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spectrometers®?’

Intensity, polarization and wavelength are intrinsic characteristics of light.

Characterizing light with arbitrarily mixed information on polarization and spectrum
isin high demand'*. Despite the extensive efforts in the design of polarimeters
,concurrently yielding high-dimensional signatures of intensity,

5-18 and

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 canbe encoded into single-shotimaging 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 abroadband spectrum with asingle 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 canbe
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.

Itis of great importance to examine the intensity, polarization and
spectrum of light simultaneously’, because such holisticunderstanding
of the properties of light will enable many critical applicationsin device
miniaturization’, optical communication, remote sensing®, chemi-
cal and biological characterization®, and astronomic observation?,
for example. Despite the extensive efforts in the design of polarim-
etersand 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
spectrum®? or polarization®7, 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
polarization3*18230-3¢ Sychattempts are pushed to the state-of-the-art
capability by recent work™® that demonstrated full-Stokes polarization
detection with two different wavelengths (5 pum and 7.7 pm). 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 nature’™*, a to-be-detected light field may carry arbitrarily
varying polarizations and intensities within a broad range of wave-
lengths, asillustrated 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
@ (azimuth angle) and 6 (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 insingle-shotimaging and the high-dimensional polarization
and spectrum information can be deciphered with the assistance of
deep residual network (ResNet)* reconstruction (Fig. 1c).
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Fig.1|Existing approaches versus our high-dimensional photodetector.
a, Existing photodetection approaches measure, at best, two-dimensional
sectioningin the parametric space of intensity, polarization and wavelength,
thatis, measure the intensity and polarization at fixed wavelengths
(light-yellow plane) or measure the intensity and wavelength at uniformed
polarization (light-green plane), whereas alight field may carry arbitrarily
varying polarizations and intensities within abroad range of wavelengths
(curved multicoloured surface). b, Unlike existing photodetectors that
constructandintegrate wavelength-and/or polarization-sensitive elements
inspace or time toimprove the detection ability (range and sensitivity), our
approachwaivessuchintegration while achieving high-dimensional detection
withasingle device and single-shot measurement. ¢, In our photodetector, the
high-dimensional polarization and spectruminformation can be mappedin
single-shotimaging and deciphered with a deep residual network.d, When

Dispersive and non-local**** flat optics do not necessarily require a
position-dependent response and so they can be transversely homoge-
neous. That makes our concept possible to beimplemented with widely
available optical thin film, which canbe 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

Wesstart by examining the fundamental continuity conditions for elec-
tromagnetic waves. Aninterface formed by two materials with different
refractiveindices naturally differentiates polarization (P(¢, 6), in which
¢ and 6 represent the angles of the amplitude ratio (tany = E,,,/E,,)
and phase difference (6 = 6, - 6,) of the electric field in thexand y
directions) of light (F; = A[cosy, singe™®]”) with a non-zero wavevec-
tor parallel to the interface. In other words, the transmission of two
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lightis focused asa convergent beam (yellow cone) and passes through an
interface (grey surface), it creates a collection of wavevector channels with
various azimuth angles ¢ and incident angles 6. Withanon-zero 6 (for example,
greenray, ¢ =-90°), the orthogonal polarization components of the light,
P,and P,, can be differentiated, as P, has an electric-field component
perpendicular totheinterface, whereas theelectric field of P,remains parallel.
By contrast, itis the opposite case when ¢ = 0° (orange ray). These two rays are
projected onto thex-z (top inset) and y-z (bottominset) planes for clarity.

e, Therefore, the transmission of P, (red line) and P, (blue line) along the azimuth
angle ¢ dimension exhibit a two-fold rotational symmetry sinusoidal-like pattern
but90° out of phase, auseful feature for polarization discrimination. f, When
theinterfaceis dispersive, assisted by spatial dispersion, the transmissive/
reflective spectraatdifferentincidentangles 6,and 6, canbe decorrelated for
spectrumreconstruction.

orthogonal polarization components exhibit different spatial disper-
sion (momentum and incident-angle 8 dependency). Consequently,
when a convergent light (E; = A[cos@cosy + singsinge’®, —sinpcosy +
cossinge’®]™) containing a collection of wavevector channels (various
azimuth angle ¢ and incident angle 8) passes through an interface
(Fig. 1d), the transmission of its two orthogonal polarization compo-
nents (denoted as P, (P(¢=0°,6 =0)) and P, (P(=90°,5=0))) along
the azimuth angle ¢ dimension exhibits a two-fold rotational symmetry
sinusoidal-like pattern but 90° out of phase (Fig. 1e), auseful feature for
polarization discrimination. Moreover, if the interface has frequency
dispersion, combined with spatial dispersion (thatis, non-local effect
and incident-angle 8 dependency), the transmissive/reflective spec-
tra (1) at different incident angle 6 can be decorrelated (Fig. 1f and
Supplementary Information Note 2), allowing the possibility of spec-
trumreconstruction’*?>?, Therefore, both polarizationand spectrum
information of light can, in principle, be coded and reconstructed.
Mathematically, when alight carrying high-dimensional polarization
(P(, 6)) and spectrum (1) information is focused and passes through



theinterface, the transmitted light forms a circular spot intensity dis-
tribution/, of

I(, A, 6,0,1m) =A* x(T,(6,1) x B(P, 9, n) + T(0,) x C(P,p,m)) (1)

in which A is the amplitude of the incident electric field E;, T,(6, 1)
and T,(0, A) are the amplitudes of the transmission spectra for p and
scomponents at a given incident angle and n represents the phase
delays of the p and s components of the media. B(P, @, ) = cos*cos’p +
sin?gsin’p +1/2sin2¢sin2@cos(6 + n) (equation (2)) and C(P, @, i) =
sin“gcos’y + cos’Psin’p — 1/2sin2ysin2@cos(5 + i) (equation (3)) are
coefficients determined by the alignment between polarization (P(¢, 6)
and azimuth (@) angles, as well as the phase delay (). Here n 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 ¢ and € 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 8 (Fig. 2a). This enhanced polariza-
tion differentiation exhibits broadband nature spanning a range of
6 channels (Fig. 2b), as the effective cavity length varies with 6; (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 8 channels can therefore be
largely decorrelated (Fig.2c). Numerically, such afacile design provides
strong linear polarization sensitivity (<0.2°) and spectral resolution
(<1nm), respectively (Supplementary Information Note 5).

In that design, because of a phase delay () of zero betweenp and s
polarization states in isotropic media, the circular polarization (CP)
states cannot be differentiated (6 =1/2, cos(é + 1) = 0 in equations
(2) and (3)). To further enable circular and full-Stokes polarization
detection, we unlock the degree of freedom in phase delay (17) (Sup-
plementary Information Note 3). This canbe done by using anisotropic
media either in the film** 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 1t/2 or 31t/2 phase delay
maximizes the CP differentiation |T,c, — Tiep | (COS(6 + 1) =1inequations
(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 6 of about 15° (indicating that | T, — Tycpl 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 createricher spectral features and enhanced
non-locality through numerousinterferences, 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 (AS;/S;= qu:l | (Sir —S,-)/S,~|)/N, in
whichi=1,2,3,..., Nis the number of data points and S;and S are the
ground value and the reconstruction Stokes parameter, respectively)
of AS,/S,=0.93%, AS,/S,=0.81% and AS,/S; = 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
£,=1.26% (€, =111 — Axlli/11All,), in which Ay and A, are the ground value
and thereconstructed spectrum, respectively (Fig. 2h). Remarkably, for
anunknownincident 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 highaccuracy (AS,/S, = 8.41%, AS,/S,=9.13%, AS,/S, = 4.6%
for polarization and €, = 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
model® by replacing the activation function in the output layer with
tanhinstead 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 spherein Fig. 3c) showerrorsaslowas AS,/S, = 7.74%,
AS,/S,=3.52%and AS,/S, = 6.36%. This detectionaccuracy is even com-
parable tothe state-of-the-art miniaturized single-purpose full-Stokes
polarimeters (see comparisonin Supplementary Information Note 11
and Supplementary Table 2). Also, a set of single-peak spectra under
LCPisreconstructed across 460-900 nm and shows an average error
of €,=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 &, = 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 reconstructionerrors are alsocomparable
to the state-of-the-art miniaturized single-purpose spectrometers (see
comparisoninSupplementary Information Note 11and Supplementary
Table 3). Therefore, evenjust working as asingle-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 atwo-colour laser field. Here we use a 580 nm (linear polari-
zation) and 635 nm (CP) laser field as aninput to our high-dimensional
photodetector as well as the reference commercial spectrometer and
polarimeter, respectively. In this case, unlike the synthetic polarization
fromthe 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.

Nature | www.nature.com | 3
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Fig.2|Design of our high-dimensional photodetector. a-c, Single-layer
TiO,filmis engineered to enlarge linear polarization differentiation ata given
wavelength and can further enhance differentiation across abroadband
spectrum while enhancing broadband spectrum sensitivity with spanning of 6
channels. a, Calculated transmission of p/s-polarized light versus thickness of
TiO,filmatagivenwavelength of 532 nm, in the channel of 8 =45°; a thickness
of 311 nmis chosen to maximize the transmission difference. b, Calculated
linear polarization differentiation (|7, - 7,|) versus 6 across 400-900 nm.

¢, Calculated transmission spectrum versus 8 across400-900 nm, atagiven
polarizationstate.d, Phase delay, i, isinduced by an anisotropic substrate to
enable CP differentiation. The calculated CP differentiationreaches a
maximumwhenn=1/2or3m/2.e,f, Further stacking of multilayer films can
enhance CP differentiation to asmaller range of 6 channels and broadband

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)and12.27%,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
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spectrumsensitivity. The calculated CP differentiation versus 8 across
400-900 nmisshownineand the calculated transmission spectrum versus
under given LCPisshowninf.g,h, Assisted by ResNet (see Methods), the design
isimplemented to reconstruct full-Stokes polarization (g) and abroadband
spectrum (h). i, Furthermore, a high-dimensional light field with acomplex
broadband spectrum and several arbitrary full-Stokes polarization states is
simultaneously reconstructed. The positions of the continuously changing
polarizationstates are shown on the Poincaré sphere (inset on theright). The
high-dimensional reconstruction results are projected onto the spectrum
(bottom-leftinset) and polarization S,-S,and S,-S, (bottom-rightinset) 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.

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

The second scenario considers thereflection fromdispersiveinter-
faces on obliqueillumination, whichcommonly exists in nature. Here
an unpolarized, multi-peak broadband light across 485-605 nm is
incidentonagold surface with the angle of 45° (Fig. 4d), so the reflected
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the commercial polarimeter (black circles) and our modified ResNet-18 model
(yellow spheres) are plotted on the Poincaré sphere, with reconstruction

errorsof AS,/S,=7.74%, AS,/S,=3.52% and AS,/S; = 6.36% under 532-nmincident
light. All of the Stokes parameters are normalized by the power S, for clarity.

d, Prediction ofaset of single-peak spectraunder LCP across 460-900 nm (blue
line), withareconstructionerror of ¢, = 0.43% from acommercial spectrometer
(dashed blackline). e, Prediction of amulti-peak broadband spectrum under
LCPintherange 535-625 nm (blueline), with areconstructionerror of &, =5.85%
fromacommercial spectrometer (dashed black line). f, Two mixed narrowband
spectraunder LCP, with peaks separated by 2.7 nm, are experimentally resolved
by our high-dimensional photodetector (blueline). a.u., arbitrary units; ReLU,
rectified linear unit.

Fig.3|Intelligent detection of polarizationand spectrum. a, Experimental
setup of back-focal-plane imaging: supercontinuum light source coupled with
anacoustic-optical tunable filter controls the spectrum of the incident light;
thelinear polarizer (LP) and a quarter-wave plate (QWP) control the polarization
states of theincident light; the objectives (OL1and OL2) introduce and collect
light with variousincidentand azimuth angles; and the CMOS camerais used
toimage the back focal plane.Inset, atwo-inch sampleisattached toa CMOS
camera.b, Schematic of the modified ResNet-18 model. Input layer: k-space
transmission mappings; hidden layers: several overlappinginterleaved
residual blocks help avoid vanishing gradient and degradation; output layer:
a2,505 (501 x 5) matrix of high-dimensional information of the wavelengths
(A, A5,...,A,) from400 nmto 900 nmand four Stokes parameters (S,, S,, S,, S5)
ateachwavelength. ¢, Polarization states from the training set (green spheres),

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.

light carries varying ratio of polarization (ROP=R/(R;+R,)) along
wavelengths (Supplementary Information Note 15),inwhichR;and R,
are the reflected light intensity of sand 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).

Our approach is readily applicable for imaging, with compact,
alignment-free, single-shot acquiring and high-dimensional
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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
resultsinaare projected ontothespectrum (b) and polarization S-S, and S,-S;
(c) planes for clarity. Compared with ground values (dashed line and red circles
inbandc, respectively), our photodetector candetect a high-dimensional field
(solidlineinaandb, coloured spheresinc, green for 580 nmand red for 635 nm),
whereas the commercial polarimeter and spectrometer cannot (dashed lines
andgreyshadinginaandgrey spheresinc).d-f, Detection of thereflected light
fromthe gold surface following unpolarized multi-peak light illumination. The
resultsind are projected onto the spectrum (e) and polarization (f) planes for
clarity. Compared with ground values (dashed linesineand grey circlesinf),
our photodetector canreconstruct the high-dimensional signature, whereas
the commercial polarimeter and spectrometer cannot (dashed linesand grey
shadingind and greylineinf).g, Schematic of our HSSP imager; inset: photo

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-
ablemicrolensarray (NA = 0.3) and image sensor array (Methods). Each
microlens, creating the desired angular channels, serves asasuperpixel
inthe HSSPimager. 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
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0.45
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A (nm)

0°

ofimager. h, Artificial targets exhibit spatially different polarization and
wavelength states: ‘sun’, horizontally linear polarization, 900 nm; ‘I',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 HSSPimager, with the variance of the polarization and spectrum
represented by arrows and colours (see full resultsin Supplementary Fig. 22).
i, High-dimensional imaging (Pysspimager), for which the HSSP imager can
distinguish various high-dimensional light fields (two-colour field with
different combinations of polarizations), spatially distributed asalightning
symbol. Theinsets show the representative raw transmitted intensity
distribution fromamicrolens superpixel. By contrast, areference full-Stokes
polarized imager measures a false linear horizontal polarization for all inputs.
Scalebars,3 mm.a.u., arbitrary units.

features canberecorded by our HSSPimager, as shownin Fig. 4h, thus
highlightingits broad spectrum and full-Stokes polarization coverage.
More details onthe fabrication of the target, datasets, reconstruction,
full spectrum and polarization imaging results can be found in Sup-
plementary Information Note 17.

Furthermore, we constructaseries of high-dimensional lightinputs
(atwo-colour laser field of 580 nm and 635 nm, with different combi-
nations of polarizations) to our HSSP imager, as well as areference



imager with a conventional full-Stokes polarized imaging configura-
tion (rotating waveplate and polarizer in front of animager). 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 spectruminforma-
tion from a complex light field with high resolution. Combined with
commercially available microlens and sensor arrays, our approach
canbereadily applicable asacompact, alignment-free and single-shot
acquiringimager. It canalsobe 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
astandardized coating process, whereasits non-locality waives trans-
verse inhomogeneity but takes advantage of longitudinally inhomo-
geneous design freedom. Therefore, our approachintandem 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 calculationsin Supplementary Informa-
tion Note 19 showcase the ultra-broadband photodetection potential
from400 nmto10 pm.

We also note that, as well as thin-film schemes, our approach can
be further implemented with photonic crystals*?, metasurfaces***,
two-dimensional materials* and twisted photonic systems*¢, which
canfurther 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
detection’.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; 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 x 4 propagation
matrix. Specifically, we express the transfer matrix I, for a film com-
prisingi(i=1,2,3,..., N) layers as follows:

Ty=Ag' T\Ty... TyAy i1
in which A represents the transfer matrix between interfaces, layer O
represents theincident mediumand N + 1represents the substrate. T;

represents the transfer matrix of a single layer (Supplementary Infor-
mation Note 3), which can be defined as:

Ti=ARA

and the 4 x 4 propagation matrix P;can be written as,

efcmd @ 0 0
p- 0 e’ Laind; (? 0
0 0 eicmh 0

0 0 0 ecaud

inwhich g;represents the dimensionless zcomponent of the wavevector
and d;denotes the thickness of each layer. The frequency and velocity
ofthelight are represented by w and ¢, respectively.

InFig.2d-fand Supplementary Figs.7 and 8, we consider anincoher-
ent conditioninthe calculations, as the anisotropic substrate thickness
(500 um)is far greater than the coherent length (approximately 60 pum)
of the light source. This is achieved by introducing a slight variation
(arandom quantity between-1/10 to +1/10 of the working wavelength)
tothe thickness d;of the incoherentlayersineach calculation and aver-
aging over 900 calculations.

Sample fabrication

We fabricate three samplesincluding oneisotropic sample (Fig. 2a) and
two anisotropic samples (Fig. 2e) for high-dimensional information
detection (Figs. 3c-fand 4a-f) and imaging (Fig. 4h,i) by ion-assisted
deposition. Theisotropic sample consists of alayer of TiO, witha 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 TiO,and SiO, are deposited on both
sides of a half-inch commercially available waveplate. The waveplate
is composed of a-quartz and MgF,, with thicknesses of 255.3 um and
209.4 um, respectively (detailsin Supplementary Information Note 7).
Onthebasis of this design, toachieve alargerimaging areain theimag-
ing experiments (Fig.4h,i), we use atwo-inch-diameter waveplate with
an extra layer of K9 glass for mechanical support.

Experimental setup

For the experimental characterization (Figs. 3c-fand 4a-f), theinput
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 adepolarizerisusedto produce the unpolarized white light
(Fig. 4d-f). Two objectives (OptoSigma EPLE 100%x-0.8NA; Mitutoyo
Plan ApoInfinity Corrected Long WD Objective 100x-0.7NA) are used
to introduce and collect the light with various incident and azimuth

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

Forimaging experiments (Fig. 4h,i), the setup we demonstrateisan
ultra-compactimager. We use acommercially available microlens array
to introduce the light with various incident and azimuth angles. The
diameter of eachmicrolensis 0.8 mmandthefocallengthis1.272 mm.
Thearray consists of 2,720 superpixels with 55 x 32 mm?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
axisis 2.5 mm. More details of the experimental setup can be found in
Supplementary Information Notes17 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
a5 x n-component vector (predicted values) including n discretized
wavelengths (4, A,,..., A,) and four Stokes parameters (S,, S, S, S5) at
eachwavelength. The output layer is obtained by connecting the tanh
function (hyperbolic tangent activation function) in the range from
-1t01.5,=5/S,(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
isused to optimize the process, withamomentum 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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