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Metasurface-Enabled Dual-Channel Single-Pixel Polarimetric

Imaging

Haoran Xiong, Ruizhe Zhao, Chenyi Tian, Xin Li, Bo Wang, Junjie Li, and Lingling Huang*

Single-pixel imaging has garnered significant interest across a variety of
research domains due to its cost-effectiveness and adaptability. Metasurfaces,
with their subwavelength-scale structures, offer flexible control ability,
enabling them to be an ideal platform for single-pixel imaging applications.
This study introduces an innovative single-pixel imaging technique that
leverages polarization multiplexing metasurfaces to enable dual orthogonal
polarization channel imaging from a single measurement. By incorporating
four units with varying structural dimensions, 2-bit encoding of the incident
light is achieved. Through spatial shifting, images corresponding to different
polarization channels with various spatial amplitude masks are encoded
independently, resulting in high-quality single-pixel imaging. This
multifunctional metasurface streamlines conventional polarization-based
single-pixel systems, reducing both time and spatial costs with a single
measurement, while achieving a spatial resolution of 4.38 pm in
reconstructed images. This innovative approach to polarimetric single-pixel
imaging holds great potential for optical detection, target recognition,

aviation, and other advanced applications.

1. Introduction

Imaging is a longstanding yet invaluable optical technology that
permeates nearly all aspects of daily life, from the advent of pin-
hole imaging to the development of photography, encompassing
industrial manufacturing,!'! medical imaging,/?) and beyond.]*!
Imaging is no longer confined to the visible light spectrum!*
but is gradually expanding into broader wavelength bands as
research progresses.’] However, in contrast to the widely used
consumer-grade visible Charge coupled Device(CCD) and Com-
plementary Metal Oxide Semiconductor(CMOS) sensors, 2D
array sensors in these broader wavelength bands are often
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prohibitively expensive, posing a sig-
nificant challenge. Unlike conventional
imaging with array sensors, single-pixel
imaging requires only a single detector
to capture light with spatially encoded
information. The object to be measured
is under constant illumination with dif-
ferent known masks, and a single pixel
detector is used to collect the intensity
correspondingly.[*#]  Subsequently, all
these masks and intensity information
are employed to restore the object infor-
mation by certain algorithms, including
optimization-based algorithms,®) com-
pressed sensing-based algorithms! and
deep learning-based algorithms.l'112]
With the ongoing advancement of
single-pixel imaging technology, it
has progressively found applications
across various fields, including terahertz
imaging,® 3D imaging,**"! long-
range imaging/'® ultrafast imaging,'”]
polarization imaging,'*!l and spec-
tral imaging?*?* and more.[?>%]

Among these, polarization imaging is one of the most es-
sential research areas, with systems classified into four types
based on measurement principles: division-of-time, division-of-
amplitude, division-of-focal-plane, and division-of-aperture.!?8!
In the division-of-time, images of different polarization states
are captured at different time intervals,[?! while the division-of-
amplitude simultaneously captures the amplitude information
of all polarization states.*’] Division-of-focal-plane projects dif-
ferent polarization components onto distinct regions of the focal
plane,?!l and division-of-aperture allocates polarization informa-
tion using different polarization elements at the optical system’s
aperture.®] Polarization elements play a critical role in these sys-
tems, typically combining various polarization components, such
as polarizing beam splitters (PBS) or polarizers, to capture infor-
mation from distinct polarization states. This is achieved either
through spatial multiplexing to capture polarization information
or by time multiplexing to switch incident polarization states,
enabling polarization-sensitive imaging. All these methods rely
on multiplex, capturing polarization information either spatially
or temporally through multiple detectors or switches. Current
single-pixel polarimetric imaging techniques are primarily de-
rived from these systems.'8] By leveraging single-pixel imaging
principles, these methods effectively reconstruct images from
multiple polarization states. However, they increase the overall
system cost and complexity, resulting in a bulky system. There-
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Figure 1. Schematic illustration of the proposed single pixel polarimetric imaging scheme. Light carrying information about an object with unknown
polarization is incident on the metasurface, where a series of independent spatial encodings is realized across two orthogonal polarization channels by
displacing the metasurface. The corresponding intensity information is then collected by the single pixel detector, allowing for the direct reconstruction
of images for both polarization channels using the intensity data and the series of coding masks formed by the metasurface.

fore, there is a pressing need for a simple, multifunctional, and
easily integrable device that reduces both spatial and temporal
costs, enabling the recovery of multiple polarization states in a
single measurement within conventional optical setups.
Currently, the miniaturization and integration of single-pixel
imaging systems has become a prevailing trend. Metasur-
faces, as ultrathin, man-made 2D arrays with subwavelength
unit sizes, can precisely control light at the nanoscale, in-
cluding amplitude,®] phase,** frequency,®! polarization,*®!
and orbital angular momentum.*” This is achieved by vary-
ing the unit structure size and rotation angles. Metasurfaces
are applied in widespread applications, such as holographic
displays, 3839 wavefront manipulation,!***!] metalenses,[*>*3] po-
larization imaging,**l and other fields.*#¢] In fact, several
schemes are proposed to achieve single-pixel imaging using
metasurfaces. In existing schemes, the primary approach is to
create a miniature and compact metasurface-based single-pixel
imaging system by replacing traditional components, such as the
imaging object,*’] modulation mask,[*®! or detector,[*! and ap-
plying it to high-resolution imaging,*°) multi-color imaging,!*’’
and information encryption.[!l However, these methods typically
consider only a single polarization state for imaging and can-
not capture multiple polarization channels, thereby neglecting
the inherent polarization-multiplexing capacity of metasurfaces
enabled by their anisotropic meta-atoms, which allows simul-
taneous encoding and retrieval of information across multiple
polarization channels in a single measurement.[>>* Therefore,
a metasurface-based single-pixel polarimetric imaging method
with intrinsic polarization-multiplexing capability is necessary.
Here, we propose and demonstrate a single-pixel imaging
scheme using a polarization multiplexing metasurface. By ex-
ploiting the anisotropy of the metasurface unit structure, two in-
dependent polarization masks are spatially constructed to achieve
2-bit polarization encoding of the incident light. During imag-
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ing, the metasurface is shifted both horizontally and vertically
to switch between different spatial masks, enabling modulation
and collection of information from both polarization channels
with a single detector. The images from different polarization
channels can be restored using a modified multi-channel com-
pressed sensing model, achieving a minimum spatial resolu-
tion of 4.38 um and enabling dual-polarization channels imaging
in a single measurement. Compared to traditional polarization
single-pixel imaging methods, this approach exploits the pow-
erful light-field control capabilities of metasurfaces, eliminating
the need for complex and bulky experimental optical paths. This
method simplifies the measurement system structure, reduces
the time required for multi-channel measurements, lowers imag-
ing costs, and ensures high-quality, high-resolution images. This
polarization-based amplitude control scheme enhances the ver-
satility of single-pixel imaging and is expected to offer a novel ap-
proach for advanced applications such as industrial inspection,
target recognition, and aerospace.

2. Method and Principle

In the single-pixel imaging process, a series of spatial masks and
corresponding intensity signals are used in conjunction with spe-
cific algorithms to reconstruct the image. As shown in Figure 1,
light carrying unknown polarization state information from the
objectis irradiated onto the metasurface, which replaces the com-
mercial digital micromirror device (DMD) and directly serves as
a mask to perform binary encodings on the incident light of
both polarizations. By selecting metasurface units of different
shapes, each unit exhibits different transmittance for x- and y-
polarized light, generating two independent random masks on
the two channels to achieve polarization encoding of the incident
light. When the object’s light passes through the metasurface, the
intensity information is collected by a single-pixel detector as a
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Figure 2. The flow chart of the proposed single pixel polarimetric imaging model. Objects with unknown polarization are projected on metasurfaces
that consist of copious polarization-sensitive masks. The masks shown as a red box marked by the dotted line are changed by shifting the metasurface
horizontally and vertically. After M moves, the collected mixed signals are used to recover the images in x and y polarization with the SPI algorithm.

detection signal. Finally, by correlating the collected signal with
the corresponding metasurface masks, the images of the target
object under both x- and y-polarizations are calculated simulta-
neously using a compressed sensing algorithm with a modified
model, based on the total detection intensity and the polarization
masks.

Single-pixel imaging technology is particularly suitable for
non-visible light bands, with the working wavelength in this
study set to 800 nm. Unlike traditional single-pixel imaging
methods that use commercial DMDs to provide masks, we em-
ploy the amplitude modulation characteristics of metasurfaces to
create a spatial binary mask. This characteristic enables similar
spatial binary encoding for imaging. However, to obtain polar-
ization information, a single binary encoding method is insuffi-
cient. Different amplitude modulations on the x- and y-polarized
light are required simultaneously. Therefore, metasurface units
capable of varying amplitude responses in different polarization
channels are crucial. A significant polarization amplitude modu-
lation difference is determined by two factors: high transmittance
under the designed polarization and low transmittance under or-
thogonal polarization, ensuring a high contrast between the two
channels. The metasurface period is set to 500 nm, and the height
is 400 nm, with parameter sweeps conducted accordingly. Finally,
four structures are selected. These four structures correspond to
four distinct functions: transparent to both x- and y-polarizations,
highly transparent to x but not y, highly transparent to y but not
x, and not transparent to either, forming 2-bit codes (11, 10, 01,
00) for x- and y-polarizations in space. By selecting combinations
of these four meta-atoms, any independent binary code for polar-
ization information can be realized in space. The transmission
coefficient for parameter sweep and transmission efficiency for
selected meta-atoms can be seen in Figures S1 and S2 (Support-
ing Information).

In single-pixel imaging, spatial information can be en-
coded using various methods, including random encoding,”!
Hadamard encoding,*® Fourier encoding,®’! and optimized
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encoding.*®! Random encoding offers flexibility and noise resis-
tance, making it compatible with the flexible nature of metasur-
faces. In our design, random encoding is employed to create two
independent masks for the x- and y-polarization channels, with 1
representing transmission and 0 representing non-transmission.
For the x- and y-polarization channels, the transmission of each
unit is represented by a two-bit combination of 0 and 1, corre-
sponding to distinct unit structures. Figure 2 illustrates the pro-
cess of spatial and polarization multiplexing using metasurfaces.
The metasurface consists of n X n pixels, with only a subarea of m
x m pixels illuminated at a time. By shifting the sample one pixel
at a time horizontally and vertically, different masks can be se-
lected sequentially, generating k X k distinct masks, where k = n-
m + 1, thus ensuring a large-capacity mask for high-quality imag-
ing. After moving the metasurface M times (where M < k), M
intensity values and their corresponding masks can be obtained
for subsequent imaging.

Once the single-pixel imaging system is established, the polar-
ization information can be recovered. The polarization state of
the light reflected by the object is dependent on the polarization
state of the incident light, and the same applies to the transmit-
ted light. The relationship between the incident S;, and emitted
light S, is described by the following equation:

Sout(x’ Y) = Mo(x’ Y) : Sin(x' Y) (1)

where S, =[I Q U V] T is the Stokes vector of the incident light,
where [ is total light intensity, Q is the difference in intensity be-
tween the horizontal and vertical polarization components, U is
the difference in intensity between the polarization components
at +45° and —45° and Vis the difference in intensity between the
right-handed and left-handed circular polarization components.
M, is the Mueller matrix of the object to be measured.
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The general form of the Mueller matrix M, is:

which is a 4 x 4 real matrix widely used in optics, providing a com-
plete description of an optical system and transforming the polar-
ization state of light. Each matrix element corresponds to specific
polarization interactions: the m,, term represents total intensity
transmission, while m,; and m,, quantify horizontal linear diat-
tenuation effects, with my, and m,, capturing +45° linear diat-
tenuation. Circular diattenuation manifests in my; and m,, com-
ponents, whereas linear retardance is encoded in the m,;, m,,,
m,,;, and m,, elements. Circular retardance emerges through
m;;, My, M,;, and m;, terms, and the m,; element reflects depo-
larization strength. Collectively, these 16 parameters enable com-
prehensive quantification of material optical anisotropies, includ-
ing dichroic absorption, birefringence, chiral responses, and po-
larization scrambling phenomena.>"!

Similarly, for our designed metasurface, which can function as
dual-polarizers, it can be represented by a corresponding Mueller
matrix:

1 1 0 0 1 -1 0 O
M, (%) 1B( ) 1 1 0 0 +1B( ) - 1 0 0
X, Yy) = 5 b1(%Y) - =B, (x,y) -
ms Y 2 1 Y 00 0 0 2 2 Y 0 0 0
0O 0 0 O 0 0O 0 O
1 1
E(Bl("’ Y) + By(x, Y))E(Bl(X, Y) — By(x,y)) 0 0
1 1
- 5 (Bi(x.y) = By () 5 (Bi(%y) + By (%)) 00
0 0 0
0 0 0 0

where B, (x,y) and B,(x,y) correspond to random binary masks
under the x and y polarization channels, respectively. Since each
channel exclusively encodes a single polarization state, this con-
figuration effectively emulates the action of a linear polarizer
aligned along the corresponding polarization axis. The resultant
modulation is derived from the coherent superposition of contri-
butions from both orthogonal polarization channels.

Therefore, for a single signal acquisition, Equation (1) can be
rewritten as:

Sout,i(x’ Y) = Mms,i(x’ Y) : Mo(x’ Y) : Sin(x’ Y) (4)
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When the incident light polarization is fixed to be x-polarized,
we obtain:

1
z(moo + Mgy + My + M) By (%, )
1
+§( 00 T Mo — Myg — Myy) By (%, y)

1
Souti(%:y) = z(moo + Mgy + My + M) By (%, ) ®)

1
+§(m10 + My — Mgy — My ) B, (%, )
0

Since only one intensity value can be detected, we ultimately
obtain an intensity value I, that contains information in both
the x and y polarization channels from the object.

1
Loui(y) = z(moo + Mgy + My + myy) By (%, Y)
1
+ z(moo + Mgy — My — M) B, (%, ) (6)

By applying Stokes parameter analysis to the polarization-
multiplexed signal, I, represents the summation of the prod-
ucts between the polarization masks and the corresponding
polarization information. Meanwhile, the acquisition of mul-
tiplexed intensity signals containing dual-polarization channel
information necessitates a robust framework for polarization-
resolved target reconstruction. In this work, we advance con-
ventional single-pixel imaging methodologies by formulating a
dual-channel polarization-decoupled reconstruction framework
based on compressed sensing. The proposed model addresses
the challenge of reconstructing polarization-multiplexed inten-
sity signals by reformulating the mixed encoding process into
a unified matrix representation. Crucially, the proposed formu-
lation transforms the mixed-signal inverse problem into a stan-
dard single-pixel imaging architecture, thereby enabling efficient
reconstruction through established sparse recovery algorithms.
A comprehensive derivation of the framework and its numerical
validation are provided in Section S2 (Supporting Information).

For image reconstruction, we employ the Two-Step Iterative
Shrinkage/Thresholding (TwIST) algorithm,[®®) a compressed
sensing-based optimization framework widely adopted in single-
pixel imaging to recover high-fidelity images from underdeter-
mined measurements. Based on the principles of compressed
sensing, TwIST iteratively minimizes reconstruction errors while
enforcing image sparsity through a two-step procedure. The al-
gorithm alternates between these steps to iteratively update the
signal estimate: initially, the Iterative Shrinkage Thresholding
(ISTA) method is applied to reduce the reconstruction error; sub-
sequently, a two-step iterative strategy is employed to further re-
fine the estimate, effectively converging toward the optimal so-
lution. This approach significantly reduces computational com-
plexity while preserving the integrity and quality of the recon-
structed image.

In essence, this method utilizes two independent amplitude-
modulated masks to spatially encode the x- and y-polarized light
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Figure 3. a) Experimental setup schematic. A laser source illuminates the imaging object. Lenses L; and L, demagnify and project the object onto
the polarization-dependent modulation masks. The dual arrows indicate a translation stage that spatially shifts the metasurface to switch between
masks. Lens L; focuses the modulated light onto a CCD camera, functioning as a single-pixel detector. b) Scanning electron microscopy (SEM) images

confirming the successful fabrication of all four designed meta-atom types.

components. Through a zigzag scanning pattern implemented
by the metasurface, the polarization-resolved spatial informa-
tion of the target is multiplexed into a single composite in-
tensity signal. The metasurface’s compact multiplexed design
facilitates seamless integration of dual polarization channels
within a single unified optical system. At the detection stage,
the polarization-multiplexed signal is captured by a single-pixel
detector and reconstructed via a newly proposed polarimetric
imaging model—a computational framework that decouples the
mixed signal by leveraging sparsity constraints and polarization
orthogonality. This approach achieves high-fidelity recovery of
both polarization-resolved target images while maintaining min-
imal hardware complexity.

3. Results

Building upon the design and algorithm outlined above, we con-
ducted simulations and completed the experiment.

Initially, we assess the impact of the mixed signal recov-
ery model on the compressed sensing algorithm by compar-
ing the quality of restored images at various compression ra-
tios. In the simulation, the letters “R” and “F”, each measur-
ing 100 x 100 pixels, are chosen to represent the information
of the x and y channels respectively, and input together as a
mixed signal. These two letters lack rotational symmetry, en-
hancing the generalizability of the results. Afterward, light con-
taining mixed information is directed onto the corresponding
area of the metasurface, it is randomly encoded in two chan-
nels, and the intensity value is subsequently collected on the
focal plane. A series of intensity values is linked to the mask
and restored using the previously described polarization single-
pixel imaging model. Additionally, Structural Similarity Index
Measure (SSIM) and Peak Signal-to-Noise Ratio (PSNR) metrics
are used to evaluate image quality. We also compare the SSIM
and PSNR values for single-channel restoration, using the let-
ter “R” for the single-channel image. The mixed signal recov-
ery model affects the minimum compression rate required to
achieve acceptable results, due to the inclusion of more target
objects. However, this influence does not affect the stability of
the multi-channel restoration model. When the compression rate
exceeds 30%, satisfactory results are achieved, demonstrating
that our restoration model is effective for multi-channel com-
plex image restoration. Therefore, 30% is set to be the compres-
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sion rate in the further experiment. The simulation results at dif-
ferent sampling ratios with the proposed modified single pixel
imaging model are shown in Figure S3 (Supporting Informa-
tion).

Next, we perform the experiment. The experimental optical
setup is illustrated in Figure 3a. After passing through the target
object, the light is imaged onto the metasurface via a set of lenses
with a minification ratio, and is modulated by a series of ran-
domly coded masks. The light is then focused by the lens and cap-
tured by the detector. The metasurface has a resolution of 1000 x
1000 pixels, with a period of 500 nm. Figure 3b presents a scan-
ning electron microscope image of the metasurface, revealing
that the fabricated nanostructures exhibit a high degree of con-
formity with the design specifications, demonstrating excellent
agreement between design and fabrication. By shifting the meta-
surface in x and y directions and altering the coding masks with a
moving platform, different intensity values can be obtained, plac-
ing high demands on alignment and movement precision.

To thoroughly evaluate the imaging performance of the device,
we first test a polarization-independent object, set the sampling
rate to 30% and use the letter “G” as the target image, which
is loaded onto the DMD. A set of lenses is employed to match
the image size with that of the metasurface mask. Before placing
the sample, we capture its image using the CCD. Subsequently,
the sample is positioned at the back focal plane of the front lens
group. For detection, a lens and CCD combination is used in
place of a single-pixel detector to collect the encoded intensity.
The recovery results for both channels are shown in Figure 4a.
The polarization images are shown in pseudo-color images to
represent different polarizations.

Next, we test polarization-dependent objects. In this experi-
ment, we use a combination of linear polarizers to characterize
the polarization states across different regions. Specifically, we
select two curved arrows, positioned vertically, with the upper
and lower sections representing x and y polarizations, respec-
tively. Similarly, we first capture images under different polariza-
tion channels by placing a polarizer in front of the CCD. We then
remove the polarizer, directly detect the mixed intensity informa-
tion, and restore it using the compressed sensing algorithm. The
captured and restored results are shown in Figure 4b. Meanwhile,
the pseudo-color images of both objects are generated from the
results in the two polarization channels, providing a clearer de-
piction of the polarization distribution.
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Figure 4. Experimental results for polarization-independent and polarization-dependent objects. a) The letter “G” is selected as the target, with recon-
structed images shown under both x-polarization and y-polarization. The pseudo-color images are used to indicate different polarizations. b) An image
consisting of an upper curved arrow and a lower curved arrow, representing x-polarization and y-polarization, respectively.

Finally, an object is used to further illustrate the ability of this
method to image a metasurface sample designed to generate a
vector vortex beam with topological charge p = 6. The micro-
scopic image of the sample is shown in Figure 5a. The polariza-
tion restoration results, captured by a CCD camera and processed
using our model, are presented in Figure 5b. These results closely
align with the expected outcomes, demonstrating the accuracy of
the model. The detailed optical setups for different objects are
shown in Figure S4 (Supporting Information).

By fusing the two reconstructed polarization states, we gen-
erate a polarization pseudo-color image in Figure 5c to visu-
alize spatially varying polarization responses. Further quantita-
tive analysis is performed through the derived polarization con-
trast (PC) PC = lj"—:" and ellipticity maps & = tan’l(\/zz) in

x Y Y
Figure 5d, which collectively reveal the metasurface-induced sin-
gle pixel polarimetric imaging characteristics.

These results systematically validate the scheme’s capability to
decode polarimetric information via single-pixel detection. The
synergy between the metasurface’s spatially tailored polariza-
tion manipulation and the computational imaging model enables
simultaneous recovery of dual-polarization channels, overcom-
ing the conventional single-pixel systems limitation in polariza-
tion dimensionality without resorting to bulky polarization op-
tics. This advancement paves the way for deployable polarimetric
imaging in resource-constrained scenarios, where rapid charac-
terization of polarization contrast and ellipticity is critical.

To quantitatively assess the imaging performance, we employ
the USAF1951 resolution target as a benchmark. Experimental
results demonstrate distinguishable 1D horizontal lines in Group
6, where Group 6 refers to a resolution tier in the USAF 1951
test chart, and its finest pattern (Element 6) corresponds to 114
line pairs per millimeter (Section S4, Supporting Information).
Resolving these lines demonstrates a minimum feature size of
4.38 pm in our system while maintaining polarimetric sensitiv-
ity. The experimental results for the resolution target and the cor-
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responding test chart are shown in Figure S5 and Table S1 (Sup-
porting Information)

The proposed single-pixel polarimetric imaging scheme
achieves high-resolution polarization imaging by integrating
a metasurface-enabled computational model with compressed
sensing. Dual-polarization channel reconstruction demonstrates
successful recovery of polarization information at a 30% com-
pression rate while maintaining high spatial resolution. This
performance overcomes the long-standing trade-off between
polarization-information richness and system practicality in
single-pixel architectures, enabling parallel acquisition of spatial
details and polarization signatures without multi-detector arrays,
a critical advancement beyond conventional sequential polariza-
tion measurement paradigms.

4, Discussion and Conclusion

In this work, we propose a single-pixel imaging scheme based
on polarization multiplexing metasurfaces. By integrating an
improved polarization single-pixel imaging model with a com-
pressed sensing algorithm, our method enables the simulta-
neous restoration of images from two polarization channels
through a single-pixel process. We design four distinct metasur-
face units based on polarization response characteristics, creat-
ing a 2-bit spatial light encoding for x and y polarizations. This
allows for independent amplitude encoding of the incident light
using a single metasurface.

During the single-pixel imaging process, the metasurface
forms a series of independent binary masks in space. These
masks are crucial for achieving high-quality imaging. The col-
lected intensity values are then input into the modified polariza-
tion single-pixel model, enabling the restoration of both polariza-
tion images simultaneously. This approach takes advantage of the
flexible control capabilities of the metasurface, eliminating the
need for additional detectors. By combining polarization-based
amplitude control with an effective recovery algorithm, we sig-

© 2025 Wiley-VCH GmbH
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Figure 5. Experimental results for a real object. a) The microscopic image for the metasurface sample. b) The ground truth and the reconstructed images
for the sample. c) The reconstructed pseudo color image based on two linear polarized channels. d) The Polarization Contrast and Ellipticity for the
retrieved results. PC measures polarization anisotropy, ranging from 0 (isotropic) to 1 (fully polarized). & indicates the angle of the dominant polarization

component.

nificantly reduce the impact of polarization on the system’s com-
plexity. Furthermore, such a metasurface minimizes the data and
time requirements associated with multi-channel imaging. Over-
all, this method offers an efficient and cost-effective polarization
single-pixel imaging solution with potential applications in com-
puter vision, environmental monitoring, medical imaging, etc.
The metasurface’s design flexibility establishes a scalable
platform for advancing polarimetric imaging beyond dual-
polarization capabilities. By engineering metasurface units with
enhanced polarization selectivity, such as incorporating highly
anisotropic meta-atoms exhibiting strong dichroic responses,
the encoding channels can be multiplicatively expanded to re-
solve complex polarization states (e.g., full Stokes parameters).
This progression from binary to multi-bit polarization encod-
ing enables high-dimensional polarimetric reconstruction, while
algorithm-hardware co-design strategies could further minimize
sampling overhead. Crucially, such scalability transcends mere
channel count increases and embodies a paradigm shift toward
multivariate single-pixel sensing. This approach unlocks applica-
tions in scenarios requiring concurrent spatial and polarization

Laser Photonics Rev. 2025, e01878

01878 (7 of 9)

resolution, including optical detection, target recognition, avia-
tion, and other advanced applications.
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