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Abstract

We proposed an all-dielectric stochastically encoded metasurface operating in the 1310 nm
near-infrared band, which enables multifunctional optical field manipulation across six in-
dependent polarization channels. Utilizing a shared-aperture stochastic matrix-encoding
strategy combined with cooperative propagation and geometric-phase decoupling modu-
lation, we investigated stochastically encoded phase distributions, vortex beam profiles,
near-diffraction-limited focusing profiles, and the characterization of complex-amplitude
multifocal focusing under six independent polarizations. Under left- and right-circularly
polarized (LCP/RCP) illumination, vortex beams with topological charges of 1 and 2 have
demonstrated substantial enhancement in spatial edge contrast, achieving high edge con-
trasts of 20 dB and 7.45 dB, respectively, enabling high-fidelity extraction of fine structural
boundaries for edge-enhanced imaging. In contrast, near-diffraction-limited focusing under
x- and y-polarized illumination has been achieved with numerical apertures (NA) of 0.66
and 0.59, facilitating the realization of bright-field imaging. Significantly, parallel imaging
based on complex-amplitude multifocal spot arrays exhibits markedly improved channel
isolation, achieving high power ratios of 88.8% and 94.5% under 45◦ and 135◦ linearly
polarized excitation, respectively. The compact shared-aperture architecture integrates all
polarization-controlled functionalities without mechanical tuning, enabling polarization-
switchable bright-field imaging, edge detection, and parallel optical manipulation in the
near-infrared band.

Keywords: all-dielectric metasurface; stochastically encoded; polarization-switchable
imaging; edge-enhanced imaging; bright-field imaging; parallel imaging

1. Introduction
Conventional optical systems possess limited polarization modulation capabilities and

support only an extremely small number of polarization channels, falling far short of the
growing demand for parallel processing of multidimensional optical fields. Moreover, their
cumbersome structural layouts and low functional integration densities result in bulky
system volumes and single-functionality. The fundamental contradiction between perfor-
mance enhancement and device miniaturization has become a critical bottleneck, severely
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restricting the practical application and technological advancement of high-precision near-
infrared planar optical devices. Therefore, there is an urgent need to develop new strategies
that enable compact, multi-channel, multifunctional polarization manipulation [1,2].

Metasurfaces enable precise manipulation of the phase, polarization, and wavefront of
light fields through subwavelength structural units, serving as a key technological pathway
for developing planar and integrated photonic devices [3–7]. However, existing metasur-
faces still exhibit notable shortcomings in terms of the number of polarization channels and
functional integration. Most designs support only a few polarization channels, making it
difficult to meet the demands of parallel multidimensional optical field manipulation [8,9].
Meanwhile, to achieve functional integration, current approaches commonly rely on par-
titioned aperture layouts or periodic array configurations. Partitioned aperture designs
spatially separate different functional regions, resulting in low effective aperture utilization
and scattered optical energy, which hinders the simultaneous realization of high integration
density and miniaturization [10]. Periodic structures, on the other hand, are susceptible to
grating diffraction effects, generating high-order diffraction components and stray light that
lead to severe inter-mode crosstalk [11–13]. Consequently, these architectural deficiencies
force an inevitable trade-off among channel capacity, NA, and signal fidelity in existing
devices [14–18]. This limitation is evidenced by recent representative designs. While Zheng
et al. demonstrated dual-channel complex-amplitude modulation [19] and Zhang et al.
achieved single-layer vortex beam edge enhancement [20], their designs remain constrained
by limited polarization channels and suboptimal output metrics, such as low amplitude
ratios or restricted edge contrasts. Similarly, efforts by Mu et al. utilizing spatial multi-
plexing [21] and by Li et al. exploring multi-channel polarization mapping [22] frequently
compromise on NA or struggle to suppress inter-mode crosstalk effectively. To resolve these
fundamental contradictions, our proposed stochastic encoding strategy avoids sub-aperture
division. By utilizing a shared-aperture architecture, this approach enables high-fidelity,
crosstalk-free multifunctional manipulation across six independent polarization channels
without sacrificing integration density, capacity, or numerical aperture.

This work proposed a compact all-dielectric stochastically encoded metasurface at
1310 nm to achieve multifunctional near-infrared imaging across six independent po-
larization channels. By adjusting the encoding matrix and incident polarization condi-
tions, this design efficiently generates three distinct imaging modalities: vortex beams for
edge-enhanced imaging under LCP/RCP excitation, near-diffraction-limited focusing for
bright-field imaging under x-/y-polarized illumination, and complex-amplitude multi-
focal spot arrays for parallel imaging under 45◦/135◦ linearly polarized excitation. The
three imaging modalities demonstrate distinct capabilities: under LCP/RCP excitation,
vortex beams with topological charges of 1 and 2 deliver edge contrasts of 20 dB and
7.45 dB at focal lengths of 24.91 µm and 35.19 µm, respectively; near-diffraction-limited
focusing with x- and y-polarized illumination achieves numerical apertures of 0.66 and
0.59, respectively; complex-amplitude multifocal focusing under 45◦ and 135◦ linearly
polarized excitation yields power ratios of 88.8% and 94.5% at focal lengths of 65.47 µm
and 65.04 µm, respectively. This compact, mechanically tunable-free shared-aperture archi-
tecture enhances stability and precise six-channel polarization control, offering a robust
platform for polarization-switchable bright-field imaging, edge-enhanced imaging, parallel
imaging, and integrated near-infrared photonic applications.

2. Materials and Methods
As conceptually illustrated in Figure 1, the proposed metasurface is designed to

achieve independent, multi-plane focusing as an alternative to conventional sub-aperture
partitioning [23,24]. By utilizing a unified physical aperture, this approach helps optimize
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the effective area for incident polarizations, thereby mitigating the spatial resolution degra-
dation and diffractive artifacts often associated with segmented multi-lens designs [25,26].

Figure 1. Schematic of the proposed metasurface.

The underlying physical mechanism exploits the high refractive index of silicon (Si) in
the near-infrared regime. These high-index nanopillars, arrayed on a highly transparent
silica (SiO2) substrate, are designed to operate as weakly coupled, low-quality-factor res-
onators via strong local light–matter interactions. This configuration enables efficient phase
modulation while preserving high optical transmittance [27–29]. To quantitatively evaluate
this optical response, finite-difference time-domain (FDTD) simulations were performed
using perfectly matched layer (PML)-absorbing boundaries along the propagation direction
(z-axis) and periodic boundary conditions in the transverse plane (x- and y-axes).

The precise geometric design of the meta-atoms is essential to achieve independent con-
trol over diverse polarization states [30,31]. Figure 2 illustrates the rectangular nanopillar
unit cell utilized for a six-polarization multifunctional modulation stochastic-encoded meta-
surface, which possesses seven independently tunable parameters lx, ly, la, lb, lr, lθ, and θ.
Through comprehensive parameter scanning and performance optimization, the unit pe-
riod (P) and nanopillar height (H) were ultimately determined to be 700 nm and 900 nm,
respectively, to specifically achieve efficient narrowband operation at 1310 nm for a co-
herent monochromatic light source. When electromagnetic waves propagate through this
structure, each nanocolumn functions as a tunable Jones matrix, whose properties can be
customized by altering its lateral dimensions (width W and length L).

Figure 2. Schematic of the meta-atoms.
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As shown in Figure 2, the rect A configuration is designed to modulate both orthogonal
x-polarized and y-polarized components simultaneously. The phase shifts (φxx,φyy) and
transmittances (Txx,Tyy) for the two polarization states are functions of W and L, as depicted
in Figure 3. By introducing a 45◦ in-plane rotation (designated as rect B), the modulation
capability is extended to the 45◦ and 135◦ linear polarization states as well. For LCP/RCP
incidence, rect C adopts a decoupled modulation scheme that combines the propagation
phase and geometric phase. The required propagation phase and rotation angle for rect C
are governed by Equation (1) [32]:

φx = (φLCP + φRCP)/2
φy = (φLCP + φRCP)/2 − π

θ = (φLCP − φRCP)/4
(1)

where φx(φ y) denotes the phase response under x(y) polarized incidence, φLCP(φRCP)

represents the required phase distribution for circularly polarized light, and θ is the rotation
angle of the unit cell.

Figure 3. Transmission and phase maps along the x and y directions.

To balance high transmission with full-phase coverage, eight preferred discrete unit
structures were selected from the parameter library (as shown in the lookup table in
Figure 3). These units exhibit a phase difference of π between their long and short axes,
forming a continuous phase gradient ranging from 0 to 2π while maintaining an average
transmittance of approximately 90%. Figure 4a shows the transmission and phase relation-
ships of eight unit cells. Based on the encoding sequence, the overall physical structure of
the random-encoded metasurface can be constructed by spatially reusing selected meta-
atoms from the library within a single shared aperture with a radius of 40 µm, as shown in
Figure 4b.
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Figure 4. (a) Transmission and phase relationship of eight unit cells; (b) combined design of the
metasurface.

After establishing the phase-unit library, three independent phase distributions were
constructed for the metasurface. Firstly, for vortex beams, a focused vortex phase was
adopted under LCP/RCP illumination, as described in Equation (2) [33]:

φ(x1, y1) =
2π

λd

(
fg −

√
x1

2 + y1
2 + fg

2
)
+ lφ (2)

where λd = 1310 nm is the design wavelength, fg is the focal length of the vortex beam
under LCP/RCP incidence, l is the topological charge, and φ is the azimuthal angle.
Under different incident polarization states, annular intensity distributions with different
topological charges are generated at different focal lengths [34].

Secondly, standard spherical-phase profiles were adopted under orthogonal x- and
y-linear polarization to realize near-diffraction-limited focusing and high-precision focal
spot modulation, which are defined as Equation (3) [35]:

φ(x2, y2) =
2π

λd

(
fi −

√
x22 + y22 + fi

2
)

(3)

where λd = 1310 nm is the design wavelength, and fi is the focal length of the focal spot
under x- or y-polarized incidence.

Thirdly, a complex-amplitude modulation strategy is introduced under 45◦ and
135◦ linear polarization to implement multifocal focusing. The target phase distribu-
tion and amplitude encoding principle for each focal spot are formulated as follows with
Equations (4) and (5) [36]:φn(x3, y3) = − 2π

λd
(
√
(x3 − x fn)

2 + (y3 − y fn)
2 + z f n

2 − fn)

fn =
√

x f n
2 + y f n

2 + z f n
2

(4)

where φn denotes the target phase distribution required to generate a focused beam with
focal length f n; the focal coordinates are (x fn , y fn , z fn ); and λd denotes the design wave-
length [37]. 

E = α1 exp(iφ1) + α2 exp(iφ2) + . . . + αn exp(iφn)

A = abs(E)
φ(x3, y3) = A × angle(E)

(5)

where α1. . .αn denotes the amplitudes of the focal spots, E is the complex amplitude of
the target optical field, A corresponds to its amplitude information, and φ(x3, y3) is the
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amplitude-encoded phase distribution for the multifocal pattern. Based on the above
principle, any number of focal spots can be generated at arbitrary positions in the corre-
sponding xy plane under 45◦ or 135◦ linearly polarized light, and their intensities can also
be controlled.

The aforementioned design involves a total of six phase distributions: φX, φY, φa,
φb, φLCP, and φRCP (corresponding to x-polarization, y-polarization, 45◦ polarization, 135◦

polarization, LCP, and RCP). To achieve crosstalk-free integration within a shared aperture,
three stochastic binary matrices M1, M2, and M3 are generated, where the elements “1”
account for 33.33% of each matrix and are mutually non-overlapping. These matrices are,
respectively, subjected to a Hadamard product: M1 denotes the biphasic distribution of a
vortex beam, M2 represents the biphasic distribution of near-diffraction-limit focusing, and
M3 indicates the biphasic distribution of complex-amplitude multifocal focusing, yielding
the corresponding phase distributions shown in Figure 5. Three key benefits arise from this
method. Stray crosstalk among different focusing functions is physically suppressed via
stochastic, non-overlapping spatial sampling. Aperture utilization is markedly improved
by the parallel recording of dual phases per pixel, enabled by anisotropic polarization
decoupling. Meanwhile, higher-order diffraction is effectively mitigated by the statistical
uniformity of the random matrices, ensuring high fidelity across all focal planes [38,39].

Figure 5. Stochastically encoded phase maps: (a) phase distributions under LCP, (b) RCP, (c) x-
polarization, (d) y-polarization, (e) 45◦ linear polarization, and (f) 135◦ linear polarization.

Meanwhile, we introduce the spatial autocorrelation index Moran’s I (Im). Here,
Im ≈ 1 represents highly ordered distributions (e.g., partitioned designing), while Im ≈ 0
denotes completely random layouts. As shown in Figure 6, focus efficiency monotonically
increases as the encoding transitions toward complete randomness (Im to 0). Traditional
ordered layouts inherently suffer from reduced effective aperture utilization and severe
grating diffraction, which concentrate parasitic light into discrete crosstalk peaks. By adopt-
ing a stochastic encoding strategy, spatial periodicity is fundamentally broken. Parasitic
diffraction energy is thus dispersed into a uniform, negligible background noise floor, al-
lowing more modulated energy to constructively interfere at the focal plane. This validates
that random encoding effectively suppresses inter-channel crosstalk, achieving high-fidelity
parallel control without sacrificing numerical aperture or integration density [39].
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Figure 6. Changes in focus efficiency from ordered to disordered spatial partitioning (functional area
ratio of 50%).

3. Results
3.1. Focal Length Characteristics for the Six Polarization States

Based on the design strategy of a shared-aperture stochastic-encoded matrix, we preset
specific axial focal lengths for the six independent polarization channels to enable distinct
functionalities, including vortex beam generation, near-diffraction-limited focusing, and
complex-amplitude multifocal arrays. Simulation results confirm that the achieved focal
lengths for all channels are in excellent agreement with the design values. Specifically, for
the circular polarization channels used to generate vortex beams, as shown in Figure 7a,b,
the designed focal lengths are 25 µm for LCP and 35 µm for RCP, while the simulated focal
lengths are 24.91 µm with an error of −0.09 µm and 35.19 µm with an error of +0.19 µm,
respectively. For the orthogonal linear polarization channels dedicated to near-diffraction-
limited focusing, as depicted in Figure 7c,d, the designed focal lengths are 45 µm for x-
polarization and 55 µm for y-polarization, with simulated values of 44.79 µm and 54.89 µm
corresponding to errors of −0.21 µm and −0.11 µm, respectively. For the diagonal linear
polarization channels used to produce complex-amplitude multifocal arrays, as illustrated
in Figure 7e,f, the designed focal length is 65 µm for both 45◦ and 135◦ linear polarizations,
whereas the simulated focal lengths are 65.47 µm and 65.04 µm with corresponding errors
of +0.47 µm and +0.04 µm, respectively. These results demonstrate that the stochastic-
encoded shared-aperture design can simultaneously and accurately realize the focal length
requirements of multiple polarization channels, with a maximum relative error of less
than 0.72%, thereby establishing the physical foundation for the subsequent independent
manipulation of each polarization state.
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Figure 7. Characterization of focal length performance for the six polarization states: (a) simulated
focal spot of the vortex beam under LCP illumination at 24.91 µm; (b) simulated focal spot of the vortex
beam under RCP illumination at 35.19 µm; (c) simulated focal spot of the near-diffraction-limited
focusing under x-polarized illumination at 44.79 µm; (d) simulated focal spot under y-polarized
illumination at 54.89 µm; (e) simulated multifocal array under 45◦ linear polarization at 65.47 µm;
(f) simulated multifocal array under 135◦ linear polarization at 65.04 µm.

3.2. Vortex Beam Under LCP and RCP Illumination

With the multifunctional random-encoding phase design described above, the pro-
posed metasurface offers polarization-tunable hierarchical focusing modulation. It first
functions as a vortex beam, where a standard focusing phase combined with a spiral-phase
factor is imparted to the incident wavefront, yielding high-contrast optical field modulation.
This phase expression, Equation (6), can be obtained from Equation (2).

φLCP(x1, y1) =
2π
λd

(
f1 −

√
x1

2 + y1
2 + f1

2
)
+ l1 φ

φRCP(x1, y1) =
2π
λd

(
f2 −

√
x1

2 + y1
2 + f2

2
)
+ l2 φ

(6)

where λd = 1310 nm is the design wavelength; (x1, y1) denote the coordinates of the meta-
atom structure; the preset focal lengths f1 and f2 under LCP and RCP illumination are
25 µm and 35 µm, respectively; and φLCP(x1, y1) and φRCP(x1, y1) are the required phase
distributions under LCP and RCP incidence.

Under LCP illumination, the metasurface imparts a typical spiral-phase gradient,
characterized by a continuous 2π azimuthal variation, corresponding to a topological
charge of l = 1. Figure 8a presents a side-by-side comparison: the theoretical helical-phase
distribution is shown on the left, while the actual stochastically encoded phase pattern
following shared-aperture multiplexing is illustrated on the right. It is this multiplexed
stochastic phase that physically dictates the structural arrangement on the metasurface.
As a result of this modulation, the transmitted optical field carries a unit orbital angular
momentum, which gives rise to an annular focal region wherein the central intensity tends
to zero. Specifically, at the focal plane of z = 24.91 µm, the intensity distribution exhibits
a clear annular profile, where uniform peak intensity surrounds a central dark region
with a radius of 0.55 µm, as shown in Figure 8b. This annular focal geometry serves as a
spatial filtering kernel, enabling isotropic edge enhancement of input images. Figure 8c
demonstrates that the quantitative evaluation of the radial intensity distribution curve
indicates a ring width of 0.63 µm. The edge contrast (defined as the ratio of peak ring
intensity to the central minimum value) exceeds 20 dB.
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Figure 8. Characterization of vortex beam: (a) helical-phase distribution of the metasurface before
random encoding at the LCP incidence angle (l = 1) (left) and after random encoding with shared
aperture (right); (b) xy-plane intensity distribution of the vortex beam at z = 24.91 µm; (c) x-direction
intensity distribution of the l = 1; (d) helical-phase distribution of the metasurface before random
encoding at the RCP incidence angle (l = 2) (left) and after random encoding with shared aperture
(right); (e) xy-plane intensity distribution of the vortex beam at z = 35.19 µm; (f) x-direction intensity
distribution of the l = 2.

Upon switching to RCP incidence, the topological charge becomes l = 2. Similarly, the
ideal spiral gradient spanning two complete cycles and its corresponding stochastically
multiplexed phase pattern are explicitly depicted in the left and right panels of Figure 8d,
respectively. With the higher topological charge, the beam acquires greater orbital angular
momentum, causing the optical field to spread radially outward. Consequently, the central
dark region expands to a radius of 1.02 µm, as demonstrated in Figure 8e, while the focal po-
sition simultaneously shifts axially to z = 35.19 µm. The radial intensity profile in Figure 8f
further quantifies this behavior, showing an annular ring width of 0.92 µm while the edge
contrast remains above 7.45 dB. These results demonstrate that the higher topological
charge yields a broader annular dark core and reduced edge contrast, indicating a tunable
spatial filtering response that can be tailored for different edge enhancement requirements.

3.3. Near-Diffraction-Limited Focusing Under x- and y-Polarization Illumination

Secondly, it also possesses the functionality of the near-diffraction-limited focusing
mode. The phase distribution required for achieving ideal spherical wave focusing is given
by Equation (7). 

φx(x2, y2) =
2π
λd

(
f3 −

√
x22 + y22 + f3

2
)

φy(x2, y2) =
2π
λd

(
f4 −

√
x22 + y22 + f4

2
) (7)

where λd = 1310 nm is the design wavelength; ( x2, y2) denote the coordinates of the meta-
atom structure; the preset focal lengths f3 and f 4 under x- and y-polarized illumination
are 45 µm and 55 µm, respectively; and φx(x2, y2) and φy(x2, y2) are the required phase
distributions under x- and y-polarized incidence.

Figure 9a details the phase modulation mechanism under x-polarized incidence by
illustrating the theoretical spherical focusing phase distribution (left) alongside the actual
stochastically encoded phase pattern after shared-aperture multiplexing (right). Driven
by this multiplexed phase mask, Figure 9b presents the corresponding xy-plane intensity
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distribution of the focused spot at z = 44.79 µm. It is clearly evident that even after stochastic
multiplexing, the near-diffraction-limited focusing maintains a high energy concentration
and extremely low background noise. Meanwhile, its lateral intensity distribution is
shown in Figure 9c. The calculated numerical aperture is NA = 0.66, and the measured
full width at half maximum (FWHM) is 1.16 µm, which is in excellent agreement with
the theoretical diffraction limit, thereby confirming its high-performance near-diffraction-
limited focusing characteristics.

Figure 9. Characterization of near-diffraction-limited focusing: (a) helical-phase distribution of
a metasurface before random encoding under x-polarized incident light (left) and after random
encoding with shared apertures (right); (b) xy-plane intensity distribution of the focused spot at
z = 44.79 µm; (c) x-direction intensity distribution of the spot at z = 44.79 µm; (d) helical-phase
distribution of a metasurface before random encoding under y-polarized incident light (left) and after
random encoding with shared apertures (right); (e) xy-plane intensity distribution of the focused
spot at z = 54.89 µm; (f) x-direction intensity distribution of the spot at z = 54.89 µm.

Accordingly, Figure 9d displays the ideal and multiplexed randomly encoded phase
distributions under y-polarized incidence, with the corresponding high-quality focal spot at
z = 54.89 µm, shown in Figure 9e. The lateral intensity distribution is presented in Figure 9f,
where NA = 0.59 with a measured FWHM of 1.26 µm, obtained by calculation, which agrees
well with the theoretical diffraction limit. This metasurface structure achieves high-quality,
near-diffraction-limited focusing on different axial depths (44.79 µm and 54.89 µm) with no
crosstalk between the two channels, providing a solid foundation for bright-field imaging.

3.4. Complex-Amplitude Multifocal Focusing Under 45◦ and 135◦ Polarization Illumination

Aside from the above functions, the complex-amplitude multifocal focusing mode
can be realized based on independent multifocal phase distributions for the 45◦ and
135◦ orthogonal polarization states. The required encoded phase profiles are given by
Equation (8) for the 45◦ polarization state and Equation (9) for the 135◦ polarization state.

φ1(x3, y3) = − 2π
λd
(
√
(x32 + (y3 − ξ)2 + z2 − f5)

φ2(x3, y3) = − 2π
λd
(
√

x32 + (y3 + ξ)2 + z2 − f5)

E1 = α1 exp(iφ1(x, y)) + α2 exp(iφ2(x, y))
A1 = abs(E1)

φa = abs(E1)× angle(E1)

(8)
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

φ3(x3, y3) = − 2π
λ (

√
(x3 − σ)2 + y32 + z2 − f5)

φ4(x3, y3) = − 2π
λ (

√
(x3 + σ)2 + y32 + z2 − f5)

E2 = α1 exp(iφ3(x, y)) + α2 exp(iφ4(x, y))
A2 = abs(E2)

φb = abs(E2)× angle(E2)

(9)

In both equations, the design wavelength is λd = 1310 nm, (x3, y3) denote the coor-
dinates of the meta-atom structure, f5 = 65 µm is the preset focal length; z is the axial
coordinate of the focal plane, and ξ (or σ) denotes the lateral spatial offset of the sub-focal
spots along the corresponding axis. The basic phase distributions φ1( x3, y3), φ2( x3, y3),
φ3( x3, y3), and φ4( x3, y3) generate two independent focused beams with amplitude-
weighting coefficients α1 and α2, respectively. E1 and E2 are the superposed complex
amplitudes of the target optical field, A1 and A2 correspond to its amplitude information,
and φa and φb are the final target-encoded phase distributions required for the 45◦ and
135◦ polarization states.

Under 45◦ linearly polarized illumination, to clearly demonstrate the complex-
amplitude encoding process, Figure 10a illustrates both the ideal multifocal phase profile
(left) and the realistic stochastically encoded phase pattern following shared-aperture multi-
plexing (right). Its regular gradient enables high-precision modulation, producing multiple
clear focal spots at the preset focal plane (z = 65.47 µm), as directly verified by the simulated
optical field in Figure 10b. These sub-spots are spaced by about 10 µm along the y-direction
with extremely low crosstalk. The longitudinal intensity distribution shown in Figure 10c
gives a power ratio of 88.8% for a sub-focal spot.

Figure 10. Characterization of complex-amplitude multifocal focusing: (a) helical-phase distribution
of the metasurface before random encoding under 45◦ polarized incident light (left) and after random
encoding with shared aperture (right); (b) multifocal distribution in the xy plane at z = 65.47 µm
under the 45◦ polarization state; (c) longitudinal intensity distribution of the multifocal pattern under
the 45◦ polarization state; (d) helical-phase distribution of the metasurface before random encoding
under 135◦ polarized incident light (left) and after random encoding with shared aperture (right);
(e) multifocal distribution in the xy plane at z = 65.04 µm under the 135◦ polarization state; (f) lateral
intensity distribution of the multifocal pattern under the 135◦ polarization state.

When the incident polarization is switched to 135◦, the independently designed ideal
phase profile and its stochastically multiplexed counterpart are as shown in Figure 10d.
Governed by this multiplexed pattern, the metasurface generates an equally regular mul-

https://doi.org/10.3390/photonics13080740

https://doi.org/10.3390/photonics13080740


Photonics 2026, 13, 740 12 of 16

tifocal pattern at the same axial depth (z = 65.04 µm), but the spots are rearranged along
the x-direction with a spacing of 10 µm and a spatial shift, avoiding mutual interference as
revealed in Figure 10e. The lateral intensity distribution displayed in Figure 10f yields a
power ratio of 94.5%, demonstrating the same excellent focusing stability as in the 45◦ case.

In summary, the metasurface produces orthogonally arranged and reconfigurable
multifocal spots under 45◦ and 135◦ linear polarizations, with power ratios of 88.8% and
94.5%, respectively, providing a solid foundation for high-performance parallel imaging.

3.5. Polarization-Controlled Multifunctional Imaging Applications

Modulation transfer function (MTF) analysis, as shown in Figure 11, quantitatively
evaluates the six polarization channels and verifies their underlying imaging mechanisms.
For bright-field imaging (x- and y-polarization), the MTF curves closely track the theoretical
diffraction limits, confirming that the standard spherical-phase design provides high-
fidelity near-diffraction-limited focusing by effectively suppressing aberrations. Parallel
multifocal imaging channels (45◦ and 135◦) show expected MTF attenuation compared to
the bright-field mode, as energy is divided among multiple foci and the longer focal length
(65 µm) reduces the effective numerical aperture, lowering high-frequency transmission.
Finally, for edge-enhanced imaging (LCP and RCP), a rapid exponential low- to mid-
frequency roll-off reflects the vortex beams’ spatial high-pass filtering, where the central-
phase singularity suppresses low-frequency background contrast. Notably, the RCP channel
(topological charge l = 2) exhibits a steeper roll-off than the LCP channel (l = 1) due to its
larger central dark core, which yields stronger low-frequency suppression.

Figure 11. MTF curves of the metasurface for the six polarization states, compared with the theoretical
diffraction limits.

To further demonstrate practical application potential in multidimensional optical
information processing, we simulated polarization-multiplexed imaging using a standard
target symbol “@” at 1310 nm. This symbol contains richer spatial frequency components
than simple letters, providing a more rigorous test of imaging fidelity. In all simulations,
the incident light is an ideal plane wave at normal incidence, providing uniform amplitude
and a strictly defined polarization state. This standard approach extracts the metasurface’s
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intrinsic phase modulation and polarization conversion capabilities while avoiding inter-
ference from spatial fluctuations or wavefront distortions in the incident beam. The electric
field of a coherent image is the convolution of the target object’s intensity distribution
O(x, y) with the system’s point-spread function (PSF), as given by Equation (10) [40]:

Ii(x, y) = O(x, y)⊗ PSF (10)

Here, (x, y) represents coordinates in the image plane, and Ii(x, y) corresponds to the
image distribution.

Under circular polarization, the metasurface enables edge-enhanced imaging. With
LCP incidence, the spiral-phase gradient acts as a spatial high-pass filter, attenuating low
spatial frequencies while retaining high-frequency edges, producing a sharp, high-contrast
isotropic edge image of “@”, as presented in Figure 12a. With RCP incidence, the larger
central dark core of the second-order vortex beam intensifies the filtering effect, resulting
in a broader extracted edge contour, as clearly observable in Figure 12b.

Figure 12. (a,b) show edge-enhanced imaging; (c,d) show bright-field imaging; (e,f) show parallel
imaging.

Under orthogonal linear polarizations, the metasurface reverts to near-diffraction-
limited focusing for bright-field imaging. Both polarization states yield aberration-free
reconstructions of “@”, as shown in Figure 12c,d, confirming accurate detail reproduction
as a conventional single-focus lens.

Under 45◦ and 135◦ linear polarizations, complex-amplitude encoding redistributes
incident energy for multi-target replicated imaging. The “@” splits into two vertically
separated images under 45◦ polarization and two horizontally separated images under
135◦ polarization, as shown in Figure 12e,f. The observed diffraction-induced blurring
is consistent with the energy dispersion inherent to multifocal modulation, and the MTF
curves in Figure 11 quantitatively capture this expected trade-off.

4. Discussion
Through a performance comparison with recent representative state-of-the-art designs,

as summarized in Table 1, the proposed design demonstrates competitive performance
across all three imaging modalities. For edge-enhanced imaging via vortex beam genera-
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tion, spatial edge contrasts of 20 dB and 7.45 dB are achieved in the LCP and RCP channels,
respectively, which compare favorably with previously reported single-layer architectures
and spin-multiplexed designs [20,41]. For bright-field imaging under orthogonal linear po-
larizations, the device maintains near-diffraction-limited focusing with numerical apertures
of 0.66 and 0.59, respectively. Existing high-NA designs [42,43], though exhibiting excellent
focusing performance, remain functionally limited, while some previous works [22,39]
that achieved six-polarization-channel coverage have, likewise, been confined to a single
focusing function. For parallel imaging, power ratios of 88.8% and 94.5% are obtained
under 45◦ and 135◦ linearly polarized excitation, respectively, which are improved over
the values reported for conventional spatial multiplexing schemes [19,21]. These results
suggest that, by virtue of the stochastic encoding strategy, the present design is able to
support edge-enhanced imaging, bright-field imaging, and parallel imaging simultane-
ously within a single shared aperture, while effectively suppressing inter-channel crosstalk,
thereby offering a viable technological pathway toward high-performance multifunctional
integrated metasurfaces.

Table 1. Comparison of the proposed metasurface with representative prior works. (× = feature not
available,

√
= feature available).

Author Channel
Counts

Vortex
Beam Focusing Multifocal NA Edge

Contrast
Power
Ratio

Z et al. [19] 2 × ×
√

N/A N/A 44.4%
Zhang et al. [20] 1

√
× × N/A 7.6 dB N/A

Mu et al. [21] 2 × ×
√

N/A N/A 66.6%
Li et al. [22] 6 ×

√
× N/A N/A N/A

Li et al. [39] 6 ×
√

× N/A N/A N/A
Yao et al. [41] 2

√ √
× N/A N/A N/A

Wu et al. [42] 2 ×
√

× 0.7 N/A N/A
Khalilian et al. [43] 1 ×

√
× 0.95 N/A N/A

This work 6
√ √ √

0.66 20 dB 94.5%

5. Conclusions
We have demonstrated a six-polarization multifunctional all-dielectric stochastically

encoded metasurface operating at 1310 nm, which exploits a shared-aperture random
matrix-encoding strategy combined with decoupled propagation and geometric-phase
modulation to enable multifunctional near-infrared imaging across six polarization chan-
nels within a single monolithic platform. The stochastic encoding approach physically
suppresses inter-mode crosstalk and higher-order diffraction via non-overlapping spa-
tial sampling while maximizing aperture utilization through dual-phase recording per
pixel, thereby allowing the device to concurrently support three distinct imaging modal-
ities: edge-enhanced imaging via vortex beams (topological charges l = 1 and 2 with
edge contrasts >20 dB and 7.45 dB), bright-field imaging via near-diffraction-limited fo-
cusing (NA of 0.66 and 0.59), and parallel imaging via complex-amplitude multifocal
arrays (power ratios of 88.8% and 94.5%) under six distinct polarization states. This com-
pact mechanically tunable-free architecture enables polarization-switchable bright-field
imaging, edge-enhanced imaging, and parallel imaging, offering a robust all-dielectric
platform for integrated near-infrared photonics and high-fidelity polarization-multiplexed
imaging systems.

The structure we propose is highly compatible with standard nanomanufacturing
processes. Silicon nanopillars with a maximum aspect ratio of 4.5:1 can be fabricated.
Furthermore, the single-layer architecture minimizes alignment errors, while optimized
discrete phase mapping ensures high tolerance for nanoscale random size deviations. The
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key to breakthroughs in future work lies in physical experimental validation. In the next
step, we will comprehensively validate the actual multi-channel imaging performance of
this device through systematic sample preparation, physical error assessment, and optical
characterization under strictly perpendicular incident light.
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