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ABSTRACT: Diffractive optical elements, including holograms and metasurfaces, are widely employed in imaging, display, and informa-
tion processing systems. To enhance information capacity, various multiplexing techniques such as wavelength, polarization, and spatial
multiplexing have been extensively explored. However, the angular optical memory effect induces strong correlations in the diffracted
output under varying angles of incidence, thereby fundamentally limiting the use of illumination angle as an independent degree of free-
dom in multiplexing strategies. Here, we propose and experimentally demonstrate a globally designed angle-multiplexed metasurface
hologram enabled by a diffractive neural network (DNN). Angular multiplexing in the DNN is realized by harnessing illumination angle-
dependent phase delays across local units, rather than relying on complex local designs with intrinsic angular dispersion. The DNN is
trained using complex electric field distributions and corresponding target images for each incident angle, enabling end-to-end optimiza-
tion of the entire metasurface phase profile to encode multiple angular channels simultaneously. Besides, phase modulation of circularly
polarized transmitted waves is achieved via geometric phase engineering, using a single-layer and fabrication-compatible meta-atom
design without relying on multilayer stacking or inter-resonator coupling. Experimental measurements validate the high-fidelity recon-
struction of both images at their respective angles, consistent with numerical simulations. Furthermore, robustness studies confirm that
the proposed metasurface can tolerate reasonable variations in incident magnitude, angle, and frequency, as well as fabrication-induced
phase errors, while preserving imaging fidelity. The proposed metasurface and design strategy offer a scalable platform for high-density
information encoding and multiplexed optical systems, with potential applications in augmented reality, secure communication, and
multi-view display technologies.

1. INTRODUCTION

Metasurfaces, the two-dimensional (2D) counterparts of
bulky metamaterials, have attracted an explosion of in-

terest and witnessed a rapid development in both academia
and industry, due to the unprecedented flexibility in manip-
ulating the amplitude, phase, and polarization of electromag-
netic (EM) waves at the subwavelength scale. Their versatile
design freedom and integrability have enabled a broad range
of transformative applications across the electromagnetic spec-
trum, such as invisibility cloaks [1–3], polarization convert-
ers [4], vortex beam generators [5, 6], meta-holograms [7, 8],
meta-antennas [9, 10], and chiral perfect absorbers [11, 12].
Among them, the meta-holograms play a pivotal role in opti-
cal imaging fields due to their striking properties including low
loss, high resolution, and ease of fabrication.

* Corresponding authors: Liqiao Jing (liqiaoj@zju.edu.cn); Min Li (minli@
ahau.edu.cn); Zuojia Wang (zuojiawang@zju.edu.cn).

Various advancements in metasurface-based holograms
have been demonstrated over the past few decades, including
multicolor holograms [13–15], 2D and three-dimensional
(3D) holograms [16–20], full-space holograms [21, 22],
space-asymmetric propagation holograms [23–25], and recon-
figurable holograms [26–30]. Despite these achievements,
there remains a pressing demand for new functionalities and
enhanced performance. One emerging direction involves
the multiplexing of meta-holograms via diverse light-matter
interaction mechanisms to expand information capacity and
bolster holographic encryption security.
To this end, a variety of multiplexing strategies have been

introduced. Polarization multiplexing [31–33], one of the most
mature approaches, leverages the anisotropic or chiral response
ofmeta-atoms to generate distinct holographic images under or-
thogonal linear or circular polarization states. Wavelength mul-
tiplexing exploits the dispersion characteristics of meta-atoms
to achieve spectral selectivity, thereby enabling the encoding
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of separate images at different frequencies [34–37]. Spatial-
frequency multiplexing has also been demonstrated by allocat-
ing multiple images into non-overlapping spatial frequency do-
mains [38], which facilitates computational separation and re-
construction through Fourier-domain filters without the need
for additional physical layers. More recently, orbital angular
momentum multiplexing [39–42] has emerged as a powerful
high-dimensional approach, wherein holographic channels are
encoded into light beams carrying distinct topological charges,
thereby significantly expanding the available channel space by
exploiting orthogonal spatial modes. Furthermore, active or
reconfigurable metasurfaces incorporating phase-change mate-
rials, liquid crystals, or mechanical actuation have been em-
ployed to dynamically switch between holographic images in
real time [43–48]. Despite these advancements, further en-
hancement of holographic channel capacity without sacrificing
compactness or system complexity remains an open and critical
challenge.
Among the various degrees of freedom available in

metasurface-based holograms, the incident illumination an-
gle remains a promising yet not fully explored parameter.
Angle-multiplexed metasurfaces, which exploit variations in
the angle of incidence to encode independent image channels,
offer a promising avenue for enhancing channel capacity. Con-
ventional strategies typically employ locally angle-sensitive
meta-atoms engineered to yield different phase profiles under
varying incidence angles [49–53]. However, the number of
independent channels is inherently constrained by the local
response characteristics and fabrication constraints. Moreover,
it is very necessary to understand the intricate light-matter
interaction in the design process of those meta-particles,
which is conventionally investigated case-by-case through
time-consuming numerical full-wave simulation until a locally
optimized solution appears.
In this paper, we present a globally systematic design frame-

work for angle-multiplexed metasurface holography by em-
ploying diffractive neural networks. In contrast to conven-
tional approaches that depend on locally optimized meta-atom
responses, our method exploits the globally coherent superposi-
tion of the entire metasurface aperture to encode multiple holo-
graphic channels within a single-layer structure. By incorporat-
ing complex electric field distributions under varying illumina-
tion angles and their corresponding target images into a uni-
fied training dataset, the DNN learns an optimal phase profile
that enables angle-dependent wavefront reconstruction. Full 2π
phase modulation is achieved via the geometric phase mech-
anism under circularly polarized illumination. As a proof of
concept, a meta-hologram that reconstructs two high-fidelity
holographic images under two distinct oblique illuminations
is experimentally demonstrated. The proposed method offers
new paradigms for wavefront engineering in angle multiplex-
ing, with the potential applications in 3D display, augmented
reality, and secure optical communication systems.

2. RESULTS
The schematic illustration of the functionality and working
principle of the proposed angle-multiplexed metasurface are

FIGURE 1. Schematic illustration of the proposed angle-multiplexed
metasurface and its working principle. The angle-multiplexed meta-
surface functions as an optical-domain deep neural network, consisting
of an input layer (incident wave), a hidden layer (metasurface), and an
output layer (reconstructed hologram). Each incident angle is treated
as a distinct input category, enabling the effective generation of holo-
graphic images under different illumination angles.

shown in Fig. 1. Analogous to the artificial neural network,
a DNN in the optical domain, which consists of an input layer,
a hidden layer, and an output layer, enables efficient wavefront
manipulation and ultrafast information processing through light
propagation. From a machine learning perspective, the map-
ping between incident angles and their corresponding holo-
graphic images can be viewed as a classification task, where
each illumination angle represents a distinct input category.
The input layer corresponds to the complex electric field dis-
tribution of the incident wave, while the output layer represents
the amplitude profile of the reconstructed hologram.

2.1. Design Principle of the DNN-Based Angle-Multiplexed
Metasurface
The metasurface, functioning as the hidden layer, is composed
of a dense array of subwavelength meta-atoms that decode the
angle-dependent encoded input and generate the desired out-
put field. According to the Huygens principle, each point on
a propagating wavefront acts as a secondary source of spheri-
cal wavelets, so each meta-atom behaves as an individual neu-
ron in the neural network, modulating the phase of the incom-
ing wave and interconnecting with elements in the following
layer through free-space diffraction. Adhering to the Rayleigh-
Sommerfeld diffraction equation, the field located at an arbi-
trary position r⃗ l+1 = (xl+1, yl+1, zl+1) in a subsequent layer
is determined by the collective contribution of all meta-atoms
in the preceding layer, which is expressed as follows:
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FIGURE 2. (a) Geometric configuration of themeta-atom. (b) Simulated amplitude and phase responses of the cross-polarized transmission coefficient
T−+ as functions of the rotation angle φ under normal incidence. (c) Amplitude and (d) phase responses of T−+ as functions of rotation angle and
incident angles at 15GHz. Phase distributions under (e) −30◦ incidence and (f) 30◦ incidence, respectively. Target holographic images under (g)
−30◦ incidence and (h) 30◦ incidence, respectively.

between two meta-atoms. The complex transmission coeffi-
cient of each meta-atom is denoted by t(r⃗ l
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tion. Assuming that the DNN consists ofM hidden layers, the
energy intensity at the output plane is sM+1
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k |2, and
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where K denotes the total number of sample points across the
output plane. The design objective is to minimize the prede-
fined loss function that quantifies the discrepancy between the
reconstructed and target holographic images, under multiple in-
cident angles. This minimization is performed using a gradient-
based backpropagation algorithm. In the DNN, the trainable
weights are physically realized by the phase responses of the
individual meta-atoms on the metasurface. As a result, the in-
verse design problem is formulated such that the phase profiles
of the meta-atoms are iteratively updated, enabling the meta-
surface to simultaneously reconstruct all target holographic im-
ages. The general form of this optimization problem is outlined
as follows:

min
ϕl
i

f
(
ϕl
i

)
, s.t. 0 ≤ ϕl

i ≤ 2π (3)

2.2. Design of the Meta-Atom
To enable precise control over the electromagnetic wavefront
under circularly polarized illumination, the meta-atom is de-
signed based on the geometric phase mechanism, as illustrated
in Fig. 2(a). The structural configuration consists of two ver-
tically oriented metallic bars and one horizontally aligned bar,

all encapsulated within a copper frame to effectively suppress
near-field coupling between adjacent elements. Electromag-
netic response characterization of the meta-atom is performed
using full-wave simulations in CST Microwave Studio, with
unit-cell boundary conditions applied along the lateral direc-
tions and Floquet ports defined along the z-direction. The ge-
ometric parameters are optimized as follows: l = 3.9mm,
w = 0.75mm, s = 1.575mm, and p = 6mm. The rela-
tive dielectric constant, loss tangent, and thickness of the bot-
tom F4B dielectric substrate are εr = 3, tan δ = 0.002, and
h = 0.25mm, respectively.
The cross-polarized transmission coefficient T−+ as a func-

tion of the rotation angle φ under normal incidence of right-
handed circularly polarized (RHCP) waves is illustrated in
Fig. 2(b). By varying the in-plane rotation angle φ from 0◦
to 180◦, the transmitted phase achieves continuous modulation
over a full 2π range. Simultaneously, the transmission ampli-
tude remains above 0.49 within the 14–16GHz band, approach-
ing the theoretical limit of the cross-polarized transmission co-
efficient of 0.5 for the single-layer metasurface structure. In
view of the dual-channel holographic imaging enabled by an-
gle multiplexing, the angular robustness of the designed meta-
atom is further investigated under distinct oblique incidences.
As shown in Fig. 2(c), the cross-polarized transmission ampli-
tude remains stable between 0.48 and 0.5 as the incident angle
sweeps from−45◦ to 45◦ at the operating frequency of 15GHz.
Fig. 2(d) further confirms that the transmission phase exhibits
negligible variation with respect to changes in the incidence an-
gle, indicating excellent angular stability of the meta-atom de-
sign.

2.3. Training Strategy for the DNN

As a conceptual demonstration, we first present a dual-channel
holographic imaging task involving two distinct illumination
angles. Specifically, the metasurface reconstructs the letter “Z”
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FIGURE 3. Training process and optimization results by a DNN. (a) Evolution of the reconstructed holographic images under illumination angles
of −30◦ and 30◦ across representative training epochs (10, 25, and 50). (b) Energy ratio for each target hologram and the total loss value versus
training epoch. (c) Optimized phase profile after convergence of the training process.

at the imaging plane under −30◦ illumination, whereas under
+30◦ incidence, the letter “U” is reconstructed. When a plane
wave is characterized by an incident angle θ = (θx, θy) and
a wavelength λ impinges upon the metasurface, the resulting
complex amplitude distribution on the substrate, specifically at
the plane z = 0, can be rigorously described by

U (x, y) = U0 exp (jkxx+ jkyy) (4)

where kx = k0 sin θx, ky = k0 sin θy , and k0 = 2π/λ. Un-
der the specific illumination condition where incidence is along
the x-axis, the resulting complex field at the substrate inter-
face (z = 0) can be expressed in a simplified form U(x, y) =
U0 exp(jkxx). A relative phase delay ∆φ = kx∆x arises due
to the lateral displacement∆x between adjacent elements. The
phase distributions of the incident waves under−30◦ and+30◦

illuminations, serving as the input layer of the DNN, are il-
lustrated in Figs. 2(e) and 2(f), respectively. The correspond-
ing target holographic patterns at the output layer are shown in
Figs. 2(g) and 2(h), respectively.
The metasurface, serving as the hidden layer in DNN, con-

sists of 30 × 30 meta-atoms over an area of 180 × 180mm2.
During training, both the incident phase profiles and target field
distributions are discretized into 30×30matrices and input into
the network. The training process is iterated 50 epochs. Repre-
sentative predicted holographic images at epochs 10, 25, and 50
are illustrated in Fig. 3(a), showing the progressive refinement
of image quality during training. The corresponding energy ra-
tios for each target image, along with the total loss value across
epochs, are presented in Fig. 3(b). By the 10th iteration, the
basic target contour emerges, albeit with noticeable discontinu-
ities and significant background noise. At this stage, the error
metric decreases sharply from 1.0 to approximately 0.4. The
energy ratios for the reconstructed “Z” and “U” images reach
56.9% and 56.8%, respectively. After 25 iterations, the error
further decreases to 0.3, and the energy ratios increase to 62.7%
and 63.7%, yielding sharper image boundaries though still af-

fected by residual noise. Following 50 training iterations, the
network output converges with a final error of 0.25, and the en-
ergy ratios of the “Z” and “U” images reach 67.7% and 66.6%,
respectively. The resulting holographic images exhibit well-
defined contours, high contrast, and significantly suppressed
background noise. The optimized phase profile of the metasur-
face after convergence is shown in Fig. 3(c).

2.4. Robustness Analysis of the DNN-Based Metasurface
To evaluate the robustness of the DNN-based metasurface un-
der realistic illumination conditions, we consider the practi-
cal scenario where plane wave excitation is typically approx-
imated either by placing the sample in the far field of a feed
source or by using a lens to collimate spherical wavefronts.
In such cases, the incident field generally exhibits amplitude
non-uniformity. To evaluate the impact of this non-ideal illu-
mination, the additive white Gaussian noise with a signal-to-
noise ratio (SNR) of 3 dB is introduced to the amplitude of the
incident wave, as shown in Fig. 4(a). The reconstructed im-
ages under−30◦ and+30◦ incidence are presented in Fig. 4(b)
and Fig. 4(d), respectively. Despite the presence of noise,
both reconstructed images retain high visual fidelity, although
certain regions exhibit slight amplitude inhomogeneities. The
corresponding relative error maps are shown in Fig. 4(c) and
Fig. 4(e), with average relative errors of 10.3% for the “Z”
image and 11.3% for the “U” image. When the SNR is in-
creased to 5 dB (Fig. 4(f)), the reconstructed images (Fig. 4(g)
and Fig. 4(i)) become even clearer, with more uniform ampli-
tude distributions. As shown in the corresponding relative error
maps (Fig. 4(h) and Fig. 4(j)), the average relative error is 6.9%
for the “Z” image and 6.3% for the “U” image, respectively.
To further examine the robustness of the DNN-based meta-

surface, we next evaluate the impact of phase errors, which are
inevitable in practical implementations due to fabrication toler-
ances or imperfect phase modulation. Based on the optimized
phase profile, we introduce a uniformly distributed random
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FIGURE 4. Robustness analysis of the DNN-based metasurface under non-ideal illumination conditions. (a) Non-uniform illumination is achieved
by introducing additive white Gaussian noise with an SNR of 3 dB to the incident wave amplitude. (b) Reconstructed holographic image and (c)
corresponding relative error map under −30◦ incidence with an SNR of 3 dB. (d) Reconstructed holographic image and (e) corresponding relative
error map under 30◦ incidence with an SNR of 3 dB. (f) Non-uniform illumination is achieved by introducing additive white Gaussian noise with an
SNR of 5 dB to the incident wave amplitude. (g) Reconstructed holographic image and (h) corresponding relative error map under −30◦ incidence
with an SNR of 5 dB. (i) Reconstructed holographic image and (j) corresponding relative error map under 30◦ incidence with an SNR of 5 dB.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

FIGURE 5. Robustness analysis of the DNN-based metasurface under random phase perturbations. (a) Phase error is introduced by adding uniformly
distributed random phase noise within the range of 0◦–30◦ to the optimized phase profile. (b) Reconstructed holographic image and (c) corre-
sponding relative error map under −30◦ incidence with phase perturbations within the range of 0◦–30◦. (d) Reconstructed holographic image and
(e) corresponding relative error map under 30◦ incidence with phase perturbations within the range of 0◦–30◦. (f) Phase error within the range of
0◦–90◦. (g) Reconstructed holographic image and (h) corresponding relative error map under −30◦ incidence with phase perturbations within the
range of 0◦–90◦. (i) Reconstructed holographic image and (j) corresponding relative error map under 30◦ incidence with phase perturbations within
the range of 0◦–90◦. (k) Phase error within the range of 0◦–150◦. (l) Reconstructed holographic image and (m) corresponding relative error map
under −30◦ incidence with phase perturbations within the range of 0◦–150◦. (n) Reconstructed holographic image and (o) corresponding relative
error map under 30◦ incidence with phase perturbations within the range of 0◦–150◦.
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FIGURE 6. Robustness of the angle-multiplexed metasurface against variations in incident angle and operating frequency. (a) Schematic diagram
of different incident angles. (b) Reconstructed electric field distributions under varying illumination angles from −15◦ to +45◦ at 15GHz. (c)
Schematic diagram of different incident frequencies. (d) Reconstructed electric field distributions under varying illumination frequencies from
14.8GHz to 15.2GHz.

phase perturbation within the range of 0◦ to 30◦, as illustrated
in Fig. 5(a). The reconstructed images under −30◦ and +30◦

incidence are presented in Fig. 5(b) and Fig. 5(d), respectively.
While the overall image structures remain discernible, certain
regions exhibit slight amplitude non-uniformity due to the im-
posed phase noise. The corresponding relative error maps are
shown in Fig. 5(c) and Fig. 5(e), with average relative errors of
12.1% for the “Z” image and 10.3% for the “U” image. When
the random phase error is increased to the range of 0◦ to 90◦,
as shown in Fig. 5(f), the reconstructed images (Fig. 5(g) and
Fig. 5(i)) begin to degrade, with noticeable blurring and reduced
image quality. The corresponding error maps (Fig. 5(h) and
Fig. 5(j)) indicate average relative errors of 31.1% for the “Z”
image and 28.0% for the “U” image. As the phase perturbation
range further increases to 0◦–150◦ (Fig. 5(k)), the image qual-
ity deteriorates significantly, as shown in the reconstructions in
Fig. 5(l) and Fig. 5(n). Severe distortions such as discontinu-
ities and increased background noise are observed. The associ-
ated relative error maps (Fig. 5(m) and Fig. 5(o)) reveal average
relative errors of 55.6% and 48.3% for the “Z” and “U” images,
respectively.
The designed angle-multiplexed metasurface also exhibits

strong robustness against variations in both incident angle (as
shown in Fig. 6(a)) and operating frequency (as shown in
Fig. 6(c)). Fig. 6(b) presents the reconstructed electric field
distributions for incident angles ranging from −15◦ to −45◦

and from +15◦ to +45◦. The results indicate that small an-
gular deviations, such as a 5◦ offset from the design angle,

have minimal influence on image clarity. Although slight po-
sitional shifts in the reconstructed images can be observed, the
image contours remain well preserved. As the incident angle
increases to 15◦, image quality gradually deteriorates, mani-
fested by reduced sharpness, elevated background noise, and a
more pronounced displacement in image position. The angu-
lar robustness stems from the diffractive nature of the metasur-
face holography, which inherently tolerates small deviations in
the incident angle. Furthermore, the smoothly varying phase
profile across the aperture reduces sensitivity to oblique inci-
dence variations. As illustrated in Fig. 6(d), when the oper-
ating frequency deviates by up to ±0.2GHz from the design
frequency, the images remain well defined, indicating that the
learned phase profile retains functionality over a reasonable
bandwidth. The frequency robustness stems from the broad-
band response of the meta-atoms, which are capable of main-
taining the designed phase modulation across a relatively wide
frequency range. The frequency robustness is attributed to the
broadband behavior of the meta-atoms, which preserve their in-
tended phase response over a wide range of operating frequen-
cies. This stability arises from the non-resonant nature of the
geometric phase mechanism, allowing consistent phase modu-
lation without strong frequency dependence.

2.5. Evaluation of Angular Multiplexing Capacity

Besides, to further qualitatively evaluate the theoretical limit of
angular multiplexing capacity, we numerically investigate the
relationship between image fidelity and the number of incident
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FIGURE 7. Reconstructed images under increasing numbers of multiplexed incident angles. (a) Three incident angles −45◦, 0◦, and 45◦. (b) Four
incident angles −70◦, −25◦, 25◦, and 70◦. (c) Five incident angles −80◦, −40◦, 0◦, 40◦, and 80◦. (d) Six incident angles −80◦, −40◦, −20◦,
10◦, 40◦, and 80◦.

angles. Under the assumption that the meta-atoms exhibit no
angular dispersion, as shown in Fig. 7(a), with three incident
angles (−45◦, 0◦, and 45◦), the reconstructed digits “1”, “2”,
and “3” are sharp and exhibit uniform intensity. With four an-
gles (−70◦, −25◦, 25◦, and 70◦), the digits “1” to “4” remain
distinguishable as presented in Fig. 7(b), though minor discon-
tinuities begin to appear, particularly in the representations of
“3” and “4”. As the number increases to five (−80◦, −40◦, 0◦,
40◦, and 80◦), it can be observed in Fig. 7(c) that only coarse
outlines of digits “1” to “5” are visible, with notable degrada-
tion in completeness and the emergence of background noise.
As shown in Fig. 7(d), when the number further increases to
six (−80◦, −40◦, −20◦, 10◦, 40◦, and 80◦), the reconstructed
images become severely degraded, and the digits are no longer
visually recognizable. These results demonstrate a clear trade-
off between the angular channel capacity and the quality of re-
constructed images, where inter-angle interference and limited
angular resolution collectively constrain the maximum achiev-
able number of high-quality multiplexed channels.

2.6. Simulation and Experimental Validation

Full-wave electromagnetic simulations are conducted using
CST Microwave Studio 2019 to verify the performance of
the designed metasurface under realistic conditions. The 3D
simulation model, along with precise structural parameters,
is presented in Fig. 8(a). In the simulation setup, Perfectly
Matched Layer (PML) boundary conditions are applied along

the transverse x- and y-directions to eliminate artificial reflec-
tions, while the longitudinal z direction is terminated with open
(add space) boundary conditions to mimic propagation into free
space. An RHCP plane wave is employed as the incident ex-
citation. On the observation plane located 90mm away from
the metasurface, the normalized electric field intensity distri-
butions corresponding to incident angles −30◦ and +30◦ are
presented in Figs. 8(b) and 8(c), respectively, over a frequency
span from 14.8GHz to 15.2GHz. At the design frequency of
15GHz, the reconstructed field profiles exhibit well-defined
and high-contrast images that closely resemble the intended tar-
get patterns “Z” and “U”. Within a ±0.2GHz deviation from
the central frequency, the image quality remains largely pre-
served, maintaining clear contours and structural integrity.
A near-field scanning system, as illustrated in Fig. 9(a), is

constructed to experimentally characterize the electric field in-
tensity distributions. Since the tangential component of the
electric field contains both x and y polarizations, two orthog-
onally polarized probes are employed to separately acquire the
field components across the scanning plane. The total ampli-
tude of the tangential electric field is then calculated by |Et| =√

|Ex|2 + |Ey|2. When an RHCP plane wave is incident on the
metasurface at an angle of−30◦, the recorded field intensity at
a distance of 90mm from the metasurface aperture reveals a
clearly defined “Z”-shaped pattern as illustrated in Fig. 9(b).
Similarly, for a +30◦ incident angle, a distinct “U”-shaped in-
tensity profile is observed in Fig. 9(c). These experimentally
measured results exhibit strong agreement with both theoreti-
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FIGURE 8. Full-wave simulation results. (a) Model illustration in CST. Simulated normalized electric field intensity on the imaging plane with
frequency increasing from 14.8GHz to 15.2GHz under (b) −30◦ incidence and (c) 30◦ incidence, respectively.

(a) (b)

(c)

FIGURE 9. Experiment results. (a) Measurement setup. Measured imaging performance at z = 90mm for different frequencies from 14.8GHz to
15.2GHz under (b) −30◦ incidence and (c) 30◦ incidence, respectively.

cal calculations and full-wave simulations, thereby confirming
that the proposed metasurface design enables independent and
precise near-field amplitude modulation for obliquely incident
circularly polarized waves.

3. METHODS
Simulation. Full-wave simulations are conducted using CST
Microwave Studio 2019. The transmission amplitudes and
phases of the proposed single-layer transmission-type meta-
atoms are simulated with periodic boundary conditions. A
three-dimensional model of the angle-multiplexed metasurface
hologram, composed of 30 × 30 meta-atoms within a 180 ×
180mm2 aperture, is constructed. To replicate free space condi-
tions, PML boundary conditions are applied along the x- and y-
directions, and open (add space) boundary conditions are used
in the z-direction. A right-handed circularly polarized plane
wave is used as the excitation source, incident at designated
oblique angles. The complex electric field distribution is mon-
itored on an observation plane positioned 90mm behind the
metasurface. Simulations are performed at multiple frequen-
cies ranging from 14.8GHz to 15.2GHz.

Experimental setup. In the near-field measurement, a right-
handed circularly polarized horn antenna is connected to port 1
of the vector network analyzer (ZVA67) and positioned 30λ0

away from the metasurface sample to generate quasi-plane
wave illumination. The sample is fixed on a stable platform,
and the incident angle is adjusted by rotating the sample holder
accordingly. An electric field probe connected to port 2 of
the VNA is mounted on a computer-controlled motorized scan-
ning stage. The probe is sequentially oriented along the x- and
y-directions to measure the corresponding components of the
electric field. During scanning, the probe moves across a pla-
nar region measuring 180 × 180mm2, located 90mm behind
the metasurface. Field data acquisition is performed point by
point across the defined scan area. The scanning system is syn-
chronized with the VNA through the control software to ensure
accurate spatial sampling and data recording at each position.

4. CONCLUSION
In summary, we have demonstrated a DNN-enabled design
strategy for angle-multiplexed metasurface holography that
overcomes the inherent limitations imposed by the angular
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optical memory effect. By replacing traditional local meta-
atom optimization with a global training framework, the pro-
posed method enables the independent reconstruction of mul-
tiple holographic images under distinct oblique illuminations
using a single-layer metasurface. The integration of complex
electric field distributions and corresponding target images into
the training process allows the neural network to learn an op-
timal phase profile that governs the angular selectivity of the
output wavefronts. The geometric phase for circularly polar-
ized light is used to ensure broadband, full-phase modulation
while maintaining structural simplicity and fabrication feasibil-
ity. Experimental validations confirm that the designed meta-
surface achieves high-fidelity image reconstruction under both
incidence angles, in strong agreement with numerical simula-
tions. The proposed metasurface, along with its design strat-
egy, offers a fresh perspective for crafting multiplexing holo-
grams and holds promise for diverse applications, including
multifunctional devices and reconfigurable imaging systems.
Furthermore, the DNN-like design strategy can be extended to
acoustics and optics, readily adaptable to the design of meta-
devices with multiple layers, providing considerable freedom
to achieve multifunctional reconfigurability.
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