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Abstract

A collinear holographic data storage system stores two-dimensional information in the
three-dimensional spatial domain of the medium, offering features such as high speed,
high density, and long lifespan, making it a promising technology for the future of data
storage. However, a collinear holographic data storage system is limited by the alignment
error of the optical system and is also sensitive to environmental noise and external in-
terference, which increases the reading error. When recording and reading holographic
storage materials, synchronous marks are used for positioning to correct data misalignment.
Therefore, optimizing synchronous mark design of data pages is crucial for improving
storage stability and reading accuracy. In this paper, we propose a star-shaped synchronous
mark to replace the square-shaped synchronous mark, which improves the holographic
grating coupling efficiency. Experimental results show that this method enhances recon-
struction strength and reduces reading errors caused by external factors. The star-shaped
synchronous mark achieves a better spectral match with the reference pattern, yielding
a stronger diffracted signal. Experimental results show that this method reduces the bit
error rate by approximately 25% compared to square-shaped synchronous marks under
displacement multiplexing.

Keywords: holographic storage; synchronous mark; data page

1. Introduction
With the rapid development of information technology, the amount of new data

globally is growing exponentially, and traditional data storage technology can no longer
meet the demand [1,2]. The next-generation data storage technology urgently requires
a breakthrough. Holographic data storage technology has become an ideal choice for
the new generation of data storage due to its advantages, such as large capacity, high
transmission rate, and long storage life [3–8]. It adopts page-oriented technology, records
two-dimensional data pages in three-dimensional storage media, and combines multiplex-
ing technology to achieve efficient storage [9–12]. Among various multiplexing techniques,
shift multiplexing draws inspiration from the mechanism of disk drives [13,14]. It enables
data storage by altering the relative position between the reference beam and the object
beam, while also mitigating the influence of medium thickness on Bragg selectivity. As a
result, it represents a readily implementable method for increasing storage density.

The traditional off-axis holographic storage system uses separate reference and object
beams, offering high diffraction efficiency but with a complex optical path and sensitivity
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to vibrations [15,16]. Computer-generated holography technology eliminates the need
for a reference optical path and can use incoherent light sources, making the system
more compact and vibration-resistant [17,18]. However, computer-generated holography
technology still faces challenges such as high computational complexity, which restricts its
application in high-density data storage. In contrast, the collinear holographic data storage
system adopts a coaxial optical path, completing both recording and readout through a
single objective lens, offering advantages in optical simplicity and system stability, and
enabling simple data decoding. A typical collinear system employs a digital micromirror
device (DMD) to load an information pattern consisting of a data page and a reference
pattern, and the interference between the signal beam and the reference beam forms a
holographic grating within the photosensitive medium.

In practical applications, the amplitude holographic data storage system using a
DMD can achieve a data page switching speed of 20 kHz, demonstrating significant
advantages [19,20]. The system performs high-precision data page encoding in units of
pixels to maximize the capacity of a single data page [21–24]. However, such high-precision
encoding also brings challenges: even a one-pixel displacement during data retrieval can
cause many errors. Therefore, amplitude holographic data storage systems mostly rely
on synchronous marks for data retrieval [25]. After capturing the reconstructed data page
with a camera, the synchronous marks can accurately locate the data page to achieve highly
accurate data reading.

However, after long-term storage or displacement multiplexing of traditional data
pages, the error rate significantly increases even if the data part remains intact. This is
because square-shaped synchronous marks consist of large contiguous blocks of white
pixels, which contain predominantly low spatial frequencies. In contrast, the reference
pattern has a radially distributed ring-shaped structure with mid-to-high spatial frequencies.
This spectral mismatch reduces Bragg matching between the reference beam and the square
mark, causing the diffracted signal of the square-shaped synchronous mark to drop below
the detection threshold more rapidly than that of the data pixels under shift multiplexing
or material shrinkage. As a result, the square-shaped synchronous marks attenuate faster
than the data parts, leading to inaccurate positioning and thus increasing the data error
rate [26].

To address this issue, this paper proposes a new star-shaped synchronous mark, which
has a higher coupling efficiency with the radiation-shaped reference light during data
recording. Compared with the traditional synchronous mark, the diffraction efficiency is
significantly improved, providing a strong guarantee for precise data positioning.

In this paper, we propose a star-shaped synchronous mark to replace the square-
shaped synchronous mark in the collinear holographic data page, to avoid the reconstruc-
tion intensity of the synchronous mark being lower than that of the data, thereby increasing
the possibility of dislocation of reconstruction data. Our approach regards the cosine
similarity on the Fourier plane of the image as the spectral similarity, and the pattern of
the synchronous mark is determined through the spectral similarity analysis between the
reference pattern and the synchronous mark [27]. On this basis, we conducted aging and
displacement multiplexing experiments on the collinear holographic data storage system.
The results indicate that the star-shaped synchronous marks enhance reconstruction inten-
sity and avoid the impact of factors such as optical system aberration, medium deformation,
and environmental changes on positioning.

2. Experimental Setup and Methods
All experiments in this study are conducted based on the collinear holographic data

storage system, whose optical path configuration is shown in Figure 1.
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Figure 1. Experimental optical path of the collinear holographic data storage system. HWP: half-wave
plate; PBS: polarization beam splitter; QWP: quarter-wave plate; DMD: digital micromirror devices;
DBS: dichroic beam splitter; CCD: charge-coupled device; OBL: objective lens. PBS1 is used for both
beam splitting and polarization selection. The splitting ratio is adjusted by the half-wave plate to
control the light intensity incident on the DMD. HWP1 and PBS1 are used together to adjust the light
intensity incident on the DMD, and HWP2 is used to adjust the polarization direction for efficient
beam transmission.

The green laser beam, whose wavelength is 532 nm, first passes through a beam
expander and then is projected onto the DMD via a mirror. During recording, a composite
beam consisting of the data page and reference pattern is loaded onto the DMD. The
information light and reference light are then focused onto the holographic material by a 4f
system and an objective lens. The two beams interfere with each other to form a hologram,
which is recorded. During reading, the reference pattern is loaded onto the DMD, and
the diffracted information light is reflected into the optical path by a reflective material.
Since the information light passes through the QWP twice, it is reflected by the PBS onto a
CCD, where the reconstructed information pattern is captured. The holographic storage
material we used is phenanthrenequinone-doped polymethyl methacrylate photopolymer
(PQ/PMMA) [28].

The following experimental parameters were used in this work: a 532 nm laser, an
exposure time of 2s per hologram, a PQ/PMMA material thickness of 0.5 mm, a total of
40 holograms in the shift multiplexing experiment, an aging temperature of 80 ◦C, and an
aging duration of 240 h.

Within the information pattern of the collinear holographic storage system, synchronous
marks serve as critical elements for achieving precise data localization and decoding.

The illustration of the information pattern in the collinear holographic data storage
system is shown in Figure 2. The information pattern comprises two primary components:
the data page and the reference pattern. The system employs an amplitude-modulated
data page format that consists of 51 sub-pages and a data page synchronous mark. The
data page synchronous mark is positioned at the top-left corner of the data page, while
51 sub-page synchronous marks are positioned in the center of the sub-page. A common
synchronous mark is a solid dot block with a 4 × 4 pixel arrangement, referred to as a
square-shaped synchronous mark.

In the recording process, the data page and reference uploaded to the spatial light
modulator converge with the holographic material on the Fourier plane, interfering with
each other to form a recording stripe. Due to the difference between the square-shaped
synchronous mark spatial frequency and reference pattern frequency, even a slight deviation
from the Bragg condition can lead to a rapid decline in the coupling efficiency of the
holographic grating. Consequently, the reconstructed synchronous marks exhibit low
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intensity, which hinders data readout and causes decoding difficulties even when the
information pixels remain intact. This is because, in collinear holographic storage systems,
the decoding of reconstructed data pages primarily relies on the precise identification
and registration of synchronous marks. This decoding process consists of three key steps:
First, the matrix corresponding to the synchronous mark structure used during recording is
employed as a convolution kernel to perform cross-correlation with the reconstructed image.
By detecting the response peaks, the coordinate positions of the reference synchronous
marks are preliminarily determined. Second, the convolution operation is repeated in
the neighborhood of these reference points to locate adjacent synchronization marks. By
calculating the ratio of the pixel distance between them to the theoretical design value, the
geometric scaling factor and overall shift in the reproduced image are derived, thereby
establishing an accurate coordinate mapping relationship. Finally, based on these geometric
parameters, individual data subpage regions are extracted and compared pixel by pixel
with the original encoded data to compute system performance metrics such as the bit error
rate and signal-to-noise ratio. It is worth noting that if the convolution response peaks
are not prominent due to noise interference or optical distortion in the reproduced image,
synchronous mark identification may fail. In such cases, registration errors propagate to
subsequent data processing steps, causing the calculated bit error rate to contain significant
systematic registration deviations.

Figure 2. (a) Data page; (b) reference pattern; (c) information pattern; (d) sub-page; (e) square-
shaped mark.

Under low diffraction efficiency, synchronous marks may fall below the detection
threshold and vanish before data pixels when their signal-to-noise ratio deteriorates, caus-
ing data page localization failure and effective data loss despite intact data integrity. As
shown in Figure 3, failed synchronous mark identification under low reconstruction in-
tensity can result in a bit error rate as high as 80%. This indicates that conventional
synchronous marks are not directly applicable to collinear holographic storage systems,
necessitating redesign of their structural configuration and physical characteristics. This
phenomenon becomes particularly pronounced under high storage density and multiple
write-read cycles, leading to increased localization errors and degraded decoding accuracy.

To address this, this study focuses on optimizing the energy distribution of the convo-
lution kernel, constructing several synchronous mark patterns with similar total numbers
of bright pixels (ranging from 13 to 16) but varying shapes, as schematically illustrated in
Figure 4.
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Figure 3. Impact of difficult-to-recognize synchronous marks on decoding performance. (a) Recon-
structed data page image under low diffraction intensity; (b) enlarged view of the synchronous marks
in the data page (the blue box in (a) indicates the enlarged region); (c) bit error rate distribution map
(white pixels indicate errors).

Figure 4. Schematic diagram of different-shaped synchronous mark patterns. (a) Traditional square-
shaped synchronous mark; (b) diamond-shaped synchronous mark; (c) star-shaped synchronous
mark; (d) horizontal line synchronous mark; (e) vertical line synchronous mark.

To quantitatively evaluate the simulation effect of synchronous marks, this paper
defines the matching degree based on the Fourier plane spectrum similarity. According to
Fourier optics theory, the spatial frequency distribution of volume holographic gratings
determines their Bragg selectivity characteristics. By mapping the spatial distributions
of the reference and synchronous marks to the frequency domain, the overlap degree of
their dominant spatial frequency components can be directly reflected, thereby indirectly
indicating the Bragg matching condition [29]. Let the complex amplitude distribution
of the reference beam at the reconstruction plane be r(x, y) and the spatial distribution
corresponding to the synchronous mark structure be l(x, y). Their two-dimensional Fourier
transforms are given in Equations (1) and (2), respectively.

R(u, v) = F{r(x, y)} (1)

L(u, v) = F{l(x, y)} (2)

where (u, v) are the spatial frequency coordinates at the Fourier plane, and F{·} denotes the
two-dimensional Fourier transform. To eliminate the influence of light intensity variations
and quantify the spectral overlap degree, as shown in Equation (3), the matching degree M
is defined as the normalized inner product:

M =
∑u,v | R(u, v) | | L(u, v) |√

∑u,v | R(u, v) |2
√

∑u,v | L(u, v) |2
(3)
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This metric satisfies M ∈ [0, 1], where a larger value indicates a higher spectral overlap
between the reference beam and the synchronous mark, corresponding to better Bragg
matching. When the matching degree is high, the diffraction signal of the synchronous
mark during reconstruction is concentrated and stable. Conversely, when the matching
degree is low, Bragg mismatch intensifies, making the localization performance more
sensitive to displacement perturbations and noise.

Cosine similarity measures the similarity between two images by evaluating the direc-
tional agreement of their feature vectors in a high-dimensional space [30]. The core concept
involves representing each image’s high-level features as vectors and computing the cosine
of the angle between them to quantify their resemblance. This method is insensitive to
the magnitude of the feature vectors, focusing instead on the relative distribution patterns
of the features. As a result, it effectively mitigates disturbances caused by variations in
illumination and scale. Therefore, it is well-suited for evaluating the spectral similarity
between the synchronous marks and the reference pattern in this study. The formula for
cosine similarity is shown in Equation (4):

cosine_similarity(A, B) =
A·B

∥ A ∥∥ B ∥ =
∑n

i=1 AiBi√
∑n

i=1 A2
i

√
∑n

i=1 B2
i

(4)

The cosine similarity value ranges from [−1, 1], where −1 indicates complete dissimi-
larity, and 1 indicates complete similarity. Here, A and B are the flattened vectors of two
images. The matching degree M is used for theoretical analysis of the spectral overlap
between the reference beam and the synchronous mark on the Fourier plane, while cosine
similarity serves as a practical metric for comparing candidate patterns and selecting the
optimal one. Both metrics quantify the similarity between spectral distributions. In this
work, cosine similarity is adopted for quantitative comparison and final pattern selection.

Figures 5 and 6 illustrate the spectrograms of the synchronous mark and the reference
pattern, respectively. Cosine similarity is computed on the flattened magnitude spectrograms.

Figure 5. Spectrum surface pattern of different-shaped synchronous mark patterns. (a) Traditional
square-shaped synchronous mark; (b) diamond-shaped synchronous mark; (c) star-shaped syn-
chronous mark; (d) horizontal line synchronous mark; (e) vertical line synchronous mark.
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Figure 6. Spectrum surface pattern of the reference pattern.

The corresponding cosine similarity between each synchronous mark and the reference
pattern was subsequently computed, and the experimental results are listed in Table 1. The
experimental results show that the star-shaped synchronous mark achieves the highest cosine
similarity with the reference pattern; therefore, it was selected for subsequent experiments.

Table 1. Cosine similarity.

Square-
Shaped

Diamond-
Shaped Star-Shaped Horizontal

Line Vertical Line

0.7831 0.8121 0.8305 0.7457 0.7615

3. Experiments and Results
Based on this, we designed a series of experiments, such as the displacement multi-

plexing experiment and aging experiment. We calculate their bit error rate and brightness
percentage to evaluate the performance of the star-shaped synchronous mark. The bright-
ness percentage is defined as the ratio of the sum of pixel intensities within the target region
to the sum of the maximum possible pixel intensities in that region.

In the collinear holographic storage system, we recorded information patterns with
two kinds of synchronous marks under the same recording conditions, as shown in Figure 7.
The bit error rate (BER) of the square-shaped synchronous mark in the reconstructed
image was approximately 1%, while the BER of the star-shaped synchronous mark was
below 0.5%.

Figure 7. Traditional and modified information patterns with corresponding local enlarged views.
(a) The square-shaped synchronous mark information pattern. (b) The star-shaped synchronous
mark information pattern. (c) The square-shaped synchronous mark information reconstruction error
distribution. (d) The star-shaped synchronous mark information reconstruction error distribution.
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Each information pattern consisted of 51 synchronous marks. We calculated the
brightness percentage of all synchronous marks in the reconstructed images, as shown in
Figure 8. Due to external factors such as the non-uniformity of the recording material and
system vibrations, differences in brightness percentages among the synchronous marks
were observed. In the reconstructed images, the brightness percentage of all star-shaped
synchronous marks is higher than that of square-shaped ones.

Figure 8. The brightness percentage of different synchronous marks in reconstruction images.

Shift multiplexing is a key method for achieving high-density volume holographic data
storage. This technique enables the recording of a new hologram at the Bragg-mismatched
position of the previous one, ensuring that multiple holograms can be reconstructed without
crosstalk, thereby enabling multiplexed storage and significantly increasing storage density.
The 10 µm shift interval is determined based on the theoretical Bragg selectivity of the
system to minimize crosstalk between adjacent holograms. However, the photosensitive
medium for holographic materials is limited, and the shift-multiplexing spacing between
holograms is small, resulting in each holographic grating having weak intensity, which in
turn leads to reduced diffraction intensity. We designed an experiment with alternating
multiplexing of 40 square-shaped synchronous mark and star-shaped synchronous mark
information patterns at 10 µm intervals to verify whether the star-shaped synchronous
mark can achieve accurate information decoding under high-density recording.

In the alternating multiplexing experiment, because the recording and reconstruction
effects of each image were uneven, we conducted the square-star-shaped and star-square-
shaped experiments in sequence. The experimental results are shown in Figures 9 and 10.
The difference between Figures 9 and 10 lies in the order of alternating multiplexing.
Figure 9 shows the case where square-shaped marks were recorded first, followed by
star-shaped marks. Figure 10 shows the opposite order. This design was intended to
exclude the influence of recording order on the experimental results. In the displacement
multiplexing experiment, the average bit error rate for the square-shaped synchronous
mark is 3.87%, while that for the star-shaped synchronous mark is 3.14%, an absolute
reduction of approximately 0.63%. The bit error rate for the square-shaped synchronous
mark fluctuates between 1% and 5% across the 40 alternating multiplexed recordings, while
that for the star-shaped synchronous mark ranges from 0.5% to 4%. It should be noted
that both marks exhibit certain fluctuations, which may be attributed to inhomogeneities
in the photosensitive material and minor mechanical vibrations of the system during
the prolonged multiplexing process. Nevertheless, the star-shaped synchronous mark
consistently achieves lower bit error rates than the square-shaped synchronous mark at all
measurement points, demonstrating better stability.
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Figure 9. Alternating multiplexing of square-shaped synchronous mark and star-shaped synchronous
mark information patterns. (a) Bit error rate. (b) Brightness percentage.

Figure 10. Alternating multiplexing of star-shaped synchronous mark and square-shaped syn-
chronous mark information patterns. (a) Bit error rate. (b) Brightness percentage.

Besides storage density, storage lifetime is also a critical performance metric in holo-
graphic data storage. We subjected the holographic material recorded with square-shaped
synchronous mark and star-shaped synchronous mark information patterns to an acceler-
ated aging test in a harsh environment (80 ◦C) to simulate its storage lifetime. The aging
temperature of 80 ◦C is selected because it approaches the glass transition temperature
of the PQ/PMMA photopolymer, which accelerates the aging process without causing
structural damage to the material. As shown in Figure 11, the experimental results indicate
that the longer the material is stored, the more significantly the new information pattern
outperforms the old one in terms of bit error rate.

Figure 11. The brightness percentage of different synchronous marks in reconstructed images.
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4. Conclusions
This paper proposes a star-shaped synchronous mark design to replace traditional

marks. Experimental results demonstrate that the star-shaped synchronous mark exhibits
higher Fourier spectrum similarity with the reference pattern, leading to a holographic
grating with improved coupling efficiency and consequently stronger reconstructed sig-
nal intensity. Calculations of cosine similarity confirm this spectral alignment, which
enhances the robustness of the synchronous symbol under material inhomogeneity and
environmental variations. This high degree of spectral similarity stems from the geometric
correspondence between the synchronous mark and the reference beam profile used during
recording. The star-shaped structure, with its radially distributed features, effectively
approximates the spatial frequency components of the reference pattern, thereby enabling
more efficient energy transfer during the reconstruction process. This underlying principle
suggests that the design methodology is not limited to a specific shape; rather, it can be
extended to other reference beam profiles by maximizing spectral similarity. Compared to
conventional marks, the new design maintains superior optical performance even under
degraded grating conditions, significantly improving decoding accuracy and reducing bit
error rate. These findings suggest that the star-shaped synchronous mark can enhance
the reliability and performance of holographic storage systems, providing a valuable and
extensible strategy for future development in high-density data storage.
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