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Dispersion-assisted high-dimensional 
photodetector

Yandong Fan1,2,6, Weian Huang1,2,6, Fei Zhu1,2,6, Xingsi Liu3, Chunqi Jin1,2 ✉, Chenzi Guo1, 
Yang An1, Yuri Kivshar4,5, Cheng-Wei Qiu3 ✉ & Wei Li1,2 ✉

Intensity, polarization and wavelength are intrinsic characteristics of light. 
Characterizing light with arbitrarily mixed information on polarization and spectrum 
is in high demand1–4. Despite the extensive efforts in the design of polarimeters5–18 and 
spectrometers19–27, concurrently yielding high-dimensional signatures of intensity, 
polarization and spectrum of the light fields is challenging and typically requires 
complicated integration of polarization- and/or wavelength-sensitive elements in the 
space or time domains. Here we demonstrate that simple thin-film interfaces with 
spatial and frequency dispersion can project and tailor polarization and spectrum 
responses in the wavevector domain. By this means, high-dimensional light 
information can be encoded into single-shot imaging and deciphered with the 
assistance of a deep residual network. To the best of our knowledge, our work not only 
enables full characterization of light with arbitrarily mixed full-Stokes polarization 
states across a broadband spectrum with a single device and a single measurement 
but also presents comparable, if not better, performance than state-of-the-art 
single-purpose miniaturized polarimeters or spectrometers. Our approach can be 
readily used as an alignment-free retrofit for the existing imaging platforms, opening 
up new paths to ultra-compact and high-dimensional photodetection and imaging.

It is of great importance to examine the intensity, polarization and 
spectrum of light simultaneously1, because such holistic understanding 
of the properties of light will enable many critical applications in device 
miniaturization1, optical communication, remote sensing28, chemi-
cal and biological characterization29, and astronomic observation2, 
for example. Despite the extensive efforts in the design of polarim-
eters and spectrometers, it remains challenging to yield concurrently 
high-dimensional signatures of intensity, polarization and spectrum 
of the light fields. Existing photodetectors could only measure either 
spectrum19–27 or polarization5–17, at the price of sacrificing or simplify-
ing the rich information of the other. To be more specific, they can 
either map out the intensity and polarization of light at fixed wave-
lengths or exhibit the data of intensity and wavelength at uniformed 
polarization8,14,18,23,30–34. Such attempts are pushed to the state-of-the-art 
capability by recent work18 that demonstrated full-Stokes polarization 
detection with two different wavelengths (5 μm and 7.7 μm). But if 
projected into the three-dimensional parametric coordinate system 
of intensity, polarization and wavelength, all of the existing works 
lose a certain degree of freedom and can at best detect certain light 
fields in which polarization or wavelength is preset at several values, 
as shown by the sliced sections in Fig. 1a, whereas in ubiquitous sce-
narios in nature2–4, a to-be-detected light field may carry arbitrarily 
varying polarizations and intensities within a broad range of wave-
lengths, as illustrated by the curved surface in Fig. 1a. That essentially 
demands establishing a high-dimensional photodetector that can fully 

characterize the three-dimensional parametric coordinate space and 
accurately describe any light field (Fig. 1a).

Here we suggest and realize a miniaturized photodetector that can 
characterize the 400–900-nm broadband spectrum and intensities, 
along with the full-Stokes arbitrarily varying polarizations across the 
wavelength within a single measurement. To the best of our knowl-
edge, none of the existing bulky or miniaturized single devices can 
achieve such high-dimensional information, not to mention detec-
tion within a single measurement (see comparison in Supplementary 
Information Note 1). As shown in Fig. 1b, unlike existing photodetec-
tors that primarily rely on constructing and integrating wavelength- 
and/or polarization-sensitive elements in space (for example, ref. 22 
spatially integrates different photonic crystal structures) or time (for 
example, ref. 18 changes active gating control and measures hundreds 
of times) to improve the wavelength/polarization detection ability 
(detection range and sensitivity), we discovered that spatial disper-
sion (non-local effects) on frequency-dispersive interfaces can modu-
late a convergent light field with wavevector-dependent responses, 
generating varying polarization and spectrum sensitivity in various 
φ (azimuth angle) and θ (incident angle) channels. Therefore, with a 
uniform dispersive thin-film architecture, light with all channels of 
rich polarization-sensitive and spectrum-sensitive information can be 
mapped in single-shot imaging and the high-dimensional polarization 
and spectrum information can be deciphered with the assistance of 
deep residual network (ResNet)35 reconstruction (Fig. 1c).

https://doi.org/10.1038/s41586-024-07398-w

Received: 16 September 2023

Accepted: 9 April 2024

Published online: xx xx xxxx

 Check for updates

1GPL Photonics Laboratory, State Key Laboratory of Luminescence Science and Technology, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, 
Changchun, China. 2University of Chinese Academy of Sciences, Beijing, China. 3Department of Electrical and Computer Engineering, National University of Singapore, Singapore, Singapore. 
4Nonlinear Physics Centre, Research School of Physics, Australian National University, Canberra, Australian Capital Territory, Australia. 5Qingdao Innovation and Development Center, Harbin 
Engineering University, Qingdao, China. 6These authors contributed equally: Yandong Fan, Weian Huang, Fei Zhu. ✉e-mail: chunqijin@ciomp.ac.cn; chengwei.qiu@nus.edu.sg; weili1@ciomp.ac.cn

https://doi.org/10.1038/s41586-024-07398-w
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07398-w&domain=pdf
mailto:chunqijin@ciomp.ac.cn
mailto:chengwei.qiu@nus.edu.sg
mailto:weili1@ciomp.ac.cn


2  |  Nature  |  www.nature.com

Article

Dispersive and non-local36–38 flat optics do not necessarily require a 
position-dependent response and so they can be transversely homoge-
neous. That makes our concept possible to be implemented with widely 
available optical thin film, which can be manufactured by standardized 
coating techniques. We further demonstrate that our approach can 
be readily used as an alignment-free retrofit for the existing imaging 
platforms, opening up new paths to ultra-compact, high-dimensional 
photodetectors and imagers.

Design of high-dimensional photodetector
We start by examining the fundamental continuity conditions for elec-
tromagnetic waves. An interface formed by two materials with different 
refractive indices naturally differentiates polarization (P(ψ, δ), in which 
ψ and δ represent the angles of the amplitude ratio (tanψ = Eyo /Exo) 
and phase difference (δ = δy − δx) of the electric field in the x and y 
directions) of light (Ei = A[cosψ, sinψeiδ]T) with a non-zero wavevec-
tor parallel to the interface. In other words, the transmission of two 

orthogonal polarization components exhibit different spatial disper-
sion (momentum and incident-angle θ dependency). Consequently, 
when a convergent light (Ei = A[cosφcosψ + sinφsinψeiδ, −sinφcosψ + 
cosφsinψeiδ]T) containing a collection of wavevector channels (various 
azimuth angle φ and incident angle θ) passes through an interface 
(Fig. 1d), the transmission of its two orthogonal polarization compo-
nents (denoted as P1 (P(ψ = 0°, δ = 0)) and P2 (P(ψ = 90°, δ = 0))) along 
the azimuth angle φ dimension exhibits a two-fold rotational symmetry 
sinusoidal-like pattern but 90° out of phase (Fig. 1e), a useful feature for 
polarization discrimination. Moreover, if the interface has frequency 
dispersion, combined with spatial dispersion (that is, non-local effect 
and incident-angle θ dependency), the transmissive/reflective spec-
tra (λ) at different incident angle θ can be decorrelated (Fig. 1f and 
Supplementary Information Note 2), allowing the possibility of spec-
trum reconstruction19,22,23. Therefore, both polarization and spectrum 
information of light can, in principle, be coded and reconstructed. 
Mathematically, when a light carrying high-dimensional polarization 
(P(ψ, δ)) and spectrum (λ) information is focused and passes through 
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Fig. 1 | Existing approaches versus our high-dimensional photodetector.  
a, Existing photodetection approaches measure, at best, two-dimensional 
sectioning in the parametric space of intensity, polarization and wavelength, 
that is, measure the intensity and polarization at fixed wavelengths 
(light-yellow plane) or measure the intensity and wavelength at uniformed 
polarization (light-green plane), whereas a light field may carry arbitrarily 
varying polarizations and intensities within a broad range of wavelengths 
(curved multicoloured surface). b, Unlike existing photodetectors that 
construct and integrate wavelength- and/or polarization-sensitive elements  
in space or time to improve the detection ability (range and sensitivity), our 
approach waives such integration while achieving high-dimensional detection 
with a single device and single-shot measurement. c, In our photodetector, the 
high-dimensional polarization and spectrum information can be mapped in 
single-shot imaging and deciphered with a deep residual network. d, When 

light is focused as a convergent beam (yellow cone) and passes through an 
interface (grey surface), it creates a collection of wavevector channels with 
various azimuth angles φ and incident angles θ. With a non-zero θ (for example, 
green ray, φ = −90°), the orthogonal polarization components of the light,  
P1 and P2, can be differentiated, as P2 has an electric-field component 
perpendicular to the interface, whereas the electric field of P1 remains parallel. 
By contrast, it is the opposite case when φ = 0° (orange ray). These two rays are 
projected onto the x–z (top inset) and y–z (bottom inset) planes for clarity.  
e, Therefore, the transmission of P1 (red line) and P2 (blue line) along the azimuth 
angle φ dimension exhibit a two-fold rotational symmetry sinusoidal-like pattern 
but 90° out of phase, a useful feature for polarization discrimination. f, When 
the interface is dispersive, assisted by spatial dispersion, the transmissive/
reflective spectra at different incident angles θ1 and θ2 can be decorrelated for 
spectrum reconstruction.
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the interface, the transmitted light forms a circular spot intensity dis-
tribution It of

I ψ λ θ φ η A T θ λ B P φ η T θ λ C P φ η( , , , , ) = × ( ( , ) × ( , , ) + ( , ) × ( , , )) (1)p st
2

in which A is the amplitude of the incident electric field Ei, Tp(θ, λ) 
and Ts(θ, λ) are the amplitudes of the transmission spectra for p and 
s components at a given incident angle and η represents the phase 
delays of the p and s components of the media. B(P, φ, η) = cos2ψcos2φ +  
sin2ψsin2φ + 1/2sin2ψsin2φcos(δ + η) (equation (2)) and C(P, φ, η) =  
sin2ψcos2φ + cos2ψsin2φ − 1/2sin2ψsin2φcos(δ + η) (equation (3)) are 
coefficients determined by the alignment between polarization (P(ψ, δ) 
and azimuth (φ) angles, as well as the phase delay (η). Here η is zero 
for isotropic media (detailed analysis in Supplementary Information 
Note 3). It can be found that the transmitted light naturally encodes 
linear polarization and spectrum sensitivity in the φ and θ dimensions, 
respectively (see Supplementary Information Note 3), with unique 
dependences (see Supplementary Information Note 4).

Moreover, this sensitivity can be easily engineered and amplified 
by resonances. To show this, we first construct a Fabry–Pérot cavity 
with dual roles: (1) for polarization detection, the cavity length can 
be engineered to maximize the polarization differentiation at a given 
wavelength in one channel of θ (Fig. 2a). This enhanced polariza-
tion differentiation exhibits broadband nature spanning a range of 
θ channels (Fig. 2b), as the effective cavity length varies with θ; (2) for 
spectrum detection, the cavity increases the effective frequency dis-
persion of the interfaces and spatial dispersion (non-locality) owing to 
wavelength-dependent resonance and multiple interferences, respec-
tively. The transmission spectra at various θ channels can therefore be 
largely decorrelated (Fig. 2c). Numerically, such a facile design provides 
strong linear polarization sensitivity (<0.2°) and spectral resolution 
(<1 nm), respectively (Supplementary Information Note 5).

In that design, because of a phase delay (η) of zero between p and s 
polarization states in isotropic media, the circular polarization (CP) 
states cannot be differentiated (δ = π/2, cos(δ + η) = 0 in equations 
(2) and (3)). To further enable circular and full-Stokes polarization 
detection, we unlock the degree of freedom in phase delay (η) (Sup-
plementary Information Note 3). This can be done by using anisotropic 
media either in the film39–41 or in the substrate. Here we consider the 
simpler case with a mature configuration of commercial waveplate 
as the substrate (Methods) and show that a π/2 or 3π/2 phase delay 
maximizes the CP differentiation |TLCP − TRCP | (cos(δ + η) = 1 in equations 
(2) and (3)) (Fig. 2d and Supplementary Information Note 3). As such, 
full-Stokes polarization and broadband spectrum sensitivity can be 
achieved (Supplementary Information Note 6) and further magnified 
by stacking multilayer films on both sides of the substrate (Fig. 2e,f; 
see design process in Supplementary Information Note 7). Notably, 
such multilayer configuration enables CP differentiation down to a 
small θ of about 15° (indicating that |TLCP − TRCP| across the broadband 
range are all higher than 0.1) (Fig. 2e), a useful feature for practical 
implementation with low numerical aperture (NA) lens or microlens. 
Moreover, the multilayers create richer spectral features and enhanced 
non-locality through numerous interferences, which further magnifies 
the spectral sensitivity (Fig. 2f and Supplementary Information Note 8). 
Assisted by ResNet (see Methods), our design can numerically achieve  

average reconstruction errors ( ∣ ∣( )∑S S S S S NΔ / = ( − )/ /i i m
N

i i i=1 R , in  
which i = 1, 2, 3,…, N is the number of data points and Si and SiR are the 
ground value and the reconstruction Stokes parameter, respectively) 
of ΔS1/S1 = 0.93%, ΔS2/S2 = 0.81% and ΔS3/S3 = 0.85% for full-Stokes 
polarization detection (Fig. 2g), a spectral resolution of 0.75 nm 
(LCP) (Supplementary Information Note 9) and a broadband spec-
trum (400–900 nm, LCP) detection with a reconstruction error of 
ελ = 1.26% (ελ = ||λ0 − λR||1/||λ0||1), in which λ0 and λR are the ground value 
and the reconstructed spectrum, respectively (Fig. 2h). Remarkably, for 
an unknown incident light with high-dimensional information, further 

calculations show that its complex broadband spectrum with several 
arbitrary full-Stokes polarization states can be simultaneously recon-
structed with high accuracy (ΔS1/S1 = 8.41%, ΔS2/S2 = 9.13%, ΔS3/S3 = 4.6% 
for polarization and ελ = 2.33% for spectrum) (Fig. 2i), highlighting  
the potential of high-dimensional information detection. More  
details on datasets and reconstruction can be found in Supplementary 
Information Note 9.

Intelligent detection of polarization and spectrum
To validate our concept, first we investigate its detection ability of 
polarization and spectrum, respectively. We experimentally charac-
terize the k-space transmission mappings of various polarization and 
spectrum states using a back-focal-plane imaging setup (Fig. 3a; see 
details of the fabrication and setup in Methods) and the mapping results 
(Supplementary Information Note 10) show reasonable agreement with 
the calculation. To decipher the Stokes parameters and wavelengths 
from the mappings (multi-output regression task), we implement a 
convolutional neural network. Specifically, we modify the ResNet-18 
model35 by replacing the activation function in the output layer with 
tanh instead of softmax (Fig. 3b; Methods). The images encoded with 
various polarizations and spectra are used as the dataset. After train-
ing, the full-Stokes polarization states under 532 nm obtained by the 
commercial polarimeter (black circle in Fig. 3c) and our modified 
ResNet-18 (yellow sphere in Fig. 3c) show errors as low as ΔS1/S1 = 7.74%, 
ΔS2/S2 = 3.52% and ΔS3/S3 = 6.36%. This detection accuracy is even com-
parable to the state-of-the-art miniaturized single-purpose full-Stokes 
polarimeters (see comparison in Supplementary Information Note 11 
and Supplementary Table 2). Also, a set of single-peak spectra under 
LCP is reconstructed across 460–900 nm and shows an average error 
of ελ = 0.43% (Fig. 3d). Further, a multi-peak broadband spectrum 
under LCP is reconstructed within the range 535–625 nm (blue line 
in Fig. 3e), which agrees well with the reference spectrum measured 
from a commercial spectrometer (dashed black line in Fig. 3e), with 
reconstruction error ελ = 5.85%. To validate the spectral resolution, 
two mixed narrowband spectra under LCP are resolved, with peaks 
separated by 2.7 nm (Fig. 3f and Supplementary Information Note 11). 
The spectral resolution and reconstruction errors are also comparable 
to the state-of-the-art miniaturized single-purpose spectrometers (see 
comparison in Supplementary Information Note 11 and Supplementary 
Table 3). Therefore, even just working as a single-purpose miniaturized 
polarimeter or spectrometer, our approach already achieves perfor-
mance among the best but presents much broader functionalities and 
substantial room for improvement.

High-dimensional photodetector and imager
Building on the aforementioned capability of full-Stokes polariza-
tion and broadband spectrum detection, we now demonstrate a 
high-dimensional photodetector for characterizing arbitrarily varying 
polarization states across multi-peak broadband spectrum. As a proof 
of concept, we consider two scenarios (Fig. 4a–f) in which the sophis-
ticated high-dimensional information cannot be accurately detected 
by commercial bulky spectrometer and polarimeter. The first scenario 
considers a two-colour laser field. Here we use a 580 nm (linear polari-
zation) and 635 nm (CP) laser field as an input to our high-dimensional 
photodetector as well as the reference commercial spectrometer and 
polarimeter, respectively. In this case, unlike the synthetic polarization 
from the same frequency, the synthetic polarization from a two-colour 
laser field is an ultrafast time-varying one (inset Poincaré sphere of 
Fig. 4a; see calculations in Supplementary Information Note 12) and 
therefore fundamentally cannot be assigned to a single polarization 
state. Consequently, the measurements from the commercial pola-
rimeter and spectrometer give inaccurate results in reconstructing 
the high-dimensional information.
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By contrast, our photodetector shows good reconstruction with low 
average errors of 7.14% (for spectrum; Fig. 4b) and 4.42%, 1.45%, 21.57% 
(580 nm) and 12.27%, 12.58%, 1.26% (635 nm) (for polarization; Fig. 4c). 
Such high-dimensional detection can be extended to arbitrary combi-
nations of polarization states covering the entire Poincaré sphere (Sup-
plementary Information Note 13). More details on the experimental 

setup, datasets and reconstruction can be found in Supplementary 
Information Note 14.

The second scenario considers the reflection from dispersive inter-
faces on oblique illumination, which commonly exists in nature. Here 
an unpolarized, multi-peak broadband light across 485–605 nm is 
incident on a gold surface with the angle of 45° (Fig. 4d), so the reflected 
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Fig. 2 | Design of our high-dimensional photodetector. a–c, Single-layer  
TiO2 film is engineered to enlarge linear polarization differentiation at a given 
wavelength and can further enhance differentiation across a broadband 
spectrum while enhancing broadband spectrum sensitivity with spanning of θ 
channels. a, Calculated transmission of p/s-polarized light versus thickness of 
TiO2 film at a given wavelength of 532 nm, in the channel of θ = 45°; a thickness 
of 311 nm is chosen to maximize the transmission difference. b, Calculated 
linear polarization differentiation (|Ts − Tp|) versus θ across 400–900 nm.  
c, Calculated transmission spectrum versus θ across 400–900 nm, at a given 
polarization state. d, Phase delay, η, is induced by an anisotropic substrate to 
enable CP differentiation. The calculated CP differentiation reaches a 
maximum when η = π/2 or 3π/2. e,f, Further stacking of multilayer films can 
enhance CP differentiation to a smaller range of θ channels and broadband 

spectrum sensitivity. The calculated CP differentiation versus θ across  
400–900 nm is shown in e and the calculated transmission spectrum versus θ 
under given LCP is shown in f. g,h, Assisted by ResNet (see Methods), the design 
is implemented to reconstruct full-Stokes polarization (g) and a broadband 
spectrum (h). i, Furthermore, a high-dimensional light field with a complex 
broadband spectrum and several arbitrary full-Stokes polarization states is 
simultaneously reconstructed. The positions of the continuously changing 
polarization states are shown on the Poincaré sphere (inset on the right). The 
high-dimensional reconstruction results are projected onto the spectrum 
(bottom-left inset) and polarization S1–S2 and S2–S3 (bottom-right inset) planes 
for clarity and error analysis. The coloured spheres represent the reconstruction 
polarization states at selected representative wavelengths (400, 455, 510, 565, 
620, 675, 730, 785, 840 and 895 nm). a.u., arbitrary units.
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light carries varying ratio of polarization (ROP = Rs/(Rs + Rp)) along 
wavelengths (Supplementary Information Note 15), in which Rs and Rp  
are the reflected light intensity of s and p polarization components, 
respectively. As shown in Fig. 4d, our photodetector can accurately 
reconstruct the high-dimensional signature, with low average errors 
of 18.79% (for spectrum; Fig. 4e) and 1.47% (for polarization; Fig. 4f ). 

By contrast, the measurements from the commercial polarimeter 
and spectrometer cannot observe such a signature. More details on 
the experimental setup, datasets and reconstruction can be found in  
Supplementary Information Note 16.

Our approach is readily applicable for imaging, with compact, 
alignment-free, single-shot acquiring and high-dimensional 
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capabilities. As a proof of concept, we demonstrate an ultra-compact 
high-dimensional spatial spectral polarization (HSSP) imager (Fig. 4g) 
by simply sandwiching our non-local films with a commercially avail-
able microlens array (NA = 0.3) and image sensor array (Methods). Each 
microlens, creating the desired angular channels, serves as a superpixel 
in the HSSP imager. Here we examine artificial targets (Fig. 4h) with the 
shapes of the ‘sun’ and the word ‘light’, while the targets exhibit spatially 
different polarization and wavelength states. Such spatially varying 

features can be recorded by our HSSP imager, as shown in Fig. 4h, thus 
highlighting its broad spectrum and full-Stokes polarization coverage. 
More details on the fabrication of the target, datasets, reconstruction, 
full spectrum and polarization imaging results can be found in Sup-
plementary Information Note 17.

Furthermore, we construct a series of high-dimensional light inputs 
(a two-colour laser field of 580 nm and 635 nm, with different combi-
nations of polarizations) to our HSSP imager, as well as a reference 
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Fig. 4 | High-dimensional photodetector and imager. a–c, Detection of 
two-colour laser field of 580 nm (45° linear polarization) and 635 nm (LCP). The 
results in a are projected onto the spectrum (b) and polarization S1–S2 and S2–S3 
(c) planes for clarity. Compared with ground values (dashed line and red circles 
in b and c, respectively), our photodetector can detect a high-dimensional field 
(solid line in a and b, coloured spheres in c, green for 580 nm and red for 635 nm), 
whereas the commercial polarimeter and spectrometer cannot (dashed lines 
and grey shading in a and grey spheres in c). d–f, Detection of the reflected light 
from the gold surface following unpolarized multi-peak light illumination. The 
results in d are projected onto the spectrum (e) and polarization (f) planes for 
clarity. Compared with ground values (dashed lines in e and grey circles in f), 
our photodetector can reconstruct the high-dimensional signature, whereas 
the commercial polarimeter and spectrometer cannot (dashed lines and grey 
shading in d and grey line in f). g, Schematic of our HSSP imager; inset: photo 

of imager. h, Artificial targets exhibit spatially different polarization and 
wavelength states: ‘sun’, horizontally linear polarization, 900 nm; ‘l’, 90° linear 
polarization, 810 nm; ‘i’, 135° linear polarization, 720 nm; ‘g’, 45° linear 
polarization, 630 nm; ‘h’, RCP, 540 nm; ‘t’, LCP, 460 nm. Such features can be 
recorded by the HSSP imager, with the variance of the polarization and spectrum 
represented by arrows and colours (see full results in Supplementary Fig. 22).  
i, High-dimensional imaging (PHSSP imager), for which the HSSP imager can 
distinguish various high-dimensional light fields (two-colour field with 
different combinations of polarizations), spatially distributed as a lightning 
symbol. The insets show the representative raw transmitted intensity 
distribution from a microlens superpixel. By contrast, a reference full-Stokes 
polarized imager measures a false linear horizontal polarization for all inputs. 
Scale bars, 3 mm. a.u., arbitrary units.
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imager with a conventional full-Stokes polarized imaging configura-
tion (rotating waveplate and polarizer in front of an imager). The vari-
ation between different inputs cannot be detected by the reference 
imager, whereas they were clearly distinguished by our HSSP imager 
(Fig. 4i; see detailed analysis and experimental setup in Supplementary  
Information Note 18).

Summary and outlook
We have demonstrated a non-local high-dimensional photodetector 
that can decipher arbitrary polarization states and spectrum informa-
tion from a complex light field with high resolution. Combined with 
commercially available microlens and sensor arrays, our approach 
can be readily applicable as a compact, alignment-free and single-shot 
acquiring imager. It can also be integrated with metalens and the cover 
glass of image sensors with an ultra-compact form factor.

Although the demonstrations are conducted within 400–900 nm, 
this spectrum range is not intrinsically limited by our design but by 
the light source and image sensor array. Our approach only requests 
a standardized coating process, whereas its non-locality waives trans-
verse inhomogeneity but takes advantage of longitudinally inhomo-
geneous design freedom. Therefore, our approach in tandem fashion 
naturally exhibits inherent ultra-broadband potential, free from the 
integration of polarization- and/or wavelength-sensitive elements in 
the space or time domains. Our calculations in Supplementary Informa-
tion Note 19 showcase the ultra-broadband photodetection potential 
from 400 nm to 10 µm.

We also note that, as well as thin-film schemes, our approach can 
be further implemented with photonic crystals42, metasurfaces43,44, 
two-dimensional materials45 and twisted photonic systems46, which 
can further markedly enhance the detection resolution. Moreover, with 
the capability of tuning wavevector domain responses, our approach 
may further integrate the capabilities of non-local spatial compression, 
edge detection and distance ranging, towards higher-dimensional 
detection1.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-024-07398-w.
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Methods

Numerical calculations
We compute the full-Stokes polarization-dependent and wavelength- 
dependent responses of our designs based on a 4 × 4 propagation 
matrix. Specifically, we express the transfer matrix ΓN for a film com-
prising i (i = 1, 2, 3,…, N) layers as follows:

Γ A T T T A= …N N N0
−1

1 2 +1

in which A represents the transfer matrix between interfaces, layer 0 
represents the incident medium and N + 1 represents the substrate. Ti 
represents the transfer matrix of a single layer (Supplementary Infor-
mation Note 3), which can be defined as:

T A P A=i i i i
−1

and the 4 × 4 propagation matrix Pi can be written as,
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in which qi represents the dimensionless z component of the wavevector 
and di denotes the thickness of each layer. The frequency and velocity 
of the light are represented by ω and c, respectively.

In Fig. 2d–f and Supplementary Figs. 7 and 8, we consider an incoher-
ent condition in the calculations, as the anisotropic substrate thickness 
(500 μm) is far greater than the coherent length (approximately 60 μm) 
of the light source. This is achieved by introducing a slight variation  
(a random quantity between −1/10 to +1/10 of the working wavelength) 
to the thickness di of the incoherent layers in each calculation and aver-
aging over 900 calculations.

Sample fabrication
We fabricate three samples including one isotropic sample (Fig. 2a) and 
two anisotropic samples (Fig. 2e) for high-dimensional information 
detection (Figs. 3c–f and 4a–f) and imaging (Fig. 4h,i) by ion-assisted 
deposition. The isotropic sample consists of a layer of TiO2 with a thick-
ness of 311 nm on a two-inch fused silica substrate with a thickness of 
0.5 mm. For the anisotropic sample (Figs. 3c–f and 4a–f and Supple-
mentary Fig. 8), multilayer stacks of TiO2 and SiO2 are deposited on both 
sides of a half-inch commercially available waveplate. The waveplate 
is composed of α-quartz and MgF2, with thicknesses of 255.3 μm and 
209.4 μm, respectively (details in Supplementary Information Note 7). 
On the basis of this design, to achieve a larger imaging area in the imag-
ing experiments (Fig. 4h,i), we use a two-inch-diameter waveplate with 
an extra layer of K9 glass for mechanical support.

Experimental setup
For the experimental characterization (Figs. 3c–f and 4a–f), the input 
light is generated by a supercontinuum light source (YSL SC-PRO-7) 
coupled with an acousto-optic tunable filter (YSL AOTF0019). The 
acousto-optic tunable filter can generate Gaussian-type narrow-
band light (full width at half maximum of approximately 2–6 nm). By 
simultaneously activating several channels, it can produce broadband 
multi-peak light. The linear polarizers and a quarter-wave plate are 
used to generate arbitrary full-Stokes polarized light (Figs. 3c–f and 
4a–c), and a depolarizer is used to produce the unpolarized white light 
(Fig. 4d–f). Two objectives (OptoSigma EPLE 100×-0.8NA; Mitutoyo 
Plan Apo Infinity Corrected Long WD Objective 100×-0.7NA) are used 
to introduce and collect the light with various incident and azimuth 

angles. Then the k-space transmission mappings can be obtained in the 
back focal plane of the objective by a CMOS camera (Orion OR-455BSI 
(Sony IMX455)). The experimental setup used in Figs. 4a–c and 4d–f are 
detailed in Supplementary Information Notes 14 and 16, respectively.

For imaging experiments (Fig. 4h,i), the setup we demonstrate is an 
ultra-compact imager. We use a commercially available microlens array 
to introduce the light with various incident and azimuth angles. The 
diameter of each microlens is 0.8 mm and the focal length is 1.272 mm. 
The array consists of 2,720 superpixels with 55 × 32 mm2 imaging area. 
The sensing plane is placed away from the focal spot and the distance 
between the microlens array and the sensing plane along the optical 
axis is 2.5 mm. More details of the experimental setup can be found in 
Supplementary Information Notes 17 and 18.

ResNet model and training details
As shown by the schematic of the modified ResNet-18 model in Fig. 3b, 
the input layer is a mapping matrix measured at arbitrary combina-
tions of polarization and spectrum states. The output layer provides 
a 5 × n-component vector (predicted values) including n discretized 
wavelengths (λ1, λ2,…, λn) and four Stokes parameters (S0, S1, S2, S3) at 
each wavelength. The output layer is obtained by connecting the tanh 
function (hyperbolic tangent activation function) in the range from 
−1 to 1. Si = Si/S0 (i = 1, 2, 3) is used to match the value of polarization 
parameters in the range (−1, 1) and the spectrum is normalized to the 
range of (0, 1). For the network training, stochastic gradient descent 
is used to optimize the process, with a momentum of 0.9 and adaptive 
learning rate scheduling in PyTorch. The computations are executed 
on an NVIDIA A100 GPU with 40 GB VRAM. Specifically, the detailed 
reconstruction processes for different information (Figs. 2g–i, 3c–f 
and 4a–f,h,i) are demonstrated in Supplementary Information Notes 9, 
11, 13, 14, 16, 17 and 18.
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