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Abstract: Holographic recording media can store the amplitude and the phase, or the complex
amplitude, of a beam on the basis of holography. Owing to this characteristic, digital data can be
encoded onto the complex amplitude of a signal beam in holographic data storage. However, most of
conventional holographic storage systems encode digital data onto the amplitude alone because
there are difficulties for modulating and detecting the phase. To solve the difficulties, a holographic
storage system using digital holographic techniques has been proposed. With the help of digital
holographic techniques, it is possible to modulate and detect the complex amplitude of a signal
beam. Moreover, the proposed system can modulate the complex amplitude of a reference beam.
In this paper, by making use of the capability, a correlation-based multiplexing with uncorrelated
reference beams is demonstrated in the proposed system. Multiple holograms can be recorded in
the same volume of a recording medium with no need for mechanical movements. Experimental
results show that the proposed system with a correlation-based multiplexing can improve the storage
capacity and can utilize the full potential of a recording medium without crosstalk noise stem from
the optical setup.
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1. Introduction

Holographic data storage has been considered to be an attractive candidate for the next-generation
optical data storage technology because of its potential for simultaneously achieving huge capacity
and fast transfer rates [1,2]. In holographic data storage, digital data to be stored are converted into a
two-dimensional data array called a data page. According to the data page, the amplitude distribution
of a beam is spatially modulated using a spatial light modulator (SLM). The modulated beam, called a
signal beam, interferes with a reference beam in a recording medium. The three-dimensional intensity
distribution of the interference pattern is recorded throughout the volume of a recording medium via
modulation of the real and/or imaginary part of the dielectric constant. As a result, digital data are
stored as a volume hologram in a recording medium. To retrieve the digital data, the volume hologram
is illuminated with the reference beam that is used during recording. The portion of the reference beam
is diffracted by the volume hologram. The diffracted beam is a replica of the signal beam. By detecting
the intensity distribution of the diffracted beam using an image sensor, the recorded digital data can
be readout. When recording subsequent volume holograms of data pages, the optical property of a
reference beam and/or the three-dimensional position of a recording medium are changed. A lot of
holograms can therefore be recorded in the same volume of a recording medium. This recording process
is known as multiplexing. In order to improve storage capacity and develop a commercial product,
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various multiplexing methods such as angle, shift, phase-code, and peristrophic multiplexing methods
have been proposed and demonstrated [1,3]. In addition to the multiplexing methods, several recording
medium [4-7], optical systems [8-13], recording techniques [14-16], and retrieving techniques [17-19]
have been developed. Through the progress in supporting technologies, the recording density of more
than 1 Tbit/in? has been experimentally archived [20,21].

In general, holographic recording media are capable of recording and reconstructing the amplitude
and the phase of a beam on the basis of holography. In addition to the amplitude, the phase should
therefore be used as an information carrier in holographic data storage. By encoding digital data
onto the amplitude and the phase, or the complex amplitude, it is possible to increase the amount
of information in a single data page. We refer to such a data page as a complex amplitude data
page. Recording and retrieving complex amplitude data pages result in large storage capacity and
fast transfer rates compared with traditional holographic storage systems that encode digital data
onto the amplitude alone. However, most conventional holographic storage systems, including
the abovementioned systems, cannot utilize the phase as an information carrier. The current SLMs
modulate either the amplitude of the phase, and thus it is impossible to modulate the complex
amplitude of a beam using a single SLM on the pixel-by-pixel basis. Moreover, image sensors are
insensitive to the phase of a beam. Traditional holographic storage systems therefore cannot utilize
the full potential of a recording medium. The introduction of two SLMs and an interferometer
enables an optical setup to modulate and detect the complex amplitude distribution. However,
this makes an optical setup large, complicated, and expensive. Due to the abovementioned difficulties,
few experimental studies have reported on recording complex amplitude data pages although the
significance of the phase has been recognized [22-24].

For the purpose of recording complex amplitude data pages in a simple optical setup, we have
proposed a holographic storage system using digital holography [25]. Digital holography is the
technology that records and reconstructs a hologram with electric devices and signal processing,
unlike analog holography. Owing to digital holography, the proposed system can modulate and
detect the complex amplitude distribution of a signal beam in a common-path setup consists of a
single SLM and a single image sensor. In a preliminary experiment, we have verified that complex
amplitude data pages can be recorded and retrieved with shift multiplexing [25]. In shift multiplexing,
multiple volume holograms are partially overlapped and recorded by shifting a recording medium.
Reducing the shift distance of a recording medium results in large storage capacity. However, the shift
distance should be at least several micrometers to suppress crosstalk noise from adjacent volume
holograms [26]. The crosstalk noise in shift multiplexing is mainly caused by a recording system rather
than a recording medium. If the crosstalk noise is suppressed without shifting a recording medium in
the proposed system, it is possible to utilize the full potential of a recording medium and improve the
storage capacity of holographic data storage.

In this paper, we apply a correlation-based multiplexing to the proposed system in order to
suppress the crosstalk noise without shifting a recording medium. In the proposed system, it is
possible to manipulate the complex amplitude distribution of a reference beam in addition to a signal
beam. Owing to this capability, the proposed system therefore has a possibility of implementing a
correlation-based multiplexing using uncorrelated reference beams instead of shift multiplexing. In the
correlation-based multiplexing, also called phase-code multiplexing, multiple data pages are recorded
using uncorrelated reference beams without displacing a recording medium. A straightforward way
for generating uncorrelated reference beams is the use of multiple random phase masks provided
by an SLM or a diffuser [27-29]. The use of random phase masks, however, wastes the light energy
of a reference beam because the spatial-frequency spectrum of a reference beam is widely spread
and filtered with an aperture. Instead of random phase masks, we make use of computer-generated
reference patterns (CGRPs) [30,31]. By using CGRPs, it is possible to control the spectrum distribution
of a reference beam, and thus the light efficiency can be improved.
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This paper is structured as follows. In Section 2, we describe our proposed holographic storage
system with digital holographic techniques and a correlation-based multiplexing method using
uncorrelated CGRPs. In Section 3, we experimentally demonstrate correlation-based multiplexing of
complex amplitude data pages using uncorrelated CGRPs. Finally, a conclusion is given in Section 4.

2. Correlation-Based Multiplexing in a Holographic Storage System with Digital Holographic Techniques

Figure 1 shows a schematic of a recording process in a holographic storage system using digital
holographic techniques. This optical setup is based on a collinear holographic storage system where
signal and reference beams propagate along a common optical axis [8,32,33]. The conventional
collinear holographic storage system is not capable of modulating and detecting the complex
amplitude distribution of a beam. Unlike the conventional collinear holographic storage system,
our proposed system can modulate and detect the complex amplitude distribution of a beam [25].
The principle of a correlation-based multiplexing is related to an optical correlator using a volume
hologram [34,35]. Recording and retrieving processes of complex amplitude data pages with
uncorrelated as described below.

« Signal beam sn(x,y) ¥s, (x,y) - Reference beam 7a(x,y) ¥r, (%,)
Phase Phase /
hologram hologram £
i —_— = —— —
0 Amplitude 1 0 Phase 2= Phase 27 0 Amplitude 1 O Phase 2= 0 Phase 2n

Aperture Recording

medium

- . - .
0 phase 2v Phase-only Lens

SLM

Figure 1. Recording process in a holographic storage system using digital holographic techniques.

Lets,(x,y) and r,(x, y) denote a nth signal beam contains a nth complex amplitude data page
to be stored and nth reference beam, respectively. By a correlation-based multiplexing, N signal
beams, s1, - - -, sy are recorded in the same volume of a recording medium with N uncorrelated
reference beams, rq, - - -, rny. Note that the reference beams, rq, - - -, rpy, are uncorrelated with each
other. Signal and reference beams are expressed as

su(xy) = as,(x,y) expligs, (x,y)}, @
m(xy) = a:(xy)explign, (x,y)}, €

respectively. a;, and ¢, denote the amplitude and the phase of a signal beam. Similarly, a, and ¢y,
denote the amplitude and the phase of a reference beam. Note that the amplitude of a reference
beam, a,(x,y), is the same regardless of n. By solely changing the phase ¢r,,, it is possible to generate
uncorrelated reference beams r,, (x,y) [31].

During the recording process, phase holograms [36-39], ¥s, (x,y) and ¢, (x,y), for generating
signal and reference beams are designed in a computer on the basis of following equations:

¥s, (v y) = as,(x,y){¢s,(x,y) + Pe(x, )}, 3)
V(v y) = ar(x, )¢, () + oc(x, )}, ¥r, (2, y), 4)
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respectively. ¢.(x, ) is linear phase distribution,

Pc(x,y) =27 (fxx + fyy), )

where fy and f, are spatial carrier frequencies. ¢.(x, y) is required to separate a desired component
from the spatial frequency spectra in a Fourier plane. It should be noted that Equations (3) and (4) are
valid when the amplitude distribution consists of ON (bright) and OFF (dark) cells [39]. In the case
of encoding digital data onto the gray-scale level of the amplitude [40], it is necessary to modify
the equations. The phase holograms, ¢s,(x,y) and ¢,,(x,y), are superimposed and displayed
on a phase-only SLM. The phase-only SLM modulates the phase distribution of a plane wave.
The modulated beam, exp{iys, (x,y)} and exp{iyr,(x,y)}, are optically two-dimensional Fourier
transformed by a lens. An aperture removes undesired spectra from the phase-modulated beams.
The filtered beam is optically Fourier transformed again. As a result, the desired signal and reference
beams, s, and r,, can be obtained on the conjugate plane of the phase-only SLM. Although the liner
phase ¢(x,y) is superimposed on the signal and reference beams, it is not significant because the
linear phase is used as a spatial frequency carrier during retrieving process. The principle of the
abovementioned phase hologram technique is described in [36-39]. The generated signal and reference
beams are optically Fourier transformed to form an interference pattern in a recording medium.
The resulting interference pattern is

Hy(u,v) = |Ry(u— fy,v—fy)+Su(u— fr,v *fy)|2
= [Ru(u = fr,0= fy) P+ [Su(u = fr,0 = fy)?
+R, (1 = fr, 0 = fy)Su(u = fr, 0= fy)
+Ru (1 — fr,0— fy)Su(u— fr,v— fy),
where Rn(u,v) and S, (u,v) are the Fourier spectra of reference and signal beams, respectively.
Note that the spectra of the signal and reference beams are spatially shifted from the optical axis
due to the liner phase in Equation (5). A dielectric constant of a recording medium is changed

depending on the intensity of the interference pattern. By illuminating the interference patterns of
all signal beams s1(x,y), - - -, sy(x,y) without shifting a recording medium, the transmittance of a

(6)

recoding medium is simply given by the summation of their interference patterns,

H(u,v) =C Y Hu(u,v), (7)

where C is constant determined by a recording medium and recording conditions. Although the
equation describes the transmittance change induced by the intensity hologram, it is valid for the
case where the interference pattern is recorded as a small refractive index change. As a result,
a volume hologram of signal beams can be recorded in a recording medium. Note that the effect of
a thickness of a recording medium is ignored in this paper. This is valid to describe the behavior of
correlation-based multiplexing.

Figure 2 shows a schematic of a retrieving process in a holographic storage system using digital
holographic techniques. During the retrieving process, a reference beam used for retrieving 7., (x, y)
(1 < m < N) is generated from a phase-only SLM in the same way as when a volume hologram is
recorded. At the same time, an addition beam is generated for the detection of the complex amplitude
distribution of a reconstructed signal beam. We refer to this additional beam as a phase-shifted beam,
and this beam is given by

ploy) = ap(xy)expligp(x,y)}, ®)

where a, and ¢, denote the amplitude and the phase, respectively. ¢, is linear phase distribution:
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Pp(x,y) = Zn(fxpx +fypy)/ )

where fy, and fy, are spatial carrier frequencies. For the generation of the phase-shifted beam,
a phase hologram

Pp(x,y) = ap(x,y)Pp(x,y) (10

is superimposed onto the phase hologram of a reference beam ,,, (x,y). The superimposed phase
pattern is displayed on a phase-only SLM. According to the phase holograms, the phase distribution
of a plane wave is modulated. The modulated beam is spatially band-pass filtered with an aperture,
and the reference and phase-shifted beams can be obtained on the conjugate plane of the phase-only
SLM. The reference beam is optically Fourier transformed by a lens and incident on the recording
medium, resulting in a diffracted beam,

Dy(u,v) = C (IRn(u — fx,0 _fy)‘z + [Su(u — fx,0 _fy)|2)Rm(“ — fx,0 _fy)

s

Sn(u— fr,0 _fy)*Rn(” — fx, 0= fy)Rm(u — fr,0— fy) (11)

+
O
™=z

3
Il
-

+
9]
™=z

Sn(u — fx, 0 _fy)R;(“ — fx,0 _fy)Rm(” — fx,0 _fy)~

3
I
—

The first term is the zeroth order beam, which can be removed by a spatial filtering. The second
term is widely spread out on an image sensor owing to the convolution between r;, and ;. In addition,
its intensity is sufficiently small owing to the characteristic of a volume hologram. The third term gives
the reconstructed beam of interest. The third term of the diffracted beam is Fourier transformed by a
lens, and the complex amplitude on an image sensor is given by,

N
du(x,y) = Cexp{i2rm(frx +fy]/)} Z sn(x%,y) @1u(x,y) © rm(x,y), (12)

n=1

where ® and @ denote convolution and correlation operators, respectively. When n = m, the auto
correlation, r,(x, y) @ rn(x,y), closely approximate a delta function, and a signal beam s, (x,y) can be
obtained. Because the reference beams are uncorrelated with each other, the crosstalk noise due to a
cross correlation 7, (x,y) @ 1y, (x,y) (n # m) is sufficiently small.

The complex amplitude distribution of the reconstructed signal beam is detected using a Fourier
fringe analysis [41] as follows. On an image sensor, the reconstructed signal beam without crosstalk
noise interferes with the phase-shifted beam that propagates from the conjugate plane of the phase-only
SLM. Within the area of interest on an image sensor, the interference pattern

Li(xy) = [Csn(x,y) @ralx,y) ®ra(x,y) exp{i27e(fax + fyy)}
+ap(x,y) exp{i27(fx,x + fy,y) }?

is captured as a digital hologram. Setting C = 1 and a,(x,y) = 1, and regarding r,(x,y) ® 4 (x,y) as a
delta function for simplicity, Equation (13) becomes

(13)
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Li(x,y) = l|sn(x,y)exp{i27t(frx + fyy)} + exp{iZH(fxpx +fyp]/)}|2
= Jsu(x, ]2 +1
Isn(x, 1) | (14)
+5n exp{i27(frsx + fysy) }
+5, (%, ) exp{i271(— frsx — fysy)},
where fys and fys are given by
fxs = fx_fxpr (15)
fys = fy_fyp/ (16)
respectively. The captured digital hologram is digitally Fourier transformed using a computer:
Flla(x,y)] = Flisu(x,y) [+ 10+ St — frs,0 = fys) + Sp(—t = frs, =0 = fys), (17)

where F[X] denotes the Fourier transform operator. The first term is the zeroth order component.
The second term is the Fourier spectrum of a signal beam. The third term is the complex conjugate of the
second term. Because each component is separately placed in the Fourier plane, it is possible to extract
only S, (u — fxs, v — fys). By removing known frequencies, fys and fys, and digitally inverse Fourier
transforming, the complex amplitude data page can be detected. The original data page s, (x,y) can
therefore be retrieved. Through the above procedure using other reference beams, individual complex
amplitude data pages can be independently retrieved from the multiplexed volume holograms.

+ Phase-shifted beam p(x,y) Pp(x,y) « Reference beam r,,(x,y) Pr, (%)
Phase Phase
hologram hologram
| | S| - - .
0 Amplitude T 0 Phase 0 Amplitude T O Phase 2n 0  Phase 2n
Aperture 1

Recording

; Image
— medium
0 Phase 2r Phase-only Lens sensor
SLM Digital hologram
+ Signal beam sy (x,y) (%)
Fourier
fringe
analysis
I 00 - . :I
0Ampl|tude 0 Phase 27 0 IntenS|ty

Figure 2. Retrieving process in a holographic storage system using digital holographic techniques.

3. Experimental Demonstration

In this section, we experimentally demonstrate holographic data recording of complex amplitude
data pages to verify the feasibility of the correlation-based multiplexing in the proposed system.
First, we record a single data page using a single CGRP to show that the proposed system can utilize
the complex amplitude as an information carrier. Subsequently, we investigate the selectivity of
recording holograms using two uncorrelated CGRPs. Finally, we implement the correlation-based
multiplexing using two uncorrelated CGRPs.
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3.1. Single Recording

For the demonstration of single data recording, we recorded and retrieved a complex amplitude
data page 1 depicted in Figure 3a. To generate the amplitude distribution shown in Figure 3a,
we used a 3:16 coding. In this coding, a single symbol consists of three ON and thirteen OFF cells
in 4 x 4 cells [42]. The coding method can suppress interpixel crosstalk noise [43,44]. The phase
distribution consists of four-level phase values, 0, 7t/2, 7r, and 371/2. Note that the phase distribution
where the amplitude value is 0 is represented by the black in Figure 3a. For the generation of the
signal beam that possesses the complex amplitude data page 1, a phase hologram is designed on the
basis of Equation (3). Figure 3b shows a phase hologram for generating a signal beam. Figure 4a
shows the complex amplitude distribution of a reference beam that is used for recoding a volume
hologram of the signal beam. The phase distribution, the CGRP, can be designed by a simulated
annealing method [30]. According to the complex amplitude distribution, a phase hologram shown
in Figure 4b is obtained. The phase holograms shown in Figures 3b and 4b are superimposed,
which results in the phase hologram shown in Figure 5a. The phase hologram was displayed on the
phase-only SLM in the optical setup shown in Figure 6. In the optical setup, a laser diode with a
wavelength of 532 nm was used as a coherent light source. A plane wave was obtained though a
spatial filter and a collimator lens. The plane wave was incident on a phase-only SLM (X10468-01,
Hamamatsu Photonics K. K., Shizuoka, Japan) with 800 x 600 pixels and a pixel pitch of 20 um.
The phase-modulated beam was band-pass filtered with a square aperture to generate signal and
reference beams and to restrict a recording area. The width of the square aperture is the 2x Nyquist
size [1,3]. By the band-pass filtering, signal and reference beams were generated on the conjugate
plane of the phase-only SLM. These beams were Fourier transformed, and the interfere pattern was
recorded in a photopolymer material (Kyoeisha Chemical Co., Osaka, Japan) with a thickness of 400
um. During the retrieving process, the phase hologram shown in Figure 5b was displayed on the
phase-only SLM. In the conjugate plane of the phase-only SLM, reference and phase-shifted beams
were generated. The volume hologram was illuminated with the reference beam, and thus the signal
beam was reconstructed. The reconstructed signal beam interfered with the phase-shifted beam on a
charge coupled device (CCD) camera with 1280 x 960 pixels and a pixel pitch of 4.65 pm. By applying
the Fourier fringe analysis, the complex amplitude distribution of the signal beam can be detected.
Figure 7a shows the complex amplitude distribution of the reconstructed signal beam. Note that in
the phase distribution of Figure 7a, the phase values where the amplitude values are less than 0.3 are
represented by the black. The detected complex amplitude is decoded as follows [25]. The complex
amplitude distribution was divided to 16 x 16 areas that are the same as the number of cells in a
single data page. In each area, the complex amplitude values were averaged. The averaged complex
amplitude values were plotted on a complex plane, as shown in Figure 7b. In Figure 7b, the solid
squares denote the complex amplitude values of the recorded data. The open circles denote the average
complex amplitude values of retrieved data. The amplitude of retrieved data are normalized by that of
recorded data in Figure 7b. Each retrieved data are regarded as the nearest-neighbor recorded data on
the complex plane, and thereby the retrieved data can be decoded. By applying the above decoding
process, the original data page was successfully retrieved from the complex amplitude distribution
shown in Figure 7a. From the above experiment, we have verified that the proposed system can
record and retrieve a single complex amplitude data page. In the next subsection, we demonstrate the
correlation-based multiplexing.
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3.2. Correlation-Based Multiplexing

To show the feasibility of the correlation-based multiplexing, we record two complex amplitude
data pages shown in Figures 3 and 8. Each data page is recorded and retrieved using two CGRPs
shown in Figures 4 and 9, respectively. The CGRP2 can be designed using an uncorrelated random
phase mask as an initial state in a simulated annealing method [31]. The maximum intensity of the
cross correlation between the CGRP1 and the CGRP2 is 0.005, which is normalized by that of the auto
correlation of CGRPs. Before implementing the correlation-based multiplexing, we first investigate the
selectivity of the two uncorrelated CGRPs. The complex amplitude data page 1 was recorded using the
CGRP1 in the same way as the process described in Section 3.1. By illuminating the volume hologram
with the CGRP1, the intensity distribution was obtained, as shown in Figure 10a. Note that we did not
detect the complex amplitude distribution using the phase-shifted beam because only the intensity of
the reconstructed beam is of interest to investigate the selectivity. When the volume hologram was
illuminated with the CGRP2, the data page 1 cannot be reconstructed as shown in Figure 10b. The total
intensity of the reconstructed signal beam of Figure 10b is 7% of that of Figure 10a. Next, we recorded
the complex amplitude data page 2 using the CGRP2 in the different position of a recording medium
where the data page 1 is recorded. Figure 11a,b show the intensity distributions of reconstructed
signal beams using the CGRP1 and CGRP2, respectively. In contrast to Figure 10, the data page 2
can be retrieved when the reference beam with the CGRP2 is illuminated. The total intensity of the
reconstructed signal beam in Figure 11a is 5% of that of Figure 11b. From the above experiments,
we experimentally verified that the selectivity of uncorrelated CGRPs.

256 pixels
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[0} |

E @ Encoding @
= © @
o e e
£ o o
<

0 Io Io
(a) (b)

Figure 8. Data page 2. (a) complex amplitude distribution and (b) phase hologram.
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Figure 9. Reference beam for recording data page 2. (a) complex amplitude distribution and
(b) phase hologram.

Retrieved with CGRP1 Retrieved with CGRP2
Total intensity : 1 Total intensity : 0.07

(a) (b)

Figure 10. Intensity distributions of a reconstructed beam from a volume hologram of the data page 1
by illuminating with (a) CGRP1 and (b) CGRP2.
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Retrieved with CGRP1 Retrieved with CGRP2
Total intensity : 0.05 Total intensity : 1

(@) (®)

Figure 11. Intensity distributions of a reconstructed beam from a volume hologram of the data page 2
by illuminating with (a) CGRP1 and (b) CGRP2.

Finally, we demonstrate the correlation-based multiplexing of two data pages using two
uncorrelated CGRPs. The volume hologram of the complex amplitude data 1 was recorded using the
CGRP1. After that, the volume hologram of the complex amplitude data page 2 was recorded using the
CGRP2 in the same volume of a recording medium without shifting a recording medium. The recording
medium contains two volume holograms was sequentially illuminated with the reference beam with
the CGRP1 and the CGRP2. Figure 12a,b show the complex amplitude distribution of the reconstructed
signal beams by using the CGRP1 and the CGRP2, respectively. There is sufficiently small crosstalk
noise owing to the uncorrelated CGRPs. Each of the complex amplitude distributions is averaged
and plotted on a complex plane, as shown in Figure 12¢,d. By the decoding process, the original
data pages can be successfully retrieved without any error. The experimental results show that the
proposed system using the correlation-based multiplexing can record and retrieve complex amplitude
data pages without shifting a recording medium.

N
a
-
N
El

Phase
Phase

©  Amplitude

(d)

Figure 12. Experimental results of correlation-based multiplexing. Complex amplitude distribution of
the retrieved (a) data page 1 and (b) data page 2. Averaged complex amplitude values of the retrieved
(c) data page 1 and (d) data page 2 on a complex plane.

4. Conclusions

We have demonstrated the correlation multiplexing of complex amplitude data pages in our
proposed holographic storage system with digital holographic techniques. Our proposed system
can utilize the complex amplitude distribution as an information carrier in a simple and compact
optical setup, which allows multilevel recording. In addition, it is possible to modulate the complex
amplitude distribution of a reference beam. By making use of the capability, it is possible to implement
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the correlation-based multiplexing using uncorrelated reference beams. With the correlation-based
multiplexing, multiple volume holograms of complex amplitude data pages can be recorded in
the same volume of a recording medium without shifting a recording medium. This allows stable
multiplexing, which is useful for realizing a practical system. Experimental results show that the
proposed system with the correlation multiplexing can record multilevel data without the crosstalk
noise, unlike traditional holographic storage systems. Therefore, the proposed method can utilize the
full potential of the recording medium and contribute to achieving large storage capacity.

The proposed system allows the illumination of a spatially structured optical field on a material
dynamically. Moreover, it is possible to investigate the optical path difference distribution of a material
from the phase measurement. Owing to the above capability, the proposed system would be useful
for investigating the interaction between light and polymers, and stimulating the development of
applications of photo-responsive polymers.

Acknowledgments: This work was supported by JSPS KAKENHI Grant Number JP15]11996.

Author Contributions: Teruyoshi Nobukawa conceived the concept and performed the experiments.
Takanori Nomura supervised this work and provided critical advice. The authors discussed results and contributed
to the writing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

Hesselink, L.; Orlov, S.S.; Bashaw, M.C. Holographic data storage systems. Proc. IEEE 2004, 92, 1231-1280.
. Dhar, L.; Curtis, K.; Facke, T. Holographic data storage: Coming of age. Nat. Photon. 2008, 2, 403-405.

3. Curtis, K; Dhar, L.; Hill, A.; Wilson, W.; Ayres, M. Holographic Data Storage: From Theory to Practical Systems;
John Wiley & Sons: Chichester, UK, 2010.

4. Mitsube, K.; Nishimura, Y.; Nagaya, K.; Takayama, S.; Tomita, Y. Holographic nanoparticle-polymer
composites based on radical-mediated thiol-yne photopolymerizations: Characterization and
shift-multiplexed holographic digital data page storage. Opt. Mater. Express 2014, 4, 982-996.

5. Li, C,; Cao, L.; Wang, Z,; Jin, G. Hybrid polarization-angle multiplexing for volume holography in gold
nanoparticle-doped photopolymer. Opt. Lett. 2014, 39, 6891-6894.

6.  Navarro-Fuster, V.,; Ortufio, M.; Ferndndez, R.; Gallego, S.; Marquez, A.; Beléndez, A.; Pascual, I. Peristrophic
multiplexed holograms recorded in a low toxicity photopolymer. Opt. Mater. Express 2017, 7, 133-147.

7. Isogai, R.; Nakamura, Y., Takagi, H.; Goto, T; Lim, PB.; Inoue, M. Thermomagnetic writing
into magnetophotonic microcavities controlling thermal diffusion for volumetric magnetic holography.
Opt. Express 2016, 24, 522-527.

8. Horimai, H.; Tan, X,; Liu, J. Collinear holography. Appl. Opt. 2005, 44, 2575-2579.

9. Hoskins, A.; Ihas, B.; Anderson, K.; Curtis, K. Monocular architecture. Jpn. J. Appl. Phys. 2008, 47, 5912-5914.

10. Hoskins, A.; Thas, B.; Anderson, K.; Curtis, K. New optical architecture for holographic data storage system
compatible with Blu-ray Disc’™ system. Opt. Eng. 2014, 53, 025102.

11. Takabayashi, M.; Okamoto, A. Self-referential holography and its applications to data storage and
phase-to-intensity conversion. Opt. Express 2013, 21, 3669-3681.

12. Betin, A.Y.; Bobrinev, V.I.; Odinokov, S.B.; Evtikhiev, N.N.; Starikov, R.S.; Starikov, S.N.; Zlolazov, E.Y.
Holographic memory optical system based on computer-generated Fourier holograms. Appl. Opt. 2013, 52,
8142-8145.

13.  Yosida, S.; Kurata, H.; Ozawa, S.; Okubo, K.; Horiuchi, S.; Ushiyama, Z.; Yamamoto, M.; Koga, S.; Tanaka, A.
High-density holographic data storage using three-dimensional shift multiplexing with spherical reference
wave. Jpn. |. Appl. Phys. 2013, 52, 09LDO07.

14. Nobukawa, T.; Nomura, T. Multilayer recording holographic data storage using a varifocal lens generated
with a kinoform. Opt. Lett. 2015, 40, 5419-5422.

15. Nobukawa, T.; Nomura, T. Digital super-resolution holographic data storage based on Hermitian symmetry
for achieving high areal density. Opt. Express 2017, 25, 1326-1338.



Polymers 2017, 9, 375 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zang, ].; Kang, G.; Li, P; Liu, Y.; Fan, F; Hong, Y.; Huang, Y.; Tan, X.; Wu, A.; Shimura, T; et al. Dual-channel
recording based on the null reconstruction effect of orthogonal linear polarization holography. Opt. Lett.
2017, 42, 1377-1380.

Yu, YW.; Xiao, S.; Cheng, C.Y,; Sun, C.C. One-shot and aberration-tolerable homodyne detection for
holographic storage readout through double-frequency grating-based lateral shearing interferometry.
Opt. Express 2016, 24, 10412-10423.

Miller, B.E.; Takashima, Y. Cavity techniques for holographic data storage recording. Opt. Express 2016, 24,
6300-6317.

Muroi, T.; Katano, Y.; Kinoshita, N.; Ishii, N. Dual-page reproduction to increase the data transfer rate in
holographic memory. Opt. Lett. 2013, 42, 2287-2290.

Hosaka, M.; Ishii, T.; Tanaka, A.; Koga, S.; Hoshizawa, T. 1 Tbit/ inch? recording in angular-multiplexing
holographic memory with constant signal-to-scatter ratio schedule. Jpn. J. Appl. Phys. 2013, 52, 09LDO1.
Ayres, M.; Anderson, K.; Askham, F.; Sissom, B. Urness, A.C. Multi-terabit/ in? holographic data storage
demonstration. Proc. SPIE 2015, 9587, 958702.

Berger, G.; Dietz, M.; Denz, C. Hybrid multinary modulation codes for page-oriented holographic data
storage. J. Opt. A Pure Appl. Opt. 2008, 10, 115305.

Das, B.; Joseph, J.; Singh, K. Phase-image-based sparse-gray-level data pages for holographic data storage.
Appl. Opt. 2009, 48, 5240-5250.

Bunsen, M.; Umetsu, S.; Takabayashi, M.; Okamoto, A. Method of phase and amplitude
modulation/demodulation using datapages with embedded phase-shift for holographic data storage. Jpn. J.
Appl. Phys. 2013, 52, 09LD04.

Nobukawa, T.; Nomura, T. Multilevel recording of complex amplitude data pages in a holographic data
storage system using digital holography. Opt. Express 2016, 18, 21001-21011.

Yu, YW,; Teng, T.C.; Hsieh, S.C.; Cheng, C.Y.; Sun, C.C. Shifting selectivity of collinear volume holographic
storage. Opt. Commun. 2010, 283, 3895-3900.

Sun, C.C.; Su, W.C. Three-dimensional shifting selectivity of random phase encoding in volume holograms.
Appt. Opt. 2001, 40, 1253-1260.

Shibukawa, A.; Okamoto, A.; Tomita, A.; Takabayashi, M.; Sato, K. Multilayer collinear holographic memory
with movable random phase mask. Jpn. |. Appl. Phys. 2011, 50, 099ME10.

Cao, L; Liu, J.; He, Q.; Jin, G. Orthogonal reference pattern multiplexing for collinear holographic data
storage. Appl. Opt. 2014, 53, 1-8.

Nobukawa, T.; Nomura, T. Design of high-resolution and multilevel reference pattern for improvement of
both light utilization efficiency and signal-to-noise ratio in coaxial holographic data storage. Appl. Opt. 2014,
53,3773-3781.

Nobukawa, T.; Wani, Y.; Nomura, T. Multiplexed recording with uncorrelated computer-generated reference
patterns in coaxial holographic data storage. Opt. Lett. 2015, 40, 2161-2164.

Shimura, T.; Ichimura, S.; Fujimura, R.; Kuroda, K.; Tan, X.; Horimai, H. Analysis of a collinear holographic
storage system: Introduction of pixel spread function. Opt. Lett. 2006, 31, 1208-1210.

Tanaka, K.; Hara, M.; Tokuyama, K.; Hirooka, K.; Ishioka, K.; Fukumoto, A.; Watanabe, K. Improved
performance in coaxial holographic data recording. Opt. Express 2007, 15, 16196-16209.

Ni, K.; Ren, W.; Qu, Z.; Cao, L.; He, Q.; Jin, G. Phase-modulated multigroup volume holographic correlator.
Opt. Lett. 2008, 33, 1144-1146.

Ikeda, K.; Suzuki, H.; Watanabe, E. Optical correlation-based cross-domain image retrieval system. Opt. Lett.
2017, 42, 2603-2606.

Davis, J.A.; Cottrell, D.M.; Campos, J.; Yzuel, M.J.; Moreno, 1. Encoding amplitude information onto
phase-only filters. Appl. Opt. 1999, 38, 5004-5013.

Arrizén, V,; Ruiz, U.; Carrada, R.; Gonzélez, L.A. Pixelated phase computer holograms for the accurate
encoding of scalar complex fields. J. Opt. Soc. Am. A 2007, 38, 3500-3507.

Arrizén, V,; Ruiz, U.; Carrada, R.; Gonzédlez, L.A. Exact solution to simultaneous intensity and phase
encryption with a single phase-only hologram. Opt. Lett. 2013, 38, 3546-3549.

Nobukawa, T.; Nomura, T. Linear phase encoding for holographic data storage with a single phase-only
spatial light modulator. Appl. Opt. 2016, 55, 2565-2573.



Polymers 2017, 9, 375 13 of 13

40.

41.

42.

43.

44.

Burr, G.W,; Barking, G.; Coufal, H.; Hoffnagle, J.A.; Jefferson, C.M.; Neifeld, M.A. Gray-scale data pages for
digital holographic data storage. Opt. Lett. 1998, 23, 1218-1220.

Takeda, M.; Ina, H.; Kobayashi, S. Fourier-transform method of fringe-pattern analysis for computer-based
topography and interferometry. J. Opt. Soc. Am. 1982, 72, 156-160.

King, B.M.; Neifeld, M.A. Sparse modulation coding for increased capacity in volume holographic storage.
Appl. Opt. 2000, 39, 6681-6688.

Hong, J.; McMichael, I.; Ma, J. Influence of phase masks on cross talk in holographic memory. Opt. Lett. 1996,
21, 1694-1696.

Bernal, M.-P,; Burr, G.W.; Coufal, H.; Quintanilla, M. Balancing interpixel cross talk and detector noise to
optimize areal density in holographic storage systems. Appl. Opt. 1998, 37, 5377-5385.

@ (© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Correlation-Based Multiplexing in a Holographic Storage System with Digital Holographic Techniques
	Experimental Demonstration
	Single Recording
	Correlation-Based Multiplexing

	Conclusions

