm?®, where four
holograms were superimposed. Because we may apply
the angle multiplexing seven times in our experimental
condition, the maximum storage density is estimated
to be 224kbit/mm” in our system.
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FIG. 12. Bragg selectivities for sequentially superim-
posed holograms and a single hologram. (a) Angular
Bragg selectivity. (b) Shift Bragg selectivity in x direction.
(c) Shift Bragg selectivity in y direction.

IV. CONCLUSION

We introduced an intermediate holographic storage
system using a sequentially superimposed recording
technique.

We used an one-dimensional spatial light modulator
for high light efficiency and a co-axial lens system for
simple system structure. We used a defocusing techni-
que in the reference beam to avoid the deviation of the
signal spot position due to the aberration of the

conventional lens. Since our method is simple and robust,
it can be used to manufacture a holographic storage
system cost effectively.

To improve the uniformity of the diffracted signals
from the sequentially superimposed holograms, we
considered the optical power change of the diffracted
signals according to the fringe visibility. In our
experiment, we can improve the signal uniformity from
32% to 70%, which is considered good enough for a
digital holographic storage system.

To find the condition for the same Bragg selectivity,
we considered the angular Bragg selectivity and the
shift Bragg selectivity. The measured Bragg selectivities
for the single hologram and for the sequentially
superimposed hologram are nearly the same, allowing
the increased storage density of our system. The
storage density of our system is estimated to be
32kbit/ mm” without using any multiplexing technique
but rather only a line spatial light modulator of 480
pixels.

The storage density of our system may be smaller
than that of the conventional holographic storage.
However, our system has advantages in the sense that
many small packets of data can be recorded sequen-
tially and, later, they can be reconstructed as a larger
packet of data. These larger packets of data can be
recorded in the conventional holographic storage system.
In this case the efficiency of the conventional system
can be greatly increased because no small packets of
data take a larger block of recording medium.
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