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Due to the importance of vision in human lives, 3-dimensional (3D) display has become a key and hot topic
in the field of information research. With the advancement of computer science technology, holographic
3D display, capable of fully recording and reconstructing the complete wavefront information of 3D
scenes, is considered as one of the most ideal 3D display technologies and has long been pursued by
researchers. In recent years, substantial breakthroughs have been achieved in holographic 3D display;
however, some bottlenecks continue to constrain its applications, such as slow hologram generation
speed and limited space-bandwidth product. Here, the technical bottlenecks restricting the further
development of holographic display are comprehensively analyzed. The latest development and progress
of the key technologies of holographic 3D display are summarized. First, different fast generation methods
for computer-generated holograms are analyzed. Then, the latest progress of holographic 3D display
with high space—bandwidth product and low speckle noise is summarized. Finally, various application
fields of holographic 3D display technology and its future development trends are discussed. This is
aimed to summarize and analyze the key issues and progress in holographic 3D display technology and
gain a deeper understanding of the cutting-edge developments in this rapidly developing field, providing
assistance for its future applications in holographic near-eye display, virtual reality, augmented reality,
optical encryption, and other fields.
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Introduction

Approximately 70% to 80% of the information obtained by
humans originates from vision, making visual display one of
the most important ways for modern information delivery.
Traditional 2-dimensional (2D) display technology is unable to
provide depth information, limiting the immersive visual expe-
rience for viewers. In contrast, 3D display technology can pro-
duce virtual 3D objects in the real world, which presents a
stereoscopic effect and provides viewers with a more immersive
viewing experience. However, there is vergence-accommodation
conflict in traditional 3D display based on binocular parallax
principle, which will lead to dizziness and discomfort for viewers
during prolonged viewing. As an emerging display technology,
holographic 3D display technology is undergoing vigorous
development in the world. Holography enables the recording
and reconstruction of the complete wavefront information of
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3D objects, as well as electromagnetic wave field with higher
frequencies [1,2]. Therefore, it can faithfully reconstruct the
3D object in space, which lets the viewer directly observe the
reconstructed 3D object, effectively resolving the vergence-
accommodation conflict issue. For this vital discovery, Dennis
Gabor was awarded the Nobel Prize in Physics.

After years of research, holographic 3D display technology
has emerged as a pillar to promote the development across a wide
range of optical and nonoptical technologies. It demonstrates
significant application potential in diverse fields such as medical
diagnosis, defense and security, aerospace, industrial manufac-
turing, education, and entertainment [3-7]. For instance, when
itis applied to x-ray imaging, holographic 3D display technology
enables the simultaneous reconstruction of volumetric images
of bones and organs [8]. In data storage, holographic 3D display
technology allows a huge amount of information to be stored in
an extremely small area [9]. The combination of holographic
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technology and microscope systems can achieve precise observa-
tion of microscopic biological cells, providing a wide range of
applications in fields such as medicine and biology [10]. In addi-
tion, with the rapid development of the micro/nanofabrication
technologies, metasurface-based holographic 3D display also
offers great advantages in the fields of anticounterfeiting and
encryption [11].

Holographic 3D display technology has been greatly advanced
over recent years, but there are still some problems and challenges
that continue to restrict its development. (a) Slow calculation
speed, hindering real-time display [12]. Due to the vast amount
of information inherent of 3D objects, the calculation speed and
refresh speed of existing holograms are difficult to achieve 3D
display with real-time performance. (b) Limited viewing angle,
falling to meet viewing requirements [13]. The wavelength of
visible light is usually in nanometer level, whereas the pixel size
of existing diffraction modulation device is typically in microm-
eter level, which causes a mismatch and leads to a small viewing
angle with only a few degrees. (c) Severe speckle noise, degrading
display quality [14]. Due to the high coherence of the laser source
and the introduction of random phase, reconstructed images are
susceptible to speckle noise and cross-talk, which significantly
compromises their fidelity. Consequently, existing holographic
3D display still faces challenges in commercial applications. In
recent years, researchers have done a lot of research on addressing
the above problems, and the combination of different disciplines
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and technologies has also greatly improved the holographic 3D
display effect.

In this paper, the latest frontier progress in holographic 3D
display technology during recent years is organized, the present
situation of holographic 3D display is classified and expounded,
and the future development is prospected. Regarding the key
technologies of holographic 3D display, the fast hologram genera-
tion technologies are first summarized, and different approaches
of holographic 3D display with large information capacity and
low speckle noise are then analyzed. Finally, the different applica-
tion fields and developments of holographic 3D display are
summarized.

Key Technologies in Holographic 3D Display

Holographic 3D display technology is mainly divided into 2
stages: hologram generation and holographic reconstruction,
as shown in Fig. 1A and B. In the hologram generation process,
based on the principle of optical interference, the wavefront
information contained in object light of a 3D object is recorded
by using a reference light, and the interference pattern is
obtained as the hologram, which is then be loaded on to the
recording medium. Subsequently, in the holographic recon-
struction process, by illuminating the hologram with the recon-
struction light, the 3D object can be fully reconstructed in space
based on the principle of optical diffraction.

Recording medium

Reconstruction light

e Diffracted light

Recording medium
) /ﬁﬁ
N

Initial light source
taltg . Secondary light sources

Fig. 1. Principle of holographic 3-dimensional (3D) display technology. (A) Hologram generation and (B) holographic reconstruction processes of holographic 3D display.

(C) Huygens' principle. (D) Scalar diffraction diagram of point objects.
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During the hologram generation process, the diffraction
propagation of the object wave from the 3D object to the holo-
gram plane needs to be calculated. This process is typically
approximated on the basis of scalar diffraction theory. In 1960,
Huygens proposed that each point on a wavefront can be
regarded as a source of secondary spherical wavelets, and at
any subsequent moment, the envelope of these wavelets forms
the new wavefront, as shown in Fig. 1C. Later, Fresnel extended
Huygens’ theory by suggesting that the light emitted from the
same source should be coherent. Therefore, any point outside
the wavefront is the result of coherent superposition of all
secondary wavelets [15]. When a beam of light passes through
an aperture plane X, at any observation point M behind the
aperture, there exists a point M, on the aperture plane that
acts as a secondary wavelet source, emitting spherical wavelets.
According to the Huygens—Fresnel principle, the optical field
at point M can be expressed as:

exp (ikr,
UM) = l H U(M,) Mcos(a)ds, 1)
il )]s 1o

where 7, represents the distance from M, to M, @ represents the
angle between the propagation direction and the normal vector,
iis the imaginary unit, A is the wavelength, k is the wavenumber,
and U(M) and U(M),) are the optical field distributions at points
M and M,, respectively.

Considering that the diffraction process from an object
point N on the 3D object to the hologram plane plays a key role
in hologram generation, as shown in Fig. 1D. The object point
Nlies on the object plane (m, n), while the diffraction point N,
lies on the hologram plane (x, y). The distance between these
2 points is set to r, the angle between the propagation direction
and the optical axis z is set to @, and the distance from the object
plane to the hologram plane is set to d. Based on the geometric
relationship, the optical field distribution at point N, can be
obtained by:

1 exp(ikr)

U(Ny{)== || UN
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where U(N) and U(N,) are the optical field distribution at

points N and N, respectively. By using the paraxial approxima-
tion, U(N,) can be expressed as:

dmdn, (2)

. k
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By using the Fresnel approximation, the complex amplitude
distribution on the hologram plane corresponding to each
object point can be calculated, and the final complex amplitude
distribution U(x, y) on the hologram plane of the 3D object can
be obtained by superimposing all such contributions:

A.

U(x y) = ZP_ ’ exp
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W
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where A; and @, represent the amplitude distribution and ran-
dom phase distribution of the jth point, respectively. Supposing
that there are P point sources on a 3D object and the resolution
of the hologram is a X b, it is necessary to generate a single
hologram of size a X b for total P times, with each time involv-
ing numerous multiplication and integral operations, which
severely limits the generation speed.

Furthermore, current holographic 3D display technologies
mostly rely on spatial light modulators (SLMs) for holographic
reconstruction. However, SLMs typically support phase-only or
amplitude-only modulation, with phase-only modulation being
more common. Therefore, after obtaining the complex ampli-
tude distribution on the hologram plane, the phase informa-
tion needs to be extracted for holographic reconstruction. This
extraction not only increases the calculation burden but also
results in information loss, thereby affecting the reconstruction
quality. These are critical issues that need to be addressed in the
development of holographic 3D display technology.

Fast generation technology of the

computer-generated hologram

The fast generation of computer-generated holograms (CGHs)
represents a key challenge in holographic 3D display technol-
ogy. For a 3D object, generating the CGH primarily involves
simulation calculations of the diffraction propagation from the
3D object to the hologram plane. When the recorded 3D object
is highly complex with large size, the amount of information
that needs to be calculated is enormous, leading to a signifi-
cantly reduction in calculation speed. Therefore, accelerating
the generation speed of CGH is important [16,17].

In general, the fast generation technology of CGHs can be
achieved from algorithm improvement and hardware accelera-
tion. Among them, algorithm improvement can fundamentally
refine the calculation strategy of CGHs and reduce the amount
of data that needs to be processed. Based on different mathe-
matical analysis methods for 3D objects, CGH generation algo-
rithm can be classified into 3 main categories, including
point-based method, polygon-based method, and layer-based
method [18].

Point-based method

The point-based method models a 3D object as a series of dis-
crete point light sources [19]. The corresponding CGH is gener-
ated by calculating and superimposing the interference pattern
of spherical wave emitted by each point onto the holographic
plane. Due to the fact that each object point needs to participate
in individual diffraction calculations, the calculation cost is
extremely high.

To accelerate the CGH generation speed with point-based
method, researchers have proposed 2 key approaches: the look-
up table (LUT) method and the wavefront recording plane
(WRP) method. The LUT method precalculates and stores all
fringe patterns (FPs) corresponding to each point of a 3D object
[20]. During the CGH generation process, the relevant FP for
each object point is simply retrieved from the table and super-
imposed. Although the LUT method offers high calculation
efficiency, it requires substantial storage space because the FP
of each object point needs to be prestored, which is a major
challenge for computers. To reduce the storage requirement,
Kim and Kim [21] proposed a novel LUT (NLUT) method.
The flowchart of NLUT method is shown in Fig. 2A. In this
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approach, object points are grouped by depth information, and
only the principal FPs (PEPs) of the center point for each depth
plane are precalculated and stored. Compared with the LUT
method, this method greatly reduces the number of precalcu-
lated patterns, thereby saving significant storage space while
achieving a speedup of nearly 744 times.

Furthermore, by increasing the total number of shifted pixels
in PFPs, researchers proposed an improved NLUT method,
which achieved ~30% increase in the CGH generation speed
while maintaining the resolution of 3D objects [22,23]. In addi-
tion, the required storage space was significantly reduced from
megabytes to kilobytes. However, the number of PFPs required
in the NLUT method is proportional to the depth layers of the
3D object. As depth layers increase, both the calculation complex-
ity and storage requirements increase significantly. To address
this problem, Pan et al. [24] proposed a split LUT method that
converted CGH calculation into multiplication of two 1D data-
sets, reducing storage space while increasing calculation speed
by approximately 700 times compared to the LUT method. Jia
etal. [25] proposed a compressed LUT method, which required
precalculating the PFP for only one depth plane and introduced
the horizontal and vertical light modulation factors to generate
holograms for different depth planes through multiplication.

In fact, the CGH generation process involves redundant
calculations that do not contribute to the final reconstruction.
To address this, an effective viewing area analysis method was
proposed [26]. The size of the effective viewing area was related
to the resolution of the 3D object, the positions of the object
points, the parameters of the SLM, and the reconstruction dis-
tance. By only calculating the diffraction within the effective
viewing area on the holographic plane, the storage space
required for PFPs was greatly reduced, and the calculation time
was improved by 10% compared to the NLUT method. In
recent years, researchers have further optimized the effective
regions involved in CGH generation to achieve acceleration for
point-based method [27-29].

Unlike the LUT method, the WRP method manages storage
space more effectively by introducing an intermediate WRP
between the 3D object and the holographic plane [30]. As
shown in Fig. 2B, the spherical waves emitted from a 3D object
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point are first recorded on the WRP, and then the wavefront is
propagated from the WRP to the holographic plane by using
the fast Fourier transform. According to geometric relation-
ships, the closer the WRP is to the 3D object, the smaller the
required recording area is, thereby reducing the calculation com-
plexity and the storage requirement. To further accelerate CGH
generation, Shimobaba et al. [31] incorporated LUT method to
calculate the patterns at the WRP and then used graphics pro-
cessing unit (GPU) to accelerate the diffraction propagation from
the WRP to the holographic plane. This approach increased the
CGH generation speed by 80 times compared to the conventional
WRP method. However, the calculation efficiency of the WRP
method is influenced by the size and depth range of the 3D object
[32]. To overcome these limitations, researchers have developed
different improved approaches, including WRP method based
on shifted Fresnel diffraction and dual- and multi-WRP-based
methods [33-35].

Given that CGHs generated by the point-based methods can
accurately reconstruct detailed information of 3D objects,
researchers continue to explore further optimizations to acceler-
ate the generation process [36,37]. For instance, Villa-Hernandez
etal. [38] used the symmetry of object geometric distribution
to accelerate the generation of Fresnel-Kirchhoff CGH, which
preserved the high-precision advantage of point-based method
and was especially suitable in metrology and precise wavefront
reconstruction.

Polygon-based method

As shown in Fig. 3A, based on the surface features of 3D objects,
the polygon-based method describes a 3D object as a series of
polygons, and each polygon is regarded as a light source [39].
Compared to the point-based methods, this method can reduce
the calculation cost by 2 to 3 orders of magnitude. According
to different sampling strategies, polygon-based methods can be
classified into traditional polygon-based method and analytical
polygon-based method.

The traditional polygon-based method requires performing
Fourier transform operations in both the frequency and spatial
domains for each polygon, and it can reconstruct 3D objects
with high realism by rendering each polygon individually. In
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3D object Diffraction distance
WRP Holographic
plane

Fig. 2. Point-based methods for fast computer-generated hologram (CGH) generation. (A) Process of the novel look-up table (NLUT) method. (B) Principle of the wavefront

recording plane (WRP) method.
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Fig. 3. Polygon-based and layer-based methods for fast computer-generated hologram (CGH) generation. (A) Diagram of the polygon-based method. (B) Diagram of the

layer-based method. (C) Flowchart of the Gerchberg—Saxton (GS) algorithm.

1988, Leseberg and Frere [40] proposed using the Fresnel
approximation to calculate diffraction patterns on tilted planes.
After adding phase information to the complex amplitude dis-
tribution of each polygon, a Fourier transform was performed,
and the coordinate transformations in the frequency domain
were used to map of each polygon onto the holographic plane.
To improve the calculation efficiency, Pan et al. [41] proposed a
fast polygon-based 3D affine transformation method grounded
in 2D Fourier analysis. Starting from an original polygon, the
diffracted light field of any other polygon in the 3D object was
derived through pseudo-inverse matrix operation, interpolation,
and power spectral density compensation. This method elimi-
nated the additional diffusion calculations and overcame the
high calculation cost of traditional polygon-based method,
thereby reducing the calculation time by ~25%.

Furthermore, Ahrenberg et al. [42] proposed the analytical
polygon-based method, which leveraged the Fourier transform
analytical expression for isosceles right triangle and used affine
transformations to establish the relationship between arbitrary
triangles and the isosceles right triangle. Combined with the
angular spectrum propagation on the rotating plane, the spec-
tral distribution of the polygon on the holographic plane can
be obtained. Compared to traditional polygon-based methods,
the analytical polygon-based method only requires a single
Fourier transform operation for 3D objects composed of mul-
tiple polygons, thereby greatly improving the CGH generation
speed. In 2024, Wang et al. [43] proposed an improved rapid
continuous shading method based on a fully analytical polygon
algorithm. By combining square and triangular segments, they
achieved nearly double the computational efficiency. In 2025,
Nishi and Matsushima [44] rendered transparent objects using
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a polygon-based algorithm combined with wave optics, signifi-
cantly reducing the computational load associated with wave-
front propagation.

Layer-based method

The layer-based method decomposes a 3D object into a series
of 2D slices parallel to the holographic plane according to its
depth information, as shown in Fig. 3B [45]. Each slice pro-
cessed independently contains the amplitude and phase infor-
mation of the 3D object at a specific depth, and the final CGH
corresponding to the 3D object is obtained by superimposing the
contributions from all slices. Consequently, compared to point-
based and polygon-based methods, the layer-based method dem-
onstrates lower calculation complexity and greater flexibility
in application.

In 2015, Zhao et al. [46] proposed a layer-based method
based on angular spectrum diffraction. In this method, the
amplitude information of each layer was overlaid with a random
phase and propagated through angular spectrum diffraction.
The spectral distribution of the 3D object was obtained by over-
laying the distributions of all layers in the holographic plane,
after which the complex amplitude distribution of the CGH was
obtained via an inverse Fourier transform. Importantly, for a
certain number of layers, the calculation complexity of this
method was independent of the complexity of 3D objects,
enabling CGH generation at speeds over 100 times faster than
the conventional point-based methods. To further accelerate
layer-based methods, Jia et al. [47] proposed a fast 2-step layer-
based method by using subsparse 2D fast Fourier transform.
Considering the occlusion effect between different layers, each
layer contained a large area with zero-valued pixels, and only
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the nonzero areas of each layer were calculated. Moreover, the
subsparse 2D fast Fourier transform operated solely on the rows
and columns of nonzero pixels, which reduced calculation com-
plexity and increased CGH generation speed by at least 3 times.
In 2022, Yasuki et al. [48] reduced time-consuming complex
operations using real-valued Fourier transform and Hartley
transform, which increased the calculation speed by 3 times
compared to conventional methods while maintaining compa-
rable reconstruction quality.

Indeed, although layer-based methods improve the CGH
generation speed, the calculation time remains proportional to
the number of depth layers. In 2024, a fast CGH generation
method based on the split Lohmann lens diffraction model was
proposed, which achieved high-quality CGH in a single-step
diffraction calculation, without relying on the number of layers
[49]. This approach ran tens of times faster than traditional
layer-based methods and could generate CGHs within milli-
seconds even on ordinary central processing units (such as Intel
i5-1035G4), offering a promising way for real-time dynamic
holographic 3D display.

In conclusion, each of the above 3 fast generation technologies
of CGH has its own advantages. The point-based method requires
precise diffraction calculation for each object point, resulting in
extremely high calculation complexity, slow generation speed,
and large storage requirements. The point-based method pre-
serves detailed information of each object point, making it suit-
able for high fidelity reconstruction and for sparse point cloud
patterns. The polygon-based method groups object points
based on the surface features of the 3D object, achieving lower
calculation complexity than the point-based method, signifi-
cantly improving CGH generation speed, and greatly reducing
storage requirements. Moreover, because the polygon-based
method preserves the geometric characteristics of object surfaces,
itis better suited for CGH generation of complex geometries with
continuous surfaces and for 3D scenes requiring surface texture
rendering. In addition, the layer-based method performs fast dif-
fraction calculation for each depth layer. Compared with point-
based and polygon-based methods, it can offer a lower calculation
complexity and storage requirement.

Iterative method
As an important category of hologram generation technologies,
iterative method has undergone decades of development. In
1972, Gerchberg and Saxton [50] proposed an iterative algo-
rithm for CGH based on Fourier transform, which was called
Gerchberg-Saxton (GS) algorithm. The flowchart of the GS
algorithm is shown in Fig. 3C. By alternately applying the
Fourier transform and inverse Fourier transform, GS algorithm
iterates the complex amplitude distribution of the object between
the spatial and frequency domains while imposing constraints
in both domains, ultimately generating a CGH. However,
although the iterative approaches cyclically optimize the phase
distribution of the CGH, the iteration process itself is time-
consuming. In 2017, Zhang et al. [51] developed the nonconvex
optimization for volumetric algorithm, which employs a limited
memory quasi-Newton gradient descent method to achieve
rapid convergence of the phase distribution. This method not
only improves the efficiency of iterative CGH generation but
also significantly reduces memory consumption.

In 2019, Chakravarthula et al. [52] further extended the non-
convex optimization problem for holographic phase retrieval
based on Wirtinger derivatives. In 2021, Chen et al. [53] proposed
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the stochastic gradient descent method, which used a loss func-
tion based on complex amplitude distribution rather than the
traditional one based on the amplitude distribution. As a result,
this method requires only a single evaluation of the complex
amplitude during loss calculation, significantly reducing the CGH
generation time for iterative algorithms. With the advancement
of computer technology, the speed of iterative algorithms contin-
ues to improve, providing an important solution for the rapid
generation of high-quality CGHs.

Hardware acceleration method

In recent years, with the rapid advancement of hardware plat-
form computational power, researchers have utilized high per-
formance hardware devices to accelerate CGH generation.
Conventional CGH generation methods predominantly rely on
central processing units for processing, which lack the ability
to perform parallel data processing, seriously limiting the cal-
culation efficiency. In contrast, GPUs not only provide parallel
computing capabilities but also support programming with
advanced programming languages, which greatly facilitate the
debugging process during development [54]. In 2021, Lee et al.
[55] proposed an out-of-core GPU algorithm that overcomes
GPU memory limitations for large-scale hologram generation.
The proposed method reduced the generation time of high-
resolution holograms by 28%. In 2025, Lagrange et al. [56] pro-
posed a one-step algorithm based on the split Lohmann method
to efficiently generate CGH. By implementing on a GPU, the
proposed method can increase the generation speed by 18.1
times compared with the traditional layer-based method.

Furthermore, GPUs are used for deep-learning-based meth-
ods. In 2018, Horisaki et al. [57] applied deep neural network
to holography and proposed a CGH generation method by
using residual convolutional neural networks (CNNs). In this
method, the calculation time for a single CGH was only 26 ms.
To achieve faster generation of large size CGH, Eybposh et al.
[58] developed a deep neural network for generating CGH. By
using reconstructed multilayer images and original multilayer
3D objects for error comparison and network updating, this
method achieved a single CGH with resolutions of 1,024 X
1,024 within 10 ms. Peng et al. [59] proposed a neural holo-
graphic framework based on camera-in-the-loop training,
which achieved a major breakthrough in speed, capable of gen-
erating full-color CGHs at approximately 40 fps on a GPU while
maintaining a high image quality with peak signal-to-noise
ratio & 30 dB, striking a notable balance between high fidelity
and real-time performance. Furthermore, by stochastically
sampling wavelengths and angles and using only a few samples
per iteration for gradient computation, Peng et al. [60] pro-
posed a wave propagation model suitable for partially coherent
light sources, significantly reducing the computational load of
the model and enables efficient hologram optimization.

In addition, in 2021, Wu et al. [61] used U-Net as the holo-
encoder to generate CGH and used Fresnel propagation model
as the decoder to reconstruct the images. This approach enabled
the generation of a single CGH with resolutions of 3,840 X 2,160
within 150 ms. Shi et al. [62] synthesized high-quality holograms
from a single red-green-blue (RGB)-depth image via a convo-
lutional neural network, as shown in Fig. 4A. This method exhib-
ited a breakthrough in computational speed. Its compact CNN
model occupied only 620 kB of memory, achieved real-time
generation at 60 Hz for a resolution of 1,920 X 1,080 pixels on a
consumer-grade GPU, and attained a speedup of over 2 orders


https://doi.org/10.34133/research.1274

Research

10 OA-PBM
; Reconstructed surface mesh
102 gV )
W ) '

0 2 4 6 8 10 .B‘Iﬁkedray
Object depth (m)

A Random scene generator

Probability
density
=3

Visible
ray o Background
S~ o Foreground

Diffraction cone

Normalized
frequency
o
=

2 4 6 8 10
Pixel depth (m)

Residual
block

Residual
block

Skip connection
(concatenation)

SLM

Geometric phase lens

Coherent backlight unit

Beam deflector

Holographic vedeo
processor

N

Reconstruction results Reconstruction result

Fig. 4. Hardware acceleration methods for fast computer-generated hologram (CGH) generation. (A) Structure of the network of Ref. [62]. RGB-D, red-green-blue-depth;
BN, batch normalization; ReLU, rectified linear unit. (B) Prototype of the slim-panel holographic video display system and the reconstruction results [65]. (C) Prototype of the
HORN-8 and the reconstruction result [73]. References [62,65,73] are reprinted with permission from Springer Nature.

of magnitude compared to traditional physics-based methods. ~ 2-stage training protocol to achieve end-to-end synthesis of high-
In 2022, Shi et al. [63] introduced layered depth images asa  quality 3D phase-only holograms, further enhancing computa-
data-efficient 3D representation and combined it with a novel  tional efficiency. The proposed method maintained real-time
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generation on a consumer-grade GPU and reached 5 fps on an
iPhone 13 Pro, delivering improved computational speed over its
predecessor. In 2025, Zhang et al. [64] proposed a symmetric
dual-network framework based on residual block-based complex-
valued neural (ResC-CNN) network for real-time CGH genera-
tion, reaching an average frame rate of 71.43 fps.

As ahighly configurable integrated circuit, field-programmable
gate arrays (FPGAs) enable large-scale integration, providing
further hardware support for the rapid generation of CGHs. In
2020, An et al. [65] developed a slim-panel holographic video
display method using FPGA for real-time processing, as shown
in Fig. 4B. In 2023, Maruyama et al. [66] achieved real-time
generation of CGH with resolutions of 1,024 X 1,024 through
highly parallelized FPGA hardware design, optimized memory
management, and high-speed high-definition multimedia inter-
face (HDMI) data transmission, delivering an overall system
acceleration of 7.73 times. In addition, the team of Chiba
University designed high-performance computing boards based
on digital signal processor (DSP) chips, GPUs, and FPGAs and
developed them from holographic reconstrution-1 (HORN-1)
to HORN-8 to enhance the computational efficiency, as shown
in Table 1 [67-73]. Moreover, Sugie etal. [73] developed a
special-purpose holography calculation board (HORN-8) based
on FPGA, enabling fast generation of CGH with 10° pixels, as
shown in Fig. 4C. Leveraging the ultrahigh calculation perfor-
mance of HORN-8, Yamamoto et al. [74] combined it with time-
division multiplexing technology to achieve fast CGH calculation
of a 3D object composed of 3.9 x 10° points. Therefore, the high
integration and flexibility of FPGA will play the key role in achiev-
ing broad applications of holographic 3D displays in the future.

Holographic 3D display with high

space-bandwidth product

The space-bandwidth product (SBP) constrains the practical
application of holographic 3D display. SBP represents the mul-
tiplication of spatial information capacity and angular informa-
tion capacity, which also means the product of spatial resolution
and field of view (FOV). Spatial resolution determines the clar-
ity and detail of reproduced images, limited by the pixel num-
bers of the SLM. The FOV defines the observation range,
calculated as follows:

FOV ~ 2arcsini, (5)
2p

Table 1. Comparison of performance across different HORN versions

where 1 denotes the wavelength and p represents the pixel pitch
of the SLM. Due to limitations in SLM pixel size and wave-
length, the FOV of a single SLM is typically very small (often
less than 10°). To achieve immersive experiences with a wider
FOV and high resolutions, researchers have proposed various
strategies to overcome the SBP limitations.

Holographic multiplexing technology

The multiplexing technology is one of the most typical methods
for increasing SBP in holographic 3D display, which mainly
includes time-division, spatial, angular, frequency, and wave-
length multiplexing methods [75-79]. Within such multiplexing-
based approaches, different regions or FOVs of the object are
deliberately folded and encoded to partially or fully overlap
within the effective FOV of the image sensor, thereby improving
information utilization efficiency under hardware constraints.

Time-division multiplexing technology exploits the visual
persistence effect of the human eye, using a high refresh rate
SLM to sequentially display different images at distinct time
intervals, thereby achieving a wide FOV through rapid angular
scanning. In contrast, spatial multiplexing technology uses mul-
tiple SLMs oriented at different angles, each responsible for
reconstructing a subviewing region. These subviewing regions
are optically stitched together to form a continuous and expanded
FOV. In practice, multiple SLMs are typically arranged in planar
or circular configurations. Planar layouts offer limited FOV scal-
ability, making circular arrangements more attractive [80].
However, circular arrangements introduce gaps between SLMs,
preventing the reconstruction of a continuous object field and
compromising visual quality.

Kozacki et al. [81] introduced a multiplexing approach com-
bining space and time division by using 6 SLMs arranged in a
circular configuration. This system extended the horizontal
FOV from 17.5° to 35° and the vertical FOV from 1.6° to 3.3°,
respectively. Liu et al. [82] further advanced this concept by
integrating time-division multiplexing with pixel separation,
employing 3 planar SLMs to generate subholograms with dif-
ferent random initial phases. This method achieved a 40 times
of FOV expansion, expanding from 0.3 to 12.3 mm at a viewing
distance of 600 mm. In 2025, a time-division multiplexed bin-
ocular stereoscopic holographic system leveraging human
persistence of vision was proposed [83]. By using an SLM to
rapidly alternate between displaying holograms for the left and
right eyes, this approach achieved stereoscopic perception and

HORN version Processor Point number Calculation time
HORN-1[67] Integrated circuit chips 10,000 ~180s
HORN-2 [68] DSP chips 100,000 ~30s (100 boards)
HORN-3 [69] FPGA using hand wiring 2,500 ~60s
HORN-4[70] FPGA using hand wiring 415 ~045s
HORN-5 [71] FPGA and printed circuit board 10,000 ~0.0023 s (4 boards)
HORN-6[72] 16 HORN-5 boards 100,000 ~13s
HORN-8[73] FPGA 1,000,000 ~1.864 s

HORN, holographic reconstrution; DSP, digital signal processor; FPGA, field-programmable gate array.
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provided a viable technical pathway for developing wide-viewing-
angle and high-refresh-rate true 3D display effect.

Holographic diffraction element

In recent years, the emergence of new optical diffraction elements
has provided a new solution for holographic 3D display with large
SBP. In 2022, a holographic 3D display system based on a tunable
liquid crystal grating was proposed [84], as shown in Fig. 5A. By
utilizing secondary diffraction effects of the tunable liquid crystal
grating, the proposed system significantly expand the FOV to
57.4°, enhancing both the size and the perspective. In 2024, a
color liquid crystal grating was further designed, as shown in Fig.
5B, achieving a full-color FOV of 50.12° and effectively reducing
color distortion [85]. Furthermore, an achromatic liquid crystal
grating was used for large FOV and full-color holographic 3D
display, achieving a breakthrough FOV of 65°, thereby enhancing
display performance and marking an important advancement in
holographic 3D display technology [86].

When designing holographic display systems with large
FOV, holographic optical elements (HOEs) are often used. For
example, placing an HOE in front of the SLM allows the limited-
angle light beams emitted by the SLM to undergo secondary

diffraction, greatly expanding the angle of the outgoing light.
Duan etal. [87] proposed a full-color near-eye holographic
display system by using a dual-layer diffraction structure in the
HOE, achieving a wide FOV of 80° and an expanded eyebox,
while maintaining full-color display capability. Sando et al. [88]
developed a system for ultra-wide-angle holographic aug-
mented reality with a conical HOE, achieving a horizontal FOV
of 140° and a vertical FOV of 30°. Pensia et al. [89] introduced
a compact off-axis digital holographic system based on a mul-
tifunctional HOE, which simultaneously performs beam deflec-
tion, focusing, and combining in a single element, increasing
the FOV to 22 mm. Dashdavaa et al. [90] proposed a lensless
holographic near-eye display system using divergent spherical
wave illumination and multiplexed HOEs, expanding the eye
movement range to 7 mm and the FOV to 25°, without com-
promising between the FOV and eyebox size.

In addition, the introduction of optical diffuser in the holo-
graphic reconstruction process can also expands the SBP. Yu
et al. [91] used an off-the-shelf diffuser as the scattering element
to increase the number of the focused point, achieving an
enlargement of the SBP of holographic 3D display. Park et al.
[92] proposed a flat-panel wavefront modulator to achieve

Reconstructed images

" Filter

Lens

Reconstructed images

Color liquid crystal grating

Results

Fig. 5. Holographic 3-dimensional (3D) displays with large field of view (FOV) based on diffraction elements. Large FOV holographic 3D display based on (A) a tunable liquid
crystal grating [84] and (B) a color liquid crystal grating [85]. References [84,85] are reprinted with permission from Springer Nature.
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holographic 3D display with large size and wide viewing angle.
By using an ultrahigh-capacity nonperiodic photon sieve in
conjunction with high-resolution liquid crystal display panel,
the diffraction angle of the light field was significantly increased.
Kuo et al. [93] used a scattering element with a thin transparent
mask to improve the transmittance of light, and the proposed
method achieved holographic display with an FOV of 120°
and an eye box of 1 cm. In 2023, Yu et al. [94] introduced
scattering medium with inherent randomness during holo-
graphic reconstruction process to suppress reconstruction
interference between different depth planes, achieving crosstalk-
free and multidepth holographic projection. This method
significantly expands the depth of holographic reconstruction
and improves SBP.

Metasurface-based holographic 3D display technology
With the advancement of micro and nanotechnology, meta-
surface, as an emerging class of optical materials, offers numer-
ous advantages, including high resolution, wide FOV, high
integration density, and multidimensional modulation capa-
bilities [95-101]. Therefore, metasurface-based holographic 3D
display technology has become one of the key technologies for
holographic 3D displays with large SBP.

Researchers have expanded the modulation dimensions of
metasurface to increase the number of channels in metasurface-
based holographic 3D display, thereby enhancing the SBP. In
2021, Li et al. [102] introduced the off-diagonal elements of the
Jones matrix as an additional degree of freedom, achieving a
metasurface-based holographic display with 3 independently
addressable polarization channels, which expanded the informa-
tion capacity and improved the SBP. Furthermore, in 2023, Xiong
et al. [103] engineered optical response noise into the Jones matrix
to break the correlation between different polarization channels,
realizing independent display across 11 polarization channels. By
combining this approach with spatial multiplexing technology, they
further extended the channel number to 36, substantially increasing
the SBP. In 2025, Meng et al. [104] designed a momentum-space
sparse k-vector filtering aperture array based on dispersion prin-
ciples and integrated a Transformer neural network to optimize
a wavelength-vortex multiplexed phase-only meta-hologram,
achieving a holographic display with 118 channels.

In addition to expanding the number of channels, extending
the depth dimension can also effectively increase the SBP. In
2024, researchers introduced angular spectrum diffraction
theory into metasurface-based holographic 3D display and
imposed constraints on its transfer function, thus overcoming
the depth limitation inherent in Fresnel diffraction [105]. This
approach enabled a large depth reconstruction of 0.95 dm. This
work provides a promising solution for realizing holographic
3D display with high SBP.

In addition to these above technologies, researchers have
worked on curved CGH generation, and curved holographic
technology also provides an effective technical path for achieving
wide FOV and high SBP in 3D displays [106-108]. Curvature
has evolved beyond a simple morphological change to become
a systemic innovation that integrates geometric optics, diffrac-
tion optics, computational holography, and advanced materials.
With the development of flexible optoelectronic devices, more
efficient optimization algorithms, and dynamically adjustable
curved surface technologies, curved holographic technology will
play a crucial role in overcoming the limitations of current 3D
display technologies.
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Holographic 3D display with speckle noise

suppression

Holographic 3D display typically relies on laser sources due to
the requirement for coherent illumination. However, the use of
laser introduces the speckle noise, a granular intensity pattern
superimposed on the reconstructed image. Besides, the causes
of speckle noise in holographic 3D display can also be attributed
to both the software and the hardware factors. The software refers
to the CGH generation process, and hardware refers to the opti-
cal reconstruction process. Specifically, during the generation
process, the approximate sampling is regarded as an unavoidable
quantization error in the hologram. This error leads to uncon-
trolled coherence effects during the reconstruction process,
thereby generating speckle noise. When the phase in the recon-
structed image is a random distribution, the interference among
object points caused by phase differences results in randomly
changed intensity, significantly influencing the reconstruction
quality. Therefore, how to reduce speckle noise in holographic
3D display is one of the key research directions [109-111].
Current approaches for speckle noise suppression can be broadly
categorized into superposition, spatial-coherence construction,
temporal-coherence destruction, and deep learning.

The superposition-based methods primarily rely on the
averaging strategy from statistics. During the generation pro-
cess of a series of holograms for a 3D object, the statistically
independent random phases are incorporated. By using the
time-multiplexing method, these holograms are sequentially
displayed on an SLM within the response time of the human
eyes. According to the visual transient effect of the human eye,
speckle noise in the superimposed image is effectively sup-
pressed [112]. This approach is compatible with all types of
holograms. However, due to the need for multiple holograms
to be refreshed, it imposes high demands on hologram genera-
tion efficiency [113]. Moreover, the time-multiplexing method
consumes the refresh resources of the SLM, so a high refresh
rate digital micromirror device (DMD) with the binary holo-
grams can be used to reduce the speckle noise [114,115].

In the hologram generation process, the complex amplitude
field needs to be encoded into either a phase-only or amplitude-
only hologram, and the approximate sampling is regarded as the
quantization errors. These quantization errors introduce speckle
noise and result in destructive spatial interference among the
reconstructed image point spread functions. Therefore, to reduce
the quantization errors, the spatial-coherence construction
methods have been proposed to suppress the speckle noise
[116]. A desired complex amplitude field can be synthesized
in a phase-only or amplitude-only hologram by using double-
constraint algorithm, analytic multiplexing, double-phase decom-
position, double-amplitude decomposition, and stochastic
gradient descent methods [117-121]. Figure 6 shows recon-
struction results with suppressed speckle noise based on differ-
ent GS methods [118].

The temporal-coherence destruction methods suppress
speckle noise using light sources with low temporal coherence,
such as superluminescent light-emitting diodes (LEDs) and
micro-LEDs [122]. To further reduce the coherence, a random
laser has been demonstrated usefully [123]. In conventional
coherent light sources, the low spatial-coherence and high col-
limation are typically mutually exclusive. As a new kind of light
source, the random laser is ideal because it possesses both prop-
erties. In addition, spatial filters can be used to shape the spatial
coherence of a light source and render it temporally incoherent.
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GS method with
random phase

GS method with
quadratic phase

GS method with
double phase

Improved
GS method

Fig. 6. Reconstruction results of different Gerchberg—Saxton (GS) methods, including the GS method with random phase, the GS method with quadratic phase, the GS method
with double phase, and the improved GS method with a dynamic compensation strategy [118]. Reference [118] is available under the Creative Commons CC-BY-NC license,

2021 Elsevier B.V.

For instance, an LED source combined with a spatial filter has
been demonstrated to reduce speckle noise in holographic dis-
plays [124].

In recent years, with the advancement of artificial intelli-
gence technology, the deep-learning-based methods can syn-
ergistically optimize real-time physical rendering for speckle
noise suppression, significantly improving both the reconstruc-
tion quality and the hologram generation speed [125,126].
According to the constraints applied during the network train-
ing process, the deep-learning-based methods are divided into
data-driven and physics-model-driven deep learning methods
[127-129].

Shi et al. [62] combined a data-driven deep learning model
with a modified double phase encoding approach to achieving
high-quality real-time holographic display. The training dataset
comprised 4,000 RGB-depth images generated by a random 3D
scene generator, and the corresponding complex amplitude
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labels were obtained using a point-based method. Then, the
authors further optimized the network and proposed Tensor-
Holo-v2 network [63]. By using neural network preprocessing
to skip the manual parameter selection in the double phase
encoding, this network achieved the end-to-end training from
images to the phase holograms. However, the key limitation of
the data-driven approach is that the final predictions heavily
depend on the choice of dataset used. Therefore, the quality of
the dataset determines the upper bound of the prediction quality.
In order to achieve satisfactory results, the volume of the dataset
tends to be large, which makes the training process time-
consuming. To overcome these limitations, physics-model-driven
methods have been developed [59,60]. By using diftfraction mod-
els as constraints during training process, the physics-model-
driven methods can eliminate the requirement to construct
datasets for phase-only holograms, thereby achieving faster
generation speed and higher prediction quality. Through such
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training strategies, the physics-model-driven methods can learn
the characteristics of the hologram with high precision, so as to
eliminate speckle noise effectively.

Application Prospect of Holographic 3D Display

Compared with the traditional 2D and stereoscopic display, a
holographic 3D display can reconstruct 3D scenes with com-
plete depth cues and provide viewers with comfortable and
natural viewing experience. Therefore, a holographic 3D dis-
play offers a promising way for realistic, cost-effective, and
efficient military training and simulation exercises. For exam-
ple, Zebra Image Company has developed holographic 3D
maps and holographic imaging systems [130]. To further
develop a revolutionary holographic 3D display, the Defense
Advanced Research Projects Agency launched the Urban Photonics
Sandtable Display (UPSD) program to create a full-motion, full-
video-rate, full-color, and interactive holographic 3D display. In
recent years, the application fields of holographic 3D display have
been expanding continuously. In the following sections, several key
areas are introduced, including automotive head-up display
(HUD), remote communication, near-eye display, and optical
encryption and storage.

A ' Principle of the HUD

CoCE:

Reconstrution results of the HUD

Structure of the LC holographic lens

Polarizer

Polarization converter

LC holographic lens

Near-eye display
Reconstructed image

Holographic near-eye 3D display system

Holographic HUD

In the automotive sector, holographic HUDs can provide navi-
gation at multiple depths that appear integrated with the real
scenes. This allows the drivers to keep their eyes on the road
[131,132], as shown in Fig. 7A.

Wang et al. [133] proposed a holographic augmented reality
(AR) HUD system composed of volume HOEs and SLM. This
system projected a 100-inch virtual image at 10-m distance,
delivering equivalent brightness of >10" nits with laser power
consumption of <0.6 W. To further improve the driving safety,
Skirnewskaja et al. [134] developed a holographic HUD system
that reconstructed the Light Detection and Ranging (LiDAR)
data of public roads generated by 3D terrestrial laser scanner.
By combining with holographic HUD and LiDAR data of real
scenes, this system allowed for identifying and alerting road
obstacles that might not be easily noticed, thereby improving
safety. Automotive HUD developer Envisics, which received
an investment of approximately 50 million dollars from auto-
motive giant companies in 2020, has also focused on holo-
graphic HUDs. Envisics developed a patent-protected dynamic
holographic HUD based on SLM to enhance in-car user experi-
ence and cater to advanced driver assistance [135]. In 2022,
SeeReal from Germany proposed a full-color, real-time 3D
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Fig. 7. Applications of holographic 3-dimensional (3D) display. (A) Principle and reconstruction results of the holographic head-up display (HUD) [131]. CDCE, composite
dispersion compensation element; DCEL, dispersion compensation element 1; CHC, composite holographic combiner; HOEL, holographic lens; HOEM, holographic mirror;
HOED, holographic diffuser. (B) Real-time holographic communication system and its reconstruction results [140]. (C) Prototype of holographic near-eye display system [142].
LC, liquid crystal. (D) Concept of a secure holographic encryption method [160]. References [131,140] are available under the Creative Commons CC-BY-NC license, 2022
Elsevier B.V. References [142,160] are reprinted with permission from Copyright 1999-2026 John Wiley & Sons Inc. or related companies.
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holographic HUD with continuous depth [136]. Combined
with eye-tracking and beam steering, the proposed system
allowed for the driver viewing within a large headbox of
140 mm X 70 mm.

Holographic remote communication

Holographic communication captures people and surrounding
environments at remote locations, then encoding and transmit-
ting the holographic data over a network, and finally recon-
structing dynamic 3D images of both people and surrounding
environments at the terminal [137]. As holographic 3D display
represents a kind of 3D display technologies, holographic
remote communication is expected to provide vivid and immer-
sive 3D communication experiences.

Yanagihara et al. [138] proposed a holographic display sys-
tem capable of real-time 3D video display of real scenes with
deep depth. The proposed system successfully reconstructed
a moving person in the real world at 14 fps in monochrome
and 5 fps in full color. In addition, VividQ, a high-profile start-
up in holography, realized live holographic 3D video call
through a novel pipeline named 3CPT [139]. This novel pipe-
line used an iPhone to capture images and depth data, used
self-developed software development kit to generate, encode,
transmit, and decode hologram data, and finally reconstructed
with hardware. It is worth mentioning that the 3CPT pipeline
only utilized widely accessible devices, thereby expanding the
practical reach of holographic remote communication. He et al.
[140] developed a real-time holographic communication sys-
tem with a frame rate of 20 fps and a latency of 0.1 s based on
a4K SLM, offering another possibility for telepresence 3D com-
munication. As shown in Fig. 7B, in this system, the structured
light camera and light field camera were used to capture and
render real 3D scenes, and holograms were then generated by
the layer-based angular spectrum method and transmitted by
5G network.

Holographic near-eye display

Among all the application scenarios for holographic displays,
holographic near-eye display is perhaps the most anticipated,
which is expected to provide the viewer with immersive 3D
scenes that include all the depth information such as motion
parallax, binocular disparity, accommodation, and vergence.
Since it fundamentally avoids viewing discomfort and can
inherently correct for myopic vision without additional optical
components, holographic near-eye display fits a wider range of
users [141]. Moreover, holographic near-eye display is regarded
as a promising solution to AR, virtual reality, and mixed reality,
as shown in Fig. 7C [142].

Chen and Chu [143] proposed a holographic AR display
system that used a beam splitter as an optical combiner to blend
the holographic images with the real world. To advance the
development of holographic commercial products, researchers
from Microsoft proposed a truly compact holographic near-eye
display system with the appearance of eye-glasses, which had
a wide FOV up to 80° [144]. In addition to a full-color, high-
contrast, and speckle-free 3D display, the proposed systems
also demonstrated the ability of vision correction for astigmatic
vision and per-pixel focal control.

The FOV and eyebox size of the holographic near-eye display
system are 2 important parameters related to viewing experi-
ence. To increase the eyebox size without sacrificing the FOV,
Choi et al. [145] developed a holographic near-eye display
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system by taking the advantage of HOE and high-order diffrac-
tions of SLMs to realize 2D expanded eyebox size. Besides, Ooi
etal. [146] used multiple beam splitters as an eyepiece and
implemented dihedral corner reflector array also contributed
to a lensless electroholography glass with large eyebox. To fully
exploit the wavefront modulation potential of holography,
Zhang et al. [147] leveraged complex amplitude modulation
(CAM) to build monocular holographic near-eye system. By
utilizing an Abbe-Porter filter system and a curved reflective
structure, the diagonal viewing angle of the CAM-based proto-
type was increased to 45.2°.

In recent years, the development of new materials and advanced
optical components have provided new solutions to holographic
near-eye display with demanding features. Specifically, introducing
random phase mask, high-aperture metalens, and compact meta-
surfaces can greatly increase the FOV and SBP of holographic near-
eye display system without bulky optical components [148-150].

Holographic encryption and data storage

In the current information age, information security and high-
quality data storage have emerged as pivotal research direc-
tions. Due to the fact that holographic display can regulate
different physical properties of light, including wavelength,
polarization, and incident angle, holographic encryption and
data storage are research hotspots [151,152]. In recent years,
with the rapid advancement of micro and nanotechnology,
metasurface has become a hot research topic [153]. Owing to
its high integration density and multidimensional modulation
capability, metasurface opens new avenues for advancing holo-
graphic encryption and data storage [154-157].

For instance, Zhao et al. [158] designed a birefringent vecto-
rial metasurface, achieving 3D display with 12 crosstalk-free
channels, which is capable for high-fidelity, broadband, and mul-
tichannel encryption. Qu et al. [159] demonstrated a reprogram-
mable all-dielectric metasurface that encrypted holographic
information into dual matrices, thereby enabling arbitrary and
high-capacity holographic encryption with enhanced security.
Furthermore, in 2025, Xu et al. [160] proposed a secure holo-
graphic encryption method by integrating vector optical fields
with a static liquid crystal device, where secret information was
divided and encoded into multiple carriers, enabling multichan-
nel encryption through dynamic control of incidence polariza-
tion and analyzer orientation, as shown in Fig. 7D. In addition,
by introducing polarization modulation, wavelength modula-
tion, and inverse design, researchers are committed to further
expanding the number of channels for metasurface-based holo-
graphic display, thus providing possibilities for high-capacity
holographic data storage [161-163].

Conclusion

Holographic 3D display technology, capable of recording and
reconstructing the complete wavefront information of 3D
objects, has become one of the most ideal approaches for real-
izing ideal 3D display. Over the years, holographic 3D display
technology has undergone a series of transformations, from
static to dynamic, from low resolution to high resolution, from
narrow viewing angle to wide viewing angle, and from serious
speckle noise to low speckle noise, as shown in Fig. 8, continu-
ously evolving toward the ideal 3D display and holding promise
for transitioning from laboratory prototypes to commercial
applications.
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In this paper, we have focused on the technical bottlenecks
of holographic 3D display and conducted a detailed summary
and analysis of its key technologies and future application devel-
opments. In terms of fast generation of CGHs, the synergistic
integration of hardware computational power and artificial intel-
ligence may be the key to achieving real-time holographic 3D
display. Traditional CGH generation methods can be categorized
into point-based, polygon-based, and layer-based approaches
depending on the presentation ways for 3D objects. These meth-
ods optimize the mathematical representation, but the calcula-
tion complexity continues to be constrained by the complexity
of the 3D object, making real-time generation of CGHs for com-
plexed objects difficult. With advances in computer science, the
leap in hardware performance offers a more direct and noticeable
improvement in CGH generation speed. More importantly, the
flourishing development of artificial intelligence has enabled
deep learning to play an increasingly important role in accelerat-
ing hologram generation and inverse design. However, the sub-
stantial computational and memory demands of deep learning
models, particularly for high-resolution and large-depth scenes,
may still exceed the capacity of current hardware. In addition,
as network performance heavily depends on the representative-
ness and diversity of the training dataset, it is difficult to ensure
the generalization across diverse and dynamic 3D scenes. There-
fore, in the future, deep integration of high-performance calcula-
tion hardware with advanced deep learning models is expected
to achieve real-time holographic 3D display.

In terms of holographic 3D display with high SBP, optical
component innovation will be the core driver. Currently,
although holographic multiplexing technology and holographic
diffraction elements can both effectively expand the viewing
angle of holographic reconstructed images, they are ultimately
limited by the resolution and diffraction angle of the devices
themselves. As a novel type of optical material, metasurface
featuring high resolution and large diffraction angle offers a
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new enabling solution for high SBP holographic 3D display
technology. However, the design of metasurface structure is
highly complex, particularly when simultaneously modulating
multidimensional information such as phase, amplitude, and
polarization, making it difficult to ensure structural stability.
In addition, the dynamic modulation capability of metasurface
is constrained by the response speed of the constituent materi-
als, posing challenges to the realization of flexibly reconfigu-
rable metasurface-based holographic 3D displays. Furthermore,
the high fabrication cost of metasurface hinders its transition
toward practical applications. In the future, with continuous
advances in inverse design algorithms, tunable materials, and
nanofabrication technologies, metasurfaces hold promise to
address the fundamental limitations of high-SBP holographic
3D display technology.

In terms of high-quality holographic 3D display, deep learn-
ing methods will dominate future speckle noise suppression
technologies. To address the persistent problem of speckle noise
in holographic 3D display, deep learning methods have dem-
onstrated potential beyond traditional optical suppression
technologies. Leveraging deep learning for wavefront optimiza-
tion and image enhancement will be a critical pathway to
achieving high fidelity, low speckle noise, and high-quality
holographic 3D display. However, current deep learning models
often lack interpretability and generalization across varying
optical setups, and the acquisition of large-scale, high-quality
training datasets with ground-truth holograms remains diffi-
cult and time-consuming, which may hinder model perfor-
mance and scalability. In the future, integrating physics-informed
neural networks to combine data-driven learning with physical
constraints may improve model interpretability and generaliza-
tion, thereby enabling high-quality holographic 3D display.

Due to its ability to fully record and reconstruct the complete
wavefront information of 3D objects, holographic 3D display
holds broad application fields, such as automotive HUDs, remote
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communication, holographic near-eye displays, and optical
encryption and data storage. Among these, holographic near-eye
display is widely recognized as one of the most promising direc-
tions and is likely to be among the first to achieve widespread
adoption. As holographic 3D display technology continues to
develop and optimize, its application potential is being further
explored. With the rapid development of micro- and nanofabri-
cation, metasurface-based holographic 3D display technology
will show greater application prospects in many frontier fields
such as holographic communication and holographic storage.
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