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Abstract: Random phase encoding is a unique technique for volume hologram which can
be applied to various applications such as holographic multiplexing storage, image
encryption, and optical sensing. In this review article, we first review and discuss
diffraction selectivity of random phase encoding in volume holograms, which is the most
important parameter related to multiplexing capacity of volume holographic storage. We
then review an image encryption system based on random phase encoding. The alignment
of phase key for decryption of the encoded image stored in holographic memory is
analyzed and discussed. In the latter part of the review, an all-optical sensing system
implemented by random phase encoding and holographic interconnection is presented.
Keywords: volume holographic storage; random phase encoding; optical security;
optical encryption; optical sensing; optical interconnection; spatial filtering

1. Introduction
Volume holographic storage has received increasing attention in the field of optical memory and
information processing owing to its high access rate, high selectivity and large storage capacity [1–3].
The ability of parallel processing in volume holographic storage is an excellent characteristic that the
current commercial storage technology cannot compete with. To achieve the theoretically maximum
storage density in volume holograms, various storage configurations and multiplexing techniques are
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proposed to store multiple images at the position in a medium [4–19]. Among these techniques,
random phase encoding is notably worthy since it provides an additional function for data
security [11–27]. In general, random phase encoding is performed by a phase plate with surface
variation, such as a ground glass or other type of diffuser. Using a ground glass may be the simplest
way to perform random phase encoding. The unpredictable surface variation enables a ground glass to
be a key in data encryption. The decryption of the data cannot work if the key is lost except when a
duplicated phase key is obtainable [28]. However, several main characteristics associated with data
security are difficult to duplicate in the phase plate and alignment in the readout process [29].
Early study of random phase encoding with holographic storage can be referred to the work made
by LaMacchia and White [11] in 1968.This technique is helpful to increase multiplexing selectivity for
thinner holographic materials which lead to worse Bragg selectivity. Related research presented by
Bashaw, Heanue, Aharoni, Walkup, and Hesselink [30] in 1994 has shown that random phase
multiplexing has worse performance on cross talk noise than other multiplexing techniques. For thicker
recording material, the cross talk noise of random-phase-multiplexed holograms can be suppressed
owing to the Bragg effect. However, the suppression effect depends on the material’s thickness. In spite
of worse cross talk performance, it is still possible to take the benefits of random phase multiplexing to
obtain an improved density because storage capacity for holographic memory is not limited simply by
cross talk noise. Dynamic range of recording material, multiplexing selectivity and scattering noises of
reconstruction hologram are the other important factors and should be considered simultaneously.
Accordingly, a storage density of 4.6 Gigapixels/cm3 based on random phase multiplexed holographic
memory has been reported by He et al. [12]. An effective analysis model for estimating diffraction
selectivity of random phase multiplexing was first proposed by Sun et al. [14] in 2000.
Security data storage with random phase encoding accompanied by orthogonal-phase multiplexing
was presented by Heanue, Bashaw, and Hesselink [16] in 1995 and by Denz, Muller, Visinka, and
Tschudi [17] in 1999. Security holographic data storage implemented by random phase encoding
becomes one attractive important issue due to the growing demand for security protection of
information. In general, security holographic data storage implemented by random phase encoding can
be accomplished in two approaches, as shown in Figure 1. In the first approach, the reference beam is
propagated through a random phase generator, resulting in random phase distribution of the
transmission wave [11–18,20]. Holographic multiplexing storage can be performed by shifting the
phase mask to generate a series of uncorrelated reference beams [11–15] or by using orthogonal-phase
multiplexing [16,17]. With holographic techniques, data is multiplexed in the same volume of
recording medium. Each hologram corresponds to a specific reference wavefront. To retrieve the data,
the user must use the same random-phase plate located at the correct position of reference arm to
access the holographic memory.
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Figure 1. Two different schemes of encrypted holographic storage using random phase encoding.

In the second approach to security holographic data storage, based on random phase encoding, the
object beam is encrypted by a random phase plate [19,31–38]. The characteristic of the second
approach is that the original image can be converted into a random-noise-like image directly.
Holographic multiplexing storage in this way is performed by recording the interference of encoded
object beams and a series of reference beams with angular multiplexing [36–38]. The user can read out
the encoded signal stored in the volume hologram by using a phase conjugate wave of the reference.
Thus, a conjugate wave of the stored signal is diffracted in a reverse way to the original signal beam.
The stored information carried by the readout signal beam can be retrieved only if the same
random-phase plate is put at the same location of the signal arm for decryption. In addition, a
good-fidelity phase-conjugated reading light is required for obtaining a high-quality decrypted image
in a practical optical system [19]. However, in optical implementation, the random phase encoding
system requires extremely precise alignment in the decryption process. The encrypted image cannot be
decrypted if the decrypting phase mask deviates a certain distance from the matching position.
Accordingly, Matoba and Javidi proposed an advanced encrypted concept [34]. In this system, not only
the phase information but also the positions of the phase masks are used as encryption keys. Therefore,
the shifting selectivity of phase masks offers important information for alignment and repositioning of
the decryption phase key in a practical system. The theoretical analyses on lateral shifting selectivity
were first discussed by Unnikrishnan, Joseph, and Singh [33] in 1998, and by Matoba and Javidi [34]
in 1999. Later, the affect of the finite size of recording medium on the lateral sifting tolerance and
theoretical analysis on longitudinal shifting tolerance was presented by Su and Lin in 2004 [37].
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To study random phase encoding in holographic storage, one of the key characteristics is the Bragg
selectivity or diffraction selectivity. In random phase encoding for holographic storage, high shifting
selectivity can be performed in three dimensions [13,14,19,20,29,33,34,37]. Accordingly, encoding on
reference or signal as described above provides a promising security for holographic storage.
Unfortunately, high selectivity also leads to a tough task for optical alignment in the decoding process.
Once the location of the authorized key in the reading process deviates from that in the writing process,
it is a challenge to relocate the key to the location for decryption. Therefore, the alignment of the
random phase plate becomes an important issue when optical random phase encoding is applied to a
volume hologram. To solve this problem, a correlator-aided system for alignment of the random phase
plate has been proposed and demonstrated [29]. Another practical issue for volume holograms with
random phase encoding is that a crisis may occur when the phase key is damaged or lost. Duplication
of the phase key is an essential demand for practical applications. A useful and effective way to
reproduce such a phase key has also been proposed and demonstrated [28].
Another characteristic of high diffraction selectivity in holographic storage with random phase
encoding is the application of optical sensing and optical interconnection [39–44]. The basic principle
of optical sensing and optical interconnection based on volume holographic storage is first constructing
a holographic memory, and then using the constructed holographic memory to serve as filters. The
holographic memory is regarded as a database which records the interconnections between the incident
waves and its corresponding output diffractions. In the operation process, the holographic database
plays a role of filter to compare the access waves with the stored reference waves. If the access wave
matches one of recorded reference waves in the database, a corresponding diffraction will be obtained
through interconnection.
A holographic database for holographic interconnections or sensing can be done, accompanied by
use of a multiplexing technique. And diffraction selectivity in these systems is the most important
parameter which affects the multiplexing capacity of a holographic database and affects the sensor
precision of a sensing system. We can find an early study of holographic interconnections focusing on
the angular multiplexing technique [45,46]. However, in such schemes, the angular selectivities in the
horizontal and vertical directions are quite different. To overcome the problems, Lee and Sang [40,47]
proposed a new scheme of optical interconnection with random phase encoding. Recently, a new
approach to perform a 2D-2D image interconnection with use of random phase encoding is proposed
by Sun and his group [39,41].
Accordingly, random phase encoding has been applied to optical information processing, including
holographic multiplexing [11–15,18,20], security data storage [11–22,31–38], optical sensing and
optical interconnection [39–44]. In this paper, we review the studies related to random phase encoding
in volume holography. In Section 2, we will first discuss how the system parameters affect the
multiplexing selectivity of a volume hologram with random phase encoding. In Section 3, image
encryption issues based on random phase encoding for security holographic storage are discussed. In
Section 4, we review and discuss applications of fiber sensing in volume hologram with random phase
encoding and holographic interconnections. In section 5, concluding remarks are made.
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2. Random Phase Multiplexing
Random phase multiplexing was shown useful in increasing the holographic storage capacity in a
thin holographic material, where the Bragg selectivity is not applicable [11]. In a practical holographic
storage system, a general approach is to multiplex holograms in a volume hologram for higher storage
capacity. However, the achievable storage density is limited by several other parameters, including the
dynamic range of the material, signal-to-noise ratio of the diffracted signal, and the multiplexing
capacity allowed by the multiplexing technique used. Among these factors, multiplexing is a key factor
in determining the readout algorithm. One method to enhance multiplexing capacity is to use
random-phase-encoded reference waves to obtain higher multiplexing selectivity. It has been shown
that using random-phase-encoded reference waves in volume holographic storage can enhance the
shifting, angular and wavelength selectivity [13,14,38,48–56]. Random phase encoding of reference
waves by using ground glass for holographic multiplexing storage can be implemented by shifting or
rotating the ground glass itself. The selectivity is analyzed in the following.
2.1. Shifting Selectivity
When a plane wave passes through a ground glass, the wavefront behind the glass can be treated as
a superposition of the wavefronts emerged from a set of point sources with random-distributed initial
phases as shown in Figure 2. Thus, we can write the composite wavefront on the hologram plane
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wave. We assume that the hologram records the interference fringes written by a plane wave and the
reference wave described in Equation (1). Now, another wavefront is applied to read the hologram.
Based on VOHIL (volume hologram being integrator of light emitted from elementary light sources)
model [57], which is an effective and useful algorithm for analyzing diffraction selectivity of volume
holograms, we can express the diffraction as


D

d

2

2

d

2

d

2

d

2

    A

2

 B  exp j  x2 , y2   j  x1 , y1 

 d d d d
2
2
2
2
2

(2)

 exp jk r2  r1   dx1  dy1  dx 2  dy 2  dx3
where  is the thickness of the hologram; A and B are the amplitudes of the reading and the signal
waves, respectively; r2 is the distance between the decoding ground glass and the hologram, which can
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;  x 2 , y 2  is the initial phase of each

point source on the ground glass used for encoding the reading wave. Once the ground glass encoding
the reading wave is not the same as that encoding the reference wave, the diffraction is suppressed, due

Materials 2012, 5

1640

to destructive interference. Therefore, no obvious diffraction light can be observed. Therefore, in the
following analyses, the ground glass used for encoding the reference is the same as that used for the
reading waves, but the position could be different. The effective diffraction is caused only by the
self-reading of each point source. Then the conditions of  x 2 , y 2    x1 , y1   0 must be satisfied in
Equation (2). Supposed the ground glass is shifted at a distance of   x 2  y 2  z 2 , where x ,
y and z are the shifting in horizontal, vertical, and longitudinal directions, respectively. In the
following, we discuss the cases when the ground glass is shifted in the lateral and longitudinal
directions respectively.
2.1.1. Lateral Shifting Selectivity
In this case, x  x2  x1 , y  y2  y1 , and z  0 . Under the paraxial condition, r1  z 0 ; r2  z 0 ,
where z 0 is the distance between the ground glass and the crystal. Equation (2) can be rewritten
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The solution of Equation (3) for the diffraction with respective to x and y can be obtained
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The diffraction intensity can be expressed as
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If the paraxial condition is satisfied, Equation (5) can be further simplified
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Equations (5–8) are general solutions under weak coupling, and we can accordingly investigate its
lateral shifting selectivity in the horizontal and vertical directions.
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Figure 2. Schematic diagram of the shifting random phase encoding for volume hologram.

2.1.2. Longitudinal Shifting Selectivity
In the case of x  0, y  0, and z  z 2  z1 , Equation (2) become
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The theoretical calculations of the shifting tolerance in horizontal, vertical, and longitudinal
direction are shown in Figure 3.
The parameters used in the calculations are z0 = 1 cm,   1 cm , and   514.5 nm . The evaluation
of the 3-D shifting tolerance is useful to random phase encoding for multi-layer storage. Assuming that
the full shifting tolerance in three dimensions are x s , y s , and z s , respectively, and the ground
L
.
glass can be shifted in a range of Lx  Ly  Lz , then the multiplexing capacity is Lx
 y
 Lz
xs
ys
z s
Based on VOHIL model, we have derived a general expression for the diffraction selectivity of the
ground glass for random phase encoding. The mechanisms of 3-D selectivity are described
theoretically, and the experimental results support those theoretical predictions [13,14]. From our
analysis and corresponding experimental observation, a convenient method for increasing the shifting
selectivity as well as the multiplexing capacity is to enlarge the illumination dimension on the ground
glass and to shorten the distance between the ground glass and the volume hologram.
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Figure 3. Theoretical shifting selectivity for random phase multiplexing in volume
holographic storage.
1.0
z0=10cm

0.8
0.6
0.4
0.2

0 1 2 3 4 5 6 7 8 9 10
Horizontal shifting selectivity [μm]

0 1 2 3 4 5 6 7 8 9 10
Horizontal shifting selectivity [μm]

(a)
Normalized diffraction intensity

d=1cm

 =1cm

(b)
1.0
z0 = 10 cm

0.8

d = 1 cm



=1 cm

0.6
0.4
0.2

0
200 400 600 800 1000
Longitudinal shifting selectivity [μm]

(c)

2.2. Rotational Selectivity
An alternative scheme, rotating a ground glass for holographic multiplexing, has been
proposed [58,59]. The rotation selectivity is important, not only to holographic storage, but also optical
sensing when the hologram is applied to spatial filtering [60–62]. Rotation selectivity of a volume
hologram with random phase encoding can also be theoretically estimated, based on the
VOHIL model.
The schematic diagram of the rotation multiplexing is shown in Figure 4a. Since the wavefront
behind the glass can be treated as a superposition of the wavefronts emerging from a set of point
sources with random-distributed initial phases, we may express the composite wavefront on the
hologram plane as Equation (1). In the following analysis, the ground glass used for encoding the
reference is the same as that used for the reading waves, but the position is different owing to rotation
of the ground glass.
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Regarding rotational structure, the distance between the rotational center and the illuminated ground
glass is one of the key factors. The holographic selectivity will be a function of the location of the laser
spot on the ground glass. Figure 4b shows the three typical conditions of the illumination condition. If
we denote the coordinates of ( xc , yc ) as the center of the illumination spot, and (0, 0) as the rotational
center, the coordinates of each point of the ground glass after rotation can be expressed [54]
x2  x1  cos    y1  yc   sin    xc

y2  x1  sin     y1  yc   cos   yc

(10)

In the reconstruction of the hologram, the same ground glass is used, but it is rotated with an
angle  , so the initial phase of the reference and the reading light is the same. Through the
calculation of Equations (2) and (3), we can obtain the relative diffraction selectivity with respect to
the rotation angle of the ground glass. Figure 5 shows the simulation result for different illumination
diameters, where the wavelength is 514.5 nm, the distance ( z 0 ) between the ground glass and the
crystal and the hologram is 10 cm and the hologram dimension along the signal direction is 10 mm.
We may find that the hologram is more sensitive to the rotation when the distance z 0 becomes smaller
or the diameter of the illumination spot on the ground glass becomes larger. Besides, the location of
the illumination spot is important to the Bragg selectivity. When the illumination spot is located at the
y-axis other than (0, 0), the hologram will be most sensitive to the rotation of the ground glass.
Figure 4. (a) Schematic diagram of the rotational random phase encoding for volume
holograms; (b) Three different locations of the illumination area on the ground glass.
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Figure 5. Rotational sensitivity of the volume hologram with random phase encoding.
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3. Image Encryption for Volume Holographic Storage

Several image encryption algorithms have been proposed by use of optical random phase encoding,
such as double random phase encoding [31–38], image encoding [63], and Fourier plane
encoding [64]. Among these schemes, the technique of double random phase encoding uses two
independent random phase masks located at the input and the Fourier planes to convert an original
image into a random-noise-like pattern [31–33]. The random-noise-like pattern is so-called the
encrypted image. Then, holographic storage of multiple encrypted images is implemented sequentially
by recording interference of each encrypted image and its corresponding reference wave in a
holographic recording medium [36–38]. This encryption technique shows good tolerance to data loss
of the encrypted image and different types of noise [65–68]. In optical implementation, a phase
conjugation readout algorithm must be used for image decryption in this scheme. In addition, the
double random phase encoding system requires extremely precise alignment in the decryption process;
otherwise, the encrypted image cannot be decrypted. Accordingly, an advanced encrypted optical
memory system is proposed by shifting the random phase codes away from the input and the Fourier
planes [34,35]. In the system, not only the phase information but also the positions of the phase masks
are used as encryption keys. Therefore, the shifting selectivity of phase masks offers important
information for alignment and repositioning of the decryption phase key in a practical system.
Our study shows that the lateral shifting selectivity of the decryption phase mask in the system
depends on not only its correlation length, but also the dimension of recording medium and distance
between hologram and phase mask. When the signal passes through the encrypted random phase mask,
the wavefront behind the mask can be treated as a superposition of spherical waves emerging from the
phase pixels on the mask. In the phase-conjugate reconstruction, the holographically recorded
spherical wave diverging from each signal phase pixel fails to perfectly focus back onto itself and
causes a blur because only a limited numerical aperture (NA) of the spherical wave was captured by
the hologram. The numerical aperture comes from the hologram transverse size and its distance from
the mask. We define NA  l 2z 0 , where l is the transverse size of the crystal and z 0 is the distance
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between the phase mask and the hologram. We find the blur size is inversely proportional to the
numerical aperture. When the numerical aperture becomes smaller, the blur size will become larger. If
a mask with high spatial frequency is used in the system, the diffraction selectivity could depend on
the blur size only. Therefore, when a mask with a high spatial frequency is used in the system, we can
increase the distance between the crystal and the phase mask or reduce the hologram size to obtain a
larger blur size and then obtain a larger shifting tolerance.
Figure 6 shows the schematic diagram of the image encryption, based on a double random phase
encoding technique for holographic storage. Let f i x, y  denote the ith image to be encrypted and

q i  ,  denotes the ith encrypted image.  x, y  and  u , v  represent two independent random
functions, which are uniformly distributed in [0,1]. Here ( x, y ) , (u, v) , and ( , ) denote the spatial
domain coordinates in input plane P1, Fourier plane P2, and recording plane P3, respectively. The
double random phase encryption of the image f i x, y  is obtained by the following operations. First,

the image f i x, y  contacted with a random phase mask expi 2  x, y  is placed on the input plane

P1 and is illuminated by a coherent plane wave. Second, on the Fourier plane P2, the Fourier transform
of the product f i  x, y  expi 2  x, y  is multiplied by the second random phase code expi 2 u , v  .
Finally, through Fresnel diffraction approximation, the encrypted image q i  ,  is obtained on the

hologram plane P3. Such encrypted data q i  ,  is stored in a volume holographic medium, such as a

LiNbO3 photorefractive crystal, with a reference plane wave. To store more frames of data, angular
multiplexing can be employed. In the decryption process, the phase conjugate of the reference beam is
used to read the stored encrypted data in the crystal. The data of ith stored image can be reconstructed
when the readout beam is incident at a correct angle. The conjugate diffracted light will go back to the
Fourier plane. If the decryption phase mask is the same as the original one, we can obtain a
well-decrypted pattern. If a different decryption phase mask were to be used in the decryption process,
the output image in the plane P4 would remain as white noise.
Figure 6. Holographic storage of encrypted image that uses double-random phase encoding.

expi 2 x, y 
f i  x, y 

expi 2 u , v 

qi  , 

If the decryption phase mask only shifts in the horizontal direction or the vertical direction, the
decryption shifting selectivity becomes a cross correlation between the original wavefront and the
broadened wavefront. Then the diffraction selectivity can be determined
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where  is the convolution operation and  is the correlation operation. The sinc function
represents the point-spread function of each point source on the phase mask. The practical lateral
diffraction selectivity becomes a convolution between the correlation function and the point-spread
function. The theoretical calculation of the shifting tolerance in horizontal direction and vertical
direction based on Equation (11) are shown in Figure 7a and Figure 7b. The parameters in the
calculations are l x  1 cm , l y  1 cm , and   514.5 nm when z0  2 cm , 5 cm , and 10 cm , respectively.
The correlation length of the ground glass used in the simulation is 1 m . In addition, the diffraction
selectivity strongly depends on the distance between hologram and phase mask. When the distance is
increased, the larger shifting tolerance can be obtained.
Figure 7. Diffraction selectivity of the ground glass for holographic storage of encrypted images.
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The same condition also describes the longitudinal point-spread function of each decrypted point
source on the phase mask. Therefore, the longitudinal diffraction selectivity is obtained from the

Materials 2012, 5

1647

longitudinal point-spread function. When l x  1 cm , l y  1 cm , and   514.5 nm , the theoretical
calculation of diffraction selectivity in the longitudinal direction for z0  2 cm , 5 cm , and 10 cm is
shown in Figure 7c. We find that the shifting tolerance is proportional to the distance between
hologram and the phase mask. From theoretical analysis and experimentally investigated results, we
can conclude that the lateral diffraction selectivity is determined by the convolution of the point-spread
function induced by the crystal and the correlation function of the mask. The longitudinal diffraction
selectivity depends on the longitudinal point-spread function. Therefore, enlarging the point-spread
function is helpful to increase the shifting tolerance. From the analyses, there are two kinds of methods
to enlarge the point-spread function. One is to increase the distance between the crystal and the phase
mask and the other is to reduce the crystal size. The diffraction selectivity derived here
offers important information for alignment and repositioning of the decrypted phase key in practical
optical implementations.
4. All Optical Fiber Sensors

Random phase can be easily generated through a ground glass or a multi-mode fiber, which can be
applied to precisely sensing. The operation mechanism of an optical sensing system, based on random
phase encoding, relies on the holographic interconnections [35–44]. For a multi-mode fiber, any
environmental perturbation could cause an optical path length change of each propagating mode, and
consequently the phase and intensity distribution of speckle is changed. Based on the variation of
speckle, several optical fiber testing algorithms have been proposed [39,69–71]. Figure 8 demonstrates
an all-optical fiber sensing system where a multi-mode fiber is the sensing element, and it provides
various speckle patterns that are applied to random phase encoding and optical interconnection. A
database in volume holograms should be constructed to boot the system. In the construction process, a
specific speckle corresponding to a specific perturbation on a multiple-mode fiber is used as the
reference of a volume hologram, and a pattern indicating the amount of the perturbation is used as the
signal. We can perform holographic storage with random phase multiplexing once the incoming
speckle becomes uncorrelated with the previous one. The stored holograms in the crystal could be
regarded as a database used for the interconnections between the incoming speckle and the
corresponding output pattern. In the sensing process, once a specific speckle from the sensing fiber is
incident on the crystal, the volume hologram can automatically compare the phase of the incoming
speckle with the stored ones. If the incoming speckle matches one in the database, a pattern will be
diffracted through the interconnection. When we stirred the fiber with our fingers, we observed a series
of output patterns indicating the amount of the perturbation in real-time. The diffraction signal has
linearity and repeatability with the perturbation. The speed for the signal transmission, data processing
and the display of the result is as fast as light. Some examples of diffraction images and the
corresponding speckles in the system are shown in Figure 9. In this way, we can not only demonstrate
the principle of this fiber sensing, but also realize an all-optical fiber sensing system, where optical
storage, optical sensing, optical interconnection, optical computing and display are all undertaken by
optical means.
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Figure 8. Schematic diagram of a fiber sensing system.
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5. Conclusions

In this review paper, we have first presented the three-dimensional shifting selectivity of volume
holograms based on random phase encoding with ground glass. The diffraction characteristic is caused
by the phase difference between the reference and reading lights and can be analyzed by using the
VOHIL model. We find that the shifting selectivity is different for different shifting directions, which
include laterally horizontal, laterally vertical, and longitudinal directions. The shifting selectivity
depends on the diameter of the illumination region on the random phase plate, the thickness of the
hologram and the distance between them. We have then also shown rotational selectivity of volume
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holograms based on random phase encoding with a ground glass. By controlling the parameters
including rotational center, effective numerical aperture of both volume hologram and the ground glass,
we can obtain different rotational selectivity applied to random phase encoding in volume holographic
storage. Selectivity of random phase encoding offers important information to estimate the
multiplexing capacity of volume holographic storage. Accordingly, the theoretical calculation on
multiplexing selectivity developed, based on the VOHIL model, is very helpful in practical
holographic storage systems. In addition, the ground glass used for generating random phase also
offers a security function. To retrieve the data, the user must have the same phase key and put it on the
same position as during writing. Accordingly, the ground glass served as the phase key for securing the
stored data, and therefore volume holographic storage implemented by random phase multiplexing
leads to an inherently secure memory.
In the second part of the review manuscript, we have discussed an alternative security approach for
holographic storage. In this approach, image encryption is achieved by converting the original image
into stationary white-noise data by random phase encoding. The storage of the encrypted image is then
recorded holographically with other multiplexing techniques, such as angle multiplexing. The
encryption and decryption process implemented by random phase encoding is reviewed and then the
shifting tolerance of phase key during the decryption process is theoretically analyzed. The lateral
shifting selectivity of the decryption phase mask in the system depends not only on its correlation
length, but also the dimension of recording medium and the distance between phase mask and the
hologram. The longitudinal diffraction selectivity is inversely proportional to the dimension of
recording medium and proportional to the distance between hologram and the phase mask. The
diffraction selectivity derived in this paper offers important information for alignment and
repositioning of the decryption phase key in practical optical implementations.
In the last part of the review, we have demonstrated an all-optical fiber sensing system based on
random phase encoding and volume holographic interconnection. In this system, data storage, signal
processing and display are all achieved by optical means. Without the optical parallelism performed by
random phase encoding in a volume hologram, such a demonstration seems impossible. We find
random phase encoding is not only useful in holographic storage but also in optical encryption and
optical sensing. We hope this review article will stimulate further research in volume holograms with
random phase encoding.
Acknowledgment

The study was sponsored by the National Science Council in 2012 and in past years. In 2012, the
project has been under contract no. 101-2221-E-008-085-MY3.
References

1.
2.

Leith, E.N.; Kozma, A.; Upatnieks, J.; Marks, J.; Massey, N. Holographic data storage in
three-dimensional media. Appl. Opt. 1966, 5, 1303–1311.
Burr, G.W.; Jefferson, C.M.; Coufal, H.; Jurich, M.; Hoffnagle, J.A.; Macfarlane, R.M.;
Shelby, R.M. Volume holographic data-Storage at areal density of 250-Gigapixels/in2. Opt. Lett.
2001, 26, 444–446.

Materials 2012, 5
3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

16.
17.
18.
19.

20.
21.
22.

1650

Anderson, K.; Curtis, K. Polytopic multiplexing. Opt. Lett. 2004, 29, 1402–1404.
Orlov, S.S.; Phillips, W.; Bjornson, E.; Takashima, Y.; Sundaram, P.; Hesselink, L.; Okas, R.;
Kwan, D.; Snyder, R. High-transfer-rate high-capacity holographic diskdata-storage system. Appl.
Opt. 2004, 43, 4902–4914.
Mok, F.H. Angle-multiplexed storage of 5000 holograms in lithium niobate. Opt. Lett. 1993, 18,
915–917.
Yu, F.T.S.; Wu, S.; Mayers, A.W.; Rajan, S. Wavelength multiplexed reflection matched spatial
filters using LiNbO3. Opt. Commun. 1991, 81, 343–347.
Rakuljic, G.A.; Leyva, V.; Yariv, A. Optical data storage by using orthogonal
wavelength-multiplexed volume hologram. Opt. Lett. 1992, 17, 1471–1473.
Denz, C.; Pauliat, G.; Roosen, G. Volume hologram multiplexing using a deterministic phase
encoding method. Opt. Commun. 1991, 85, 171–176.
Barbastathis, G.; Levene, M.; Psaltis, D. Shift multiplexing with spherical reference waves. Appl.
Opt. 1996, 35, 2403–2417.
Curtis, K.; Pu, A.; Psaltis, D. Method for holographic storage using peristrophic multiplexing. Opt.
Lett. 1994, 19, 993–995.
LaMacchia, J.T.; White, D.L. Coded multiple exposure holograms. Appl. Opt. 1968, 7, 91–94.
He, Q.; Wang, J.; Zhang, P.; Wang, J.; Wu, M.; Jin, G. Dynamic speckle multiplexing scheme in
volume holographic data storage and its realization. Opt. Exp. 2003, 11, 366–370.
Sun, C.C.; Su, W.C. Three-dimensional shifting selectivity of random phase encoding in volume
holograms. Appl. Opt. 2001, 40, 1253–1260.
Sun, C.C.; Su, W.C.; Wang, B.; OuYang, Y. Diffraction selectivity of holograms with random
phase encoding. Opt. Commun. 2000, 175, 67–74.
Sun, C.C.; Tsou, R.H.; Chang, W.; Chang, J.Y.; Chang, M.W. Random phase-coded multiplexing
in LiNbO3 for volume hologram storage by using a ground-glass. Opt. Quantum Electron. 1996,
28, 1551–1561.
Heanue, J.F.; Bashaw, M.C.; Hesselink, L. Encrypted holographic data storage based on
orthogonal-phase-code multiplexing. Appl. Opt. 1995, 34, 6012–6015.
Denz, C.; Muller, K-O.; Visinka, F.; Tschudi, T. Digital volume holographic data storage using
phase-coded holographic memory system. Proc. SPIE 1999, 3802, 142–147.
Yu, Y.W.; Cheng, C.Y.; Hsieh, S.C.; Teng, T.C.; Sun, C.C. Point spread function by random
phase reference in collinear holographic storage. Opt. Eng. 2009, 48, 020501:1–020501:2.
Sun, C.C.; Su, W.C.; Wang, B.; Chiou, A.E.T. Lateral shifting sensitivity of a ground glass for
holographic encryption and multiplexing using phase conjugate readout algorithm. Opt. Commun.
2001, 191, 209–224.
Su, W.C.; Chen, Y.W.; Chen, Y.J.; Lin, S.H.; Wang, L.K. Security optical data storage in Fourier
holograms. Appl. Opt. 2012, 51, 1297–1303.
Su, W.C.; Sun, C.C.; Su, W.C. Selective-encrypted holographic storage in LiNbO3 with angular
multiplexing. Microw. Opt. Technol. Lett. 2004, 36, 227–230.
Wang, B.; Chang, J.Y.; Su, W.C.; Sun, C.C. Optical security using a random binary phase code in
volume holograms. Opt. Eng. 2004, 43, 2048–2052.

Materials 2012, 5

1651

23. Han, S.; Jeong, Y.; Paek, J.; Kim, T.; Lee, B. Characteristics of remote hologram multiplexing
with random pattern references from multimode fiber bundle. Opt. Eng. 2004, 43, 2040–2047.
24. Lee, B.; Han, S.; Jeong, Y.; Paek, J. Remote multiplexing of holograms with random patterns
from multimode fiber bundles. Opt. Lett. 2004, 29, 116–118.
25. Inoue, A.; Takayama, Y.; Kodate, K. Multiwavelength recording with a random pattern reference
scheme. Appl. Opt. 2010, 49, 2403–2408.
26. Lee, H.S.; Kim, Y.H.; Han, D.; Lee, B. Cross-talk noise analysis in hologram memory with hybrid
multiplexing of the Hadamard phase code and wavelength. J. Opt. Soc. Am. A 1999, 16, 563–567.
27. Zhu, Y.; Zhang, J.; Yi, T.; Gong, Q. Signal and reference wave dually encrypted holographic
memory with shift multiplexing. Optics Commun. 2008, 281, 1450–1454.
28. Su, W.C.; Sun, C.C.; Chen, Y.C.; Ouyang, Y. Duplication of phase key for random-phase-encrypted
volume holograms. Appl. Opt. 2004, 43, 1728–1733.
29. Su, W.H.; Su, W.C.; Kao, H.J.; Chen, C.Y. Correlator-aided alignment of phase key in encrypted
holographic storage systems. Opt. Commun. 2007, 280, 27–32.
30. Bashaw, M.C.; Heanue, J.F.; Aharoni, A.; Walkup, J.F.; Hesselink, L. Cross-talk considerations
for angular and phase-encoded multiplexing in volume holography. J. Opt. Soc. Am. B 1994, 11,
1820–1836.
31. Refregier, P.; Javidi, B. Optical image encryption based on input plane and Fourier plane random
phase encoding. Opt. Lett. 1995, 20, 767–769.
32. Javidi, B.; Zhang, G.; Li, J. Encrypted optical memory using double-random phase encoding. Appl.
Opt. 1997, 36, 1054–1058.
33. Unnikrishnan, G.; Joseph, J.; Singh, K. Optical encryption system that uses phase conjugation in a
photorefractive crystal. Appl. Opt. 1998, 37, 8181–8186.
34. Matoba, O.; Javidi, B. Encrypted optical memory system using three-dimensional keys in the
Fresnel domain. Opt. Lett. 1999, 24, 762–764.
35. Unnikrishnan, G.; Joseph, J.; Singh, K. Optical encryption by double-random phase encoding in
the fractional Fourier domain. Opt. Lett. 2000, 25, 887–889.
36. Matoba, O.; Javidi, B.; Encrypted optical storage with angular multiplexing. Appl. Opt. 1999, 38,
7288–7293.
37. Su, W.C.; Lin, C.H. Three-dimensional shifting selectivity of decryption phase mask in double
random phase encoding holographic memory. Opt. Commun. 2004, 241, 29–41.
38. Su, W.C.; Lin, C.H. Enhancement of angular selectivity in encrypted holographic memories. Appl.
Opt. 2004, 43, 2298–2304.
39. Sun, C.C.; Chen, Y.M.; Su, W.C. An all-optical fiber sensing system based on random phase
encoding and holographic interconnection. Opt. Eng. 2001, 40, 160–161.
40. Lee, H.; Jin, S.K. Experimental study of volume holographic interconnects using random patterns.
Appl. Phys. Lett. 1993, 62, 2191–2193.
41. Su, W.C.; Sun, C.C. Optical pattern interconnections using random phase encoding in volume
holograms. Opt. Commun. 2002, 213, 259-265.
42. Sun, C.C.; Hsu, C.Y.; Ouyang, Y.; Su, W.C.; Chiou, A.E.T. All-optical angular sensing based on
holography multiplexing with spherical waves. Opt. Eng. 2002, 41, 2809–2813.

Materials 2012, 5

1652

43. Su, W.C.; Chen, Y.W.; Ouyang, Y.; Sun, C.C.; Wang, B. Optical identification using a random
phase mask. Opt. Commun. 2003, 219, 117–123.
44. Sun, C.C.; Su, W.C.; Ouyang, Y.; Sun, W.S. Applications of random phase encoding in volume
holograms. Opt. Mem. Neural Netw. 2001 10, 25–34.
45. Yeh, P.; Chiou, A.E.T.; Hong, J. Optical interconnection using photorefractive dynamic
holograms. Appl. Opt. 1988, 27, 2093–2096.
46. Lee, H.; Gu, X.G.; Psaltis, D. Volume holographic interconnections with maximal capacity and
minimal cross talk. J. Appl. Phys. 1989, 65, 2191–2194.
47. Jin, S.K.; Lee, H. Optical connections using irregular patterns as object waves in a volume
hologram. Opt. Quantum Electron. 1995, 27, 503–510.
48. Kang, Y.H.; Kim, K.H.; Lee, B. Volume hologram scheme using optical fiber for spatial
multiplexing. Opt. Lett. 1997, 22, 739–741.
49. Curtis, K.; Wilson, W.L. Phase Correlation Multiplex Holography. U.S. Patent 5,719,691, 17
February 1998.
50. Markov, V.; Millerd, J.; Trolinger, J.; Norrie, M. Multilayer volume holographic optical memory.
Opt. Lett. 1999, 24, 265–267.
51. Jeong, Y.; Lee, B. Effect of a random pattern through a multimode-fiber bundle on angular and
spatial selectivity in volume: Experiments and theory. Appl. Opt. 2002, 41, 4085–4091.
52. Su, W.C.; Sun, C.C.; Kukhtarev, N. Multiplexed edge-lit holograms. Opt. Eng. 2003, 42,
1871–1872.
53. Sun, C.C.; Lin, C.C.; Yu, Y.W.; Lee, X.H.; Teng, T.C. Improving longitudinal shifting selectivity
by introducing a light Pipe. Opt. Commun. 2011, 284, 4408–4411.
54. Markov, V. Spatial-angular selectivity of 3-D speckle-wave holograms and information storage.
J. Imaging Sci. Technol. 1997, 41, 383–388.
55. Su, W.C.; Chen, C.M.; Lee, X.H. Enhanced angular selectivity in volume holograms with speckle
reference waves. Opt. Commun. 2006, 266, 450–455.
56. Kim, K.H.; Lee, H.S.; Lee, B. Enhancement of the wavelength selectivity of a volume hologram
by use of multimode optical fiber referencing. Opt. Lett. 1998, 23, 1224–1225.
57. Sun, C.C. A simplified model for diffraction analysis of volume holograms. Opt. Eng. 2003, 42,
1184–1185.
58. Chang, C.C.; Russel, K.L.; Wu, G.K. Optical holographic memory using angular-rotationally
phase-coded multiplexing in a LiNbO3:Fe crystal. Appl. Phys. B 2001, 72, 307–310.
59. Sun, C.C.; Hsu, C.Y.; Ma, S.H.; Su, W.C. Rotation selectivity of random phase encoding in
volume holograms. Opt. Commun. 2007, 276, 62–66.
60. Sun, C.C.; Hsu, C.Y.; Wu, C.H.; Su, W.C. Spatial filtering of three-dimensional objects based on
volume holography. Opt. Eng. 2003, 42, 2788–2789.
61. Teng, T.C.; Zhong, W.J.; Ma, S.H.; Sun, C.C. Volume holographic filters for rotational sensing of
3D objects. Appl. Opt. 2007, 46, 1456–1459.
62. Ma, S.H.; Lee, X.H.; Teng, T.C.; Yu, Y.W.; Sun, C.C. Enhanced rotational bragg selectivity by
use of random phase encoding in volume holographic filter. Appl. Opt. 2007, 46, 5430–5434.
63. Wang, R.K.; Watson, I.A.; Chatwin, C. Random phase encoding for optical security. Opt. Eng.
1996, 35, 2464–2469.

Materials 2012, 5

1653

64. Javidi, B.; Ahouzi, E. Optical security system with Fourier plane encoding. Appl. Opt. 1998, 37,
6247–6255.
65. Javidi, B.; Sergent, A.; Zhang, G.; Guibert, L. Fault tolerance properties of a double random phase
encoding encryption technique. Opt. Eng. 1997, 36, 992–998.
66. Javidi, B.; Sergent, A.; Ahouzi, E. Performance of double random phase encoding encryption
technique using binarized encrypted images. Opt. Eng.1998, 37, 565–569.
67. Wang, B.; Sun, C.C.; Su, W.C.; Chiou, A.E.T. Shift tolerance of a double random phase
encryption system. Appl. Opt. 2000, 39, 4788–4793.
68. Wang, B.; Sun, C.C. Enhancement of signal-to-noise ratio of a double random phase encoding
encryption system. Opt. Eng. 2001, 40, 1502–1506.
69. Wu, S.; Yin, S.; Yu, F.T.S. Sensing with fiber specklegrams. Appl. Opt. 1991, 30, 4468–4470.
70. Yu, F.T.S.; Yin, S.; Zhang, J.; Guo, R. Application of a fiber-speckle hologram to fiber sensing.
Appl. Opt. 1994, 33, 5202–5203.
71. Yin, S.; Purwosumarto, P.; Yu, F.T.S. Application of fiber specklergram sensor to fine angular
alignment. Opt. Commun. 1999, 170, 15–21.
© 2012 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 license
(http://creativecommons.org/licenses/by/3.0/).

