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1 Comparison between conventional imaging schemes and our

strategy

Compared to conventional imaging schemes, our approach offers both a high-dimensional
detection capacity and a compact form factor (Fig. S1 and Fig. 1d), thanks to the dispersion-

space encoding and compressive mapping capability enabled by disordered dispersion.

a
Real-space (r-space) ‘ Wavevector-space (k-space)
encoding encoding
Compressive
Hyperspectral
@ imaging
N ~,
QQ? CA (gray) Lens This work
2) i - (DDE-assisted
QQ')\ [FiEw single-fiber HSI)
Q\A' = — DDE
. Irr\1a e g’==’“‘/ CA — Single fiber Compressive
c Scanning 98 (heciral) ; : mapbin
k) spectral SeNSOr - V¢ “ pping
é imaging o /J
% N /Lens\ Spectrometer
o S | =it | — N B
o 2 . Prism @Fi]ter
£ o\ -4
Image sensor
. dle -
Fiber bu single fiber
& DR Identity
o o Mapping
Imaging with a Imaging with a
fiber bundle Single fiber
10" m 102 m 103 m
Detector compactness
b . . . .
Identity Mapping Compressive mapping
Spatial Spatial
> — >
= S|
— © ©
= S = 5] 5}
- 5 il Z ° ©3
(2] X © o) =
Spatial = = |
Measurement Transmission map Object Measurement Transmission map Object
c Real-space (r-space) encoding Wavevector-space (k-space) encoding
~cm &, T ~Hm
N,

02, ) ™\

Array-based

\ o
Image sensor [ “E N“ (> _/
! \ o
/" Spectrometer Fiber
. 1), ’
Real-space encoding Lens Object ~  Tmee—eT - Object

Fig. S1: Comparison between conventional imaging schemes and our strategy. From the
perspective of encoding strategies, our method constructs a disordered transmission map that compres-
sively encodes high-dimensional spectral-angular signals into 1D spectral measurements, thereby enabling
higher-dimensional detection. From the perspective of physical implementation, our method achieves
wavevector-space encoding instead of real-space encoding, compressing the imager’s footprint to the single-
pixel level, comparable to the size of a single optical fiber’s aperture.



From the perspective of enhancing imaging dimensionality, conventional fiber-based imaging
strategies offer ultra-compact probes but face inherent limitations in achieving high-
dimensional detection. In fiber bundle systems, each fiber transmits a single image pixel,
and the overall imaging throughput is fundamentally constrained by the core density ™.
Multimode fibers (MMFSs), on the other hand, support a significantly higher number of spa-
tial modes, enabling high-resolution coherent light control and acquisition® 4. However,
the extreme sensitivity of the transmission matrix to perturbations makes high-dimensional
spectral imaging with MMFs nearly infeasible. Spectral encoding techniques!> ' attempt
to address this by inferring spatial information from spectral measurements. Nevertheless,
these methods rely on the assumption that the object possesses a broadband, known, and
spatially uniform spectral distribution. This assumption breaks down when the object’s

spectral properties vary across spatial locations.

The common limitation among the above strategies lies in their reliance on an identity
mapping between the object and the measurement domain, corresponding to a diagonal
transmission matrix. In such frameworks, the optical field must be acquired, transmitted,
and reconstructed with minimal distortion. Consequently, the limited transmission capacity

of a single fiber cannot accommodate high-dimensional imaging.

In contrast, our framework establishes a compressive mapping between 2D spectral-angular
objects and 1D spectral-only measurements. Our disordered-dispersion encoder generates
an encoding function that aligns with compressive sensing theory (corresponding to a trans-
mission matrix with a disordered distribution). This architecture breaks the constraints of
direct mapping and enables high-dimensional detection within the limited channel capacity

of a single fiber, as illustrated in Fig. Sla and S1b.

From the perspective of device form factor reduction, hyperspectral imaging technologies
have progressively reduced the size of imaging components. Traditional hyperspectral sys-
tems rely on scanning techniques involving slits and prisms or tunable filters, capturing a
slice of the hyperspectral data cube in a single shot. Spatial or spectral scanning is then used
to reconstruct the full data cube?2Y. With the advancement of computational techniques,
coded aperture snapshot spectral imaging (CASSI) was developed to encode the hyperspec-
tral cube before capturing it through intensity-only measurements, which is a compressive
process?>2°l CASSI not only increases the number of spectral channels captured in a single
shot but also eliminates mechanical scanning, thereby enhancing system integration. Recent
advances in micro/nanofabrication have enabled on-chip implementations of spectral coding

components, replacing conventional CASSI elements with compact integrated devices!?6-30,



These devices consolidate the coding and dispersion functions into a single planar struc-
ture, reducing the system size to the centimeter scale. This evolution clearly indicates that
the physical size of the encoding device directly determines the overall footprint of the

hyperspectral imaging system.

Despite these advances, further miniaturization of the spectral encoding stage—down to
micrometer scales compatible with fiber-based platforms—remains a significant challenge.
Traditional hyperspectral encoders introduce real-space inhomogeneity using elements like
coded apertures or filters, coupled with pixelated image sensors (CCD or CMOS). These
systems require relatively large apertures (on the order of centimeters) to maintain sufficient
encoding and detection throughput. When such designs are scaled down to match fiber

apertures, the number of available encoding channels drops drastically.

Our method circumvents this bottleneck by eliminating real-space inhomogeneity. Instead,
we engineer wavevector-space inhomogeneity through tailored dispersion characteristics at
the optical interface. This strategy allows for high-throughput encoding and recording within
a single-pixel aperture, making it feasible to perform high-dimensional imaging with single-

fiber probes, as illustrated in Fig. Sla and Slc.

We further compare our prototype with recent nanophotonics-assisted coded-aperture hyper-
spectral imaging systems. The main advantage of our method is its compact encoding
aperture. Representative systems typically require millimeter-scale encoding apertures, such
as 2.10 mm x 2.10 mm in Ref.?% 7.74 mm x 6.33 mm in Ref.?”, 10.56 mm x 5.94 mm
in Ref.?” and 7.07 mm x 7.07 mm for V1 or 5.12 mm x 5.12 mm for V2 in Ref.B%. In
comparison, the active aperture of our DDE is only 0.15 mm x 0.15 mm, corresponding to

a reduction of approximately 2.3-3.4 orders of magnitude in encoding area.

The spectral coverage of our system is 400-700 nm, comparable to these visible-range hyper-
spectral imaging demonstrations. When angular reconstruction is not considered and the
incident angular distribution is fixed, the wavelength sampling/resolution is limited by the
spectrometer used in the experiment, which is 0.8 nm. This is comparable to the reported

spectral resolutions of 1 nm in Ref.?! and 0.8 nm in Ref. ",

Compared with large-aperture nanophotonic hyperspectral imagers, our system has a lower
spatial /angular resolution and fewer spatial/angular channels. Therefore, the present work
does not aim to outperform these systems in spatial resolution, but instead demonstrates
a different miniaturization route: wavevector-space disordered-dispersion encoding enables

hyperspectral imaging within a fiber-compatible aperture.



2 Mechanism and design strategy of disordered dispersion

In this section, we present the mechanism and design of disordered dispersion using meta-
optical structures. The overall strategy, as illustrated in Fig. S2, consists of three key steps:
(I) introducing mode diversity, (II) enhancing mode density, and (III) inducing coupling

between these multiple modes.

Mode diversity ensures that the output field exhibits varied distributions, which is crucial
for generating diverse responses across different angles and wavelengths. To achieve this
diversity over a wide range of incident angles and wavelengths, we broaden the wavevector
and frequency ranges covered by these modes, a process that corresponds to enhancing
mode density. Furthermore, inducing mode coupling amplifies their high-density and diverse
characteristics. Using this approach, we develop the disordered-dispersion encoder featuring
compact, periodic structures in real space. However, in momentum space, the high mode

density and diverse modal properties enable distinct spectral-angular responses.

2.1 Introducing mode diversity

To introduce mode diversity, we employ two distinct structures: gratings and thin-film
structures. Periodic gratings and periodic thin films (1D photonic crystals) provide peri-
odic dielectric constant distributions in the x and z directions, respectively, yielding diverse

modes with distinct band structure shapes.

Consider a simple grating with a period of 0.5 pm, consisting of 250 nm grooves and ridges
with a height of 500 nm, made from silicon nitride on a quartz substrate. The transmission
map of the Oth order diffraction of s polarized light, shown in Fig. S2a, reveals a continu-
ous and linear band structure across the (f, k,) plane. The rigorous coupled wave analysis
(RCWA) method®! is used to compute the diffraction. We next examine a periodic thin
film consisting of alternating 100 nm thick layers of silicon nitride and silicon dioxide. The
transmission is computed using the transfer matrix method (TMM)P4. Figure S2b presents
the transmission map for s-polarized light, revealing a bandgap that suppresses transmission

between approximately 440 and 500 terahertz.

Notably, while periodic gratings and thin films offer mode diversity, this diversity remains
relatively simple, as evidenced by their straightforward band structures or confinement to
specific regions in the wavevector-frequency plane due to band gaps. These limitations are

addressed in the next section by enhancing mode density.
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Fig. S2: Mechanism of generating disordered dispersion. a and b, We harness two different structures
to introduce mode diversity. ¢, Introducing localized disorder to form superlattices creates a metagrating,
which leads to band folding and increased mode diversity, corresponding to more diffraction orders and
greater variation in diffracted intensity. d, By designing the layer thickness of the thin film, the dispersive
properties can be tailored. e, The coupling between the metagrating and the dispersive thin film provides
highly dense and diverse eigenmodes across the frequency-wavevector domain.

2.2 Enhancing mode density

To increase mode density, we introduce localized disorder into these structures. For the
grating, this disorder is modeled as a metagrating with periodic superlattices and asym-
metric arrangements, transforming the band diagram (Fig. S2a) into zone-folded versions
(Fig. S2¢), yielding more intricate band structures with features like splitting and crossing.
Similarly, disrupting the periodic arrangement of the thin film reshapes its band structure,
eliminating the band gap and enabling dispersion over a broader frequency range. These

changes produce a diverse set of excitable modes, enhancing modal richness.

To achieve optimal performance, we deliberately design the parameters of these disordered
structures, as depicted in Fig. S3. In the metagrating’s superlattice of U= 3 pm, each of
the G sub-gratings is defined by the widths of the background (air) and dielectric (silicon

nitride), denoted as (I1,1ls, ..., lg;wy, we, ..., wg) (Fig. S3a). This design aims to achieve a
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Fig. S3: Design strategy to enhance the mode density. a and c, Structural parameters of the
metagrating layer and the thin film. b, Parameters for the metagrating are randomly generated until the
corresponding system transmission map, T'(\, 0,.), meets the specified variance threshold. d, The multilayer
thin film is iteratively refined using gradient descent to achieve the desired optical response.

high-density mode distribution across the (f, k,) plane, responsive to various incident light
conditions (A, #,,), resulting in a transmission profile that is globally uniform yet locally disor-

dered. We evaluate this using the variance of the Oth-order transmission map, var[Ty(A, 0,)],
defined as:

N)\ Nem

var [Ty(\, 0,)] = NA 0 SN TN beg) — T) (S1)

i=1 j=1
where T} is the mean of Tj over all (), 6,). As shown in the flowchart (Fig. S3b), we iteratively
generate random parameter sets (I, [, ..., lg; wy, ws, ..., wg), compute the corresponding
To, and repeat until the variance var(Tp) falls below a threshold V;. The resulting optimized

parameters are denoted (ly,1ls, ..., lg; Wy, W, . .., Wa).



For the thin film, layer thicknesses from the grating to the substrate are represented as
(ti,ta,...,tr) (Fig. S3c). Using a differentiable TMM simulator #%33 we tailor these thick-
nesses to achieve a target response. The optimization targets a low variance in transmission
by setting the desired response to 0.5 across the (A, 6,) range. Starting with an initial set
of thicknesses (ty,ts,...,tr), the TMM simulator computes Ti(A,0,), and the response is

assessed via the mean square error loss:

NA Nex

Loss[Tie(A, 0:)] = Y > [Tie (\i, bz5) — 0.5 (S2)

i=1 j=1
Each thickness t; is refined using gradient descent until a preset iteration limit is reached.

The gradient is calculated via the chain rule:

OLoss A o OTi(Niy O s te, .., tL)
_ 27T ] )0 iy Vx,jy U1y ) )
= 23 2uh0.9) 03 s (53)

0 Loss[Ti(A, 0,)]
oty ’

ty =t =

where 7 is the learning rate.

2.3 Inducing coupling between multiple modes

Lastly, we induce coupling between the modes of the metagrating and those of the dispersive
thin film. The zoom-in transmission maps presented in Fig. S4 demonstrate that stacking
these two structures significantly increases the density of excitable modes. This indicates
that their combination does not simply superimpose individual modes but rather introduces
coupling between them. As demonstrated in Fig. S4, the £, field distributions at selected
excitation wavelengths and incident angles confirm this coupling: while the metagrating and
dispersive thin film individually exhibit minimal £, field response variations with changes
in wavelength and angle, their stacked configuration displays distinctly different E, field

distributions.

Using these strategies, we construct the disordered-dispersion encoder (DDE), which intro-
duces momentum-space disorder via a compact real-space structure. This results in a
disordered transmission feature that varies with incident wavelength and angle (A, 0,). To

illustrate this further, we calculate the transmission across various diffraction orders using

10



the RCWA method. The grating equation is given by:

dyX = U [sin(f,) + sin(¢.)] (S5)

where dy = +1,+2,43,...,£N,; is the diffraction order. 6, and ¢, are the incident and
exit angles, respectively. For a superlattice with U = 3 pm and a minimum wavelength of

400 nm, the structure supports up to Ny = 4U/\ + 1 = 31 diffraction orders.

Considering a practical range of 6, € [—60°,60°] and the fiber’s acceptance range of ¢, €
[—15°,15°] when the DDE is equipped at the fiber end, only 17 diffraction orders contribute
to the system response. These include the zeroth order and orders 1 through £8. Selected
values of Eg4, (X, 0;) and ¢q, (A, 0,) are shown in Fig. Sha and Fig. S5b, respectively, with
dark gray regions in Fig. Sbb indicating the absence of corresponding diffraction orders
for specific wavelengths and angles. The non-zero diffraction orders lack symmetry about
the x-axis, resulting in an asymmetric transmission map when the DDE is equipped at the
fiber end. This asymmetry is essential for enabling our single-fiber hyperspectral imager to

effectively encode spatially asymmetric objects.

11
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Fig. S4: Zoom-in transmission diagram and £, field distribution under adjacent incident
parameters. a, Slight perturbations in the incident light parameters excite a similar £, field distribution in
the dispersive thin film, resulting in insensitive and regular diffraction patterns. b, In the metagrating, the
addition of selectable bands amplifies the differences in electric field distributions between adjacent modes.
¢, The proposed DDE structure leverages the coupling of dispersive thin film modes and metagrating modes,
significantly increasing both the number and diversity of selectable modes. This leads to sensitive and dis-
ordered diffraction features even with minor variations in incident angle and wavelength.

12



Diffraction efficiency 0.55

-8 ornder

Exit angle (°)

I(.O
o

o
Io

-8 order

-60

60 -60 60
6.() 6.() 6.()

0 60

Fig. S5: A selection of F;()\,0,) and ¢;(\,0,) values. a, Diffraction efficiency FE;(\,0,) of different
orders. b, Exit angles ¢; (), ;) in the air for different orders; the dark gray regions indicate that the diffracted
beam cannot propagate to free space at the corresponding (), 6,).

13



3 Eigenmodes and k-resolved DOS analysis

To directly demonstrate the high mode density and diversity of the DDE, we calculate its
eigenmodes using the finite element method implemented in COMSOL Multiphysics. The
band diagram presented in Fig. S6a reveals a dense distribution of bands. To distinguish
real eigenmodes from spurious modes arising from numerical simulations, we define the local
ratio for each mode as the squared electric field norm near the structure divided by the total
squared field norm within the simulation domain:

| Enear|”

local ratio = >
‘Etotal‘

(S6)

where real eigenmodes typically exhibit a high local ratio. In the band diagram, eigen-
modes with higher local ratios are visualized using points with higher opacity, effectively

highlighting the real modes.

Next, we statistically characterized the mode diversity of the DDE by calculating the k-
resolved density of states (k-resolved DOS), defined as the number of modes per unit

wavevector interval and per unit frequency interval:

Mode numberq sz

k-resolved DOS( fo, ko) = dfdk ;

(S7)

where Mode numberq tq;, represents the number of eigenmodes within the rectangle (fy, fo+
df, ko, ko + dk). The results, shown in Fig. 2b in the main text, demonstrate high mode
diversity across wavevectors in the first Brillouin zone and frequencies across the visible
region, ensuring that the DDE exhibits disordered dispersion over a wide range of incident

angles and wavelengths.

Figure S6b displays the electric fields of a selection of eigenmodes with closely spaced
frequencies and wavevectors. Despite their similarity in frequency and wavevector, these
eigenmodes show diverse electric field distributions due to the coupling between the leaky
modes of the grating and the guided modes of the thin film. Consequently, slight pertur-
bations in the wavelength or incident angle of the incoming light can excite a variety of
modes in the DDE, contributing to the disordered response characteristic of its disordered

dispersion.

14
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4 Calculation, characterization, and analyses of the system
transmission map
4.1 Numerical calculation

We establish the relationship between T'()\, 6,) and the dispersion properties of the DDE at
the fiber input. As shown in Figs. S7a and S7b, T'(\, ,) is defined by the sum of diffraction

efficiencies within the fiber’s acceptance angle, each weighted by its coupling efficiency:

T = 30 B0 C(0.,). (59

where Ny is the number of diffraction orders, and for each order i, E; and ¢, denote its
diffraction efficiency and exit angle (see Fig. S5). The coupling efficiency C(¢,) is measured
experimentally (flowchart in Fig. S7c).

15
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Fig. S7: Numerical simulation of the transmission map. a, The DDE diffracts incident light into
various directions, with diffraction efficiencies exhibiting a complex distribution across different wavelengths
and diffraction orders. b, In our design, the DDE is placed at the distal end of the fiber. Light exiting at
angles ¢ within the fiber’s acceptance range is collected and guided to the proximal end, where spatially
averaged spectral detection is performed. ¢, By simulating the diffraction efficiency and exit angles for each
diffraction order as a function of (A, 0,), the system transmission map is calculated.

4.2 Experimental characterization

To characterize the fabricated disordered-dispersion encoder and calibrate the system trans-
mission map, we directed collimated broadband light with controllable incident angles
(6., 6,) into the system, as shown in Fig. S8. Broadband light from a halogen lamp (OSL2IR,
Thorlabs) was coupled into a 400 pm diameter multimode fiber (MMF) (XinRay). The light
exiting the fiber was collimated using an achromatic lens (OLD1423-T2M, JCOPTIX). The
fiber and achromatic lens were mounted on a rotation stage allowing precise control over

the z and y directions.

The disordered-dispersion encoder with an aperture of 150 pm x 150 pm and a substrate
thickness of 500 nm is placed adjacent to the end face of the fiber, which has a diameter of
400 pm (FCM1-SMA-400L, JCOPTIX). A polarizer is positioned between the light source

16



and the metagrating to align the electric field with the grating’s orientation. Light exiting
the receiving fiber was detected using a spectrometer (HR6, Ocean Optics). By mechanically
scanning the incident angles (6,,6,) of the light and normalizing the spectral data collected
by the spectrometer against the spectral profile of the light source, the system transmission

map T'(\, 0,,6,) is obtained.

Broadband illuminator

Spectrometer <—Lo=s I

\QX Rotation

DDE Polarizer

ﬂ Broadband collimated

- | illumination
5 - “ |
!

/ ~ Ve | I '

P rotation stage

—d x axis
rotation stage

Fig. S8: System transmission map measurement. The system transmission map is calibrated by
collecting the system response under collimated broadband light at different incident angles and normalizing
it by dividing by the known light source spectrum.

4.3 Effect of setup configuration on the transmission map

In this section, we examine the factors influencing the system’s transmission map
T(), 0,)—including the fiber collection angle, key dimensional parameters of the metagrating

and fiber, and polarization—to optimize its disordered characteristics.

The fiber coupling efficiency C(¢,) depends on several factors (Fig. S9). In Fig. S9a,
the numerical aperture (NA) sets the maximum acceptance angle, causing C(¢)
to decrease as ¢, increases. Figure S9b shows the effect of the metagrating—fiber
distance Ly, and fiber end-face diameter L. only light within the angular range
[— arctan(L./2Lgup), arctan(LC/QLsub)} reaches the fiber. Conversely, Fig. S9c¢ fixes the
fiber diameter and varies the metagrating aperture L,, so that coupling is limited to
[— arctan(L,/2Lgu), arctan(La/QLsub)} )

To illustrate how the shape of C(¢,) affects T'(\,0,), Fig. S10 presents simulated transmis-

sion maps assuming Gaussian coupling efficiencies with different full widths at half maximum

17
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four columns represent simulations assuming that the coupling efficiency follows a Gaussian distribution,
while the fifth column shows the experimentally measured values. b, The corresponding simulated trans-
mission map.
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Next, we compare transmission maps under orthogonal polarizations, T5(\, 6,) and T,,(A, 6,,),
for s-polarized (electric field parallel to the grating) and p-polarized (electric field perpendic-
ular) illumination, respectively (Fig. S11). The s-polarized map exhibits more pronounced
disordered features. For unpolarized light, the overall map T'()\,6,) is a linear combination

of Ty and T, showcasing that the system can image non-polarized objects.

Experiment Simulation

s polar
A (nm)

Transmission (arb. units)

p polar
A (nm)

-30 30 60 -60

0
(%)

Fig. S11: A comparison between the experimentally measured and simulated system trans-
mission maps under different polarization states of incident light. All the transmission maps are
normalized.

Finally, we consider fabrication and assembly tolerances. Due to the disordered complex
features of our system, small fabrication errors, such as slight variations in grating width,
sidewall verticality, and thin-film uniformity, are amplified, leading to significant changes
and local deviations in the response. Despite this, experimental results follow the simulated
trends closely, with remaining discrepancies likely due to minor misalignments between the

metagrating and fiber.

5 Analysis of encoding efficiency of the DDE and other optical

encoding structures

In this section, we compare the encoding efficiency of three optical structures: the DDE,
a periodic grating (PG), and a periodic thin film (TF). We first perform two quantitative
analyses using the correlation coefficient and mutual coherence metrics, then compare the

results of reconstruction simulations using each encoder.

19



Figure S12 shows schematics of the three structures and their transmission maps. The PG
has a period of 0.5 um, with 250 nm grooves and ridges, and a height of 250 nm, fabricated
in silicon nitride on a quartz substrate. The TF consists of five alternating SizN,/SiO, layers
on quartz, each 100 nm thick. As the second column of Fig. S12 illustrates, the simple PG
fails to produce a disordered transmission map, while the TF cannot provide transverse

momentum to the incident light and thus does not provide angle-dependent modulation.
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Fig. S12: Schematics of different encoder structures and their transmission maps. a, The
disordered-dispersion encoder (DDE) proposed in this paper. b, The periodic grating (PG). ¢, The periodic
thin film (TF).

5.1 Correlation coefficient (CC) analysis

We first examine the inter-0 and inter-\ correlation coefficients (CC). Lower inter-§ CC and
inter-A CC indicate superior encoding capability in the angular and spectral dimensions,

respectively. The CC is computed via the Pearson correlation coefficient:

Ny 0 o, 6 T05
1 T T\ (TP —T0
cot i) = T 2 ( o0 ) ( 7103 ) | >

i=1

No A UV A ™o
1 T — TM 172 — TH2
CC(A1, Ag) = N, — 1 Z ( O ) ( T > ) (510)

i=1

where N, and Ny are the numbers of discrete channels in the wavelength and incident-
angle dimensions. 7% and 7™ denote slices of the transmission map at # = 6; and A = \;,

respectively; T? and ope represent the mean and standard deviation of a slice.
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Figure S13 shows the inter-6 CC and inter-\ CC for the three encoders. All CC matrices have
unity on the diagonal, since each vector is perfectly correlated with itself. Low correlation of
the transmission map appears as small off-diagonal values. The PG offers limited diversity
in both dimensions, while the TF provides limited angular diversity and relatively simple
spectral diversity. In contrast, the DDE exhibits the lowest inter- CC and inter-\ CC across

all parameters.
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Fig. S13: Inter-6 CC and inter-\A CC of the three transmission maps. a, The disordered-dispersion
encoder proposed in this paper. b, The periodic grating. ¢, The periodic thin film.

5.2 Mutual coherence analysis

We then assess compressive encoding efficiency via mutual coherence. According to compres-
sive sensing theory, a lower (.S, %) means fewer measurements are required to reconstruct
the object with high probability, where S is the sampling matrix and ¥ is the sparse basis.
Given a fixed ¥, a lower p indicates better encoding efficiency. Mutual coherence is defined

as

/L(S,w) = v/ N)\Ng H}EJ%X ‘Siij y (S].l)

where s and 1), are the i-th row of S and the j-th column of ¥, respectively.
Figure S14 illustrates the computation flow of x. We form S by discretizing T'(A, 6,) into an
N, x Ny matrix and assigning each row to a different A. To construct ¥, we randomly extract

n (A, z) and (), y) slices from hyperspectral images in the CAVE database®¥, vectorize and

concatenate them into an N,Ny X n matrix, then apply principal component analysis to
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obtain a sparse NyNy x N\Ny basis. We average the top 20 values of |s] ;| to mitigate

discrete-channel effects.
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Fig. S14: Workflow of calculating mutual coherence u(S,¥). PCA, principal component analysis.

As shown in Fig. S15, for all three structures, mutual coherence increases with Ny (the
compression ratio), indicating a more underdetermined problem that demands more spec-
tral measurements. The DDE consistently achieves the lowest p across all Ny and Ny,

demonstrating its superior encoding efficiency.

5.3 Image reconstruction analysis

Finally, we perform reconstruction simulations to validate encoding performance (Fig. S16).
We use colored handwritten digits from the MNIST dataset ®® as hyperspectral objects and
introduce y-dimensional diversity by sweeping along the y-axis rather than rotating about
the z-axis in the main text. Simple encoders (PG and TF) fail to capture structural infor-

mation accurately. In contrast, transmission maps with stronger disordered features enable
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Fig. S15: Mutual coherence of the three transmission maps. a, The disordered-dispersion encoder
proposed in this paper. b, The periodic grating. ¢, The periodic thin film.

high-resolution, high-fidelity reconstructions. We evaluate similarity between the recon-
structed and ground-truth images using peak signal-to-noise ratio (PSNR) and structural

similarity index (SSIM), respectively defined as:

MAX?
_ MAX™ S12
PSNR(a, b) 1010g10( - ) (S12)
SSIM(a, b) = —2Hatto & C1) (20w + C5) (S13)

(13 + py + Cr)(0F + 03 + o)’
where MAX is the maximum possible pixel value of the image, MSE = % Zf\il (ai — b@-)2 is
the mean squared error between the reconstructed image a and the ground truth image b
over N pixels, p, and p; are the mean intensity values of images a and b, respectively, o>

a

and o are the variances of images a and b, o, is the covariance between images a and b.

C, and (5 are small stabilization constants.
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spectral object. b, The disordered-dispersion encoder proposed in this paper. ¢, The periodic grating. d,
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5.4 Comparison with diffuser-type encoders

The DDE is fundamentally different from conventional diffuser-type encoders. Here, a
diffuser-type encoder refers to a real-space disordered phase or amplitude screen, such as
a ground-glass diffuser or a disordered metasurface. Such a diffuser modulates the incident
field through spatially varying transmission. For an incident plane wave, it generates a far-
field angular speckle distribution. Under a small change in the incident angle, the speckle
pattern mainly shifts in output angle rather than changing into an independent pattern,

corresponding to the memory effect, as schematically shown in Fig. S17a.

In our fiber-tip encoding configuration, this mechanism leads to a trade-off between pho-
ton throughput and angular encoding diversity. The transmission map of a system with a

diffuser-type encoder is the angular speckle intensity integrated over the fiber acceptance
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angle,
Tdiff(/\a 91n) = / -[diﬁ(Aa ¢0ut; ein>0(¢out) d¢out7 (814)
Qfiber

where Lyig(\, Gout; Oin) is the far-field speckle intensity distribution generated by the diffuser
for wavelength A and incident angle 6;,, and C(¢.y;) is the angle-dependent coupling effi-
ciency of the fiber. Because of the memory effect, changing #;, mainly translates I4s along
Gout- If C(¢ous) is narrow, the fiber samples only one or a few speckle grains, so Tyg can
fluctuate with 6;,, but the collected photon flux is low. If C'(¢oy) is broad, many speckle
grains are averaged during the integration, and translating the speckle pattern produces only
a weak change in the collected signal. The resulting transmission map therefore becomes

smooth and highly correlated.

In contrast, our DDE is designed to generate disorder directly in the wavevector domain, as
schematically shown in Fig. S17b. The wavelength- and angle-dependent response arises from
diffraction and modal coupling, so changing the incident angle does not merely translate a
fixed speckle pattern. Instead, nearby incident angles can excite different spectral-angular
responses, suppressing the angular-memory-effect-induced correlation. Therefore, the DDE
can maintain low-correlation spectral-angular encoding under a larger useful collection angle,
providing a favorable balance between encoding diversity and optical throughput for single-

fiber spectral-only measurements.

We further simulate a representative diffuser to illustrate this trade-off, as shown in
Fig. S17c. The diffuser has a 150 pm x 150 pm aperture and a 1 pm pixel pitch, and is
modeled as fused-silica structures with heights uniformly distributed from 0 to 4 pm. With
a small fiber coupling-angle FWHM of 0.5°, the diffuser-based transmission map retains
random fluctuations, but the absolute photon efficiency is only 0.016%. When the fiber
coupling-angle FWHM is increased to 10°, the absolute efficiency increases to 5.2%, but
the angular speckle is averaged and the transmission map becomes smooth. By comparison,
under the same 10° coupling-angle FWHM, the DDE maintains a complex spectral-angular

transmission map while achieving a comparable absolute efficiency of 4.8%.
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Fig. S17: Comparison between diffuser-type and DDE-type encoders. a, A diffuser is a real-space-disordered
encoder. A change in incident angle mainly shifts the far-field speckle pattern, leading to correlated angular
responses within the memory-effect range. b, The DDE generates disorder in the wavevector domain. Differ-
ent incident angles excite different diffraction/modal responses, producing low-correlation spectral-angular
encoding. ¢, Simulated transmission maps under different fiber coupling-angle FWHMs. For the diffuser-
type encoder, a small coupling-angle FWHM of 0.5° preserves random fluctuations but gives a low absolute
efficiency, whereas a larger coupling-angle FWHM of 10° increases the efficiency but smooths the trans-
mission map. Under the same 10° coupling-angle FWHM, the DDE maintains a complex spectral-angular
transmission map with a comparable absolute efficiency.

6 Analysis of single-shot 2D hyperspectral imaging

The current DDE design generates disordered dispersion in the (f, k;) space, corresponding
to disordered modulation in the (A, 6,) domain, while the encoding capability along 6,
remains limited, as shown by the measured transmission-map slices in Fig. S18a. Therefore,
the present device supports single-shot reconstruction mainly in the (A,6,) domain, and
the second spatial dimension in the current 2D experiments is introduced by rotation or

scanning.

A direct route toward single-shot 2D hyperspectral imaging is to extend the DDE to two-
dimensional wavevector-space disorder. For example, the 1D metagrating can be replaced by
a 2D aperiodic or supercell metasurface on the dispersive multilayer film. Such a structure
can provide diffraction channels along both k, and k,, whose coupling with the dispersive
multilayer modes can generate a disordered transmission map. A more systematic strategy
is to inverse-design the encoder by directly optimizing 7'(\, 6, 6,) using task-oriented figures

of merit (FoM), such as mutual coherence, information capacity, optical throughput, noise
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robustness, fabrication tolerance, or end-to-end reconstruction loss. Such FoM-guided inverse

design may further improve both encoding diversity and photon efficiency.

To validate the feasibility of this route, we use an ideal random encoder as an upper-bound
model to examine whether sufficiently decorrelated responses in the (A, 6,,6,) domain can
support single-shot 2D hyperspectral reconstruction. We simulated the transmission map
using randomly distributed elements ranging from 0 to 1, for various numbers of wavelength
channels, while discretizing ¢, and 6, into 20 channels each, as shown in Fig. S18b. The
reconstruction results, shown in Fig. S18 c-f, indicate that as the number of available wave-
length channels increases, the measured raw spectral data contain richer scene information,
thereby improving the possibility of accurate reconstruction. Furthermore, enhancing the
disordered nature of the transmission map can significantly boost reconstruction quality,

providing valuable design insights for future encoding devices.
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Fig. S18: Analysis of single-shot 2D hyperspectral imaging. a, The transmission map slices of the
DDE at 6, = 0 and 6, = 0. b, The transmission map slices of an ideal random encoder at §, = 0 and
6, = 0. c-f, Ground truth object and the reconstruction results with different available A channels.

7 1D hyperspectral imaging experiments

7.1 Experiment setup

In this section, we provide a detailed description of the imaging tests performed with 1D
objects O(A,0,). The imaging module, consisting of a polarizer, DDE, MMF, and spec-
trometer, is configured identically to the calibration setup described in Fig. S8. The 1D

hyperspectral imaging experimental setups are shown in Fig. S19.
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To construct 1D hyperspectral samples with customized (A, 6,) distributions, broadband
illumination (OSL2COL, Thorlabs) is collimated and sequentially passed through a diffuser
(DG10-120-MD, Thorlabs), a slit aperture, and a color filter. The sample is mounted on a
rotation stage that allows precise control of its orientation in the x direction. The diffuser
ensures approximately uniform illumination intensity across incident angles. The incident
angle distribution is controlled using the slit aperture and the rotational stage, while the A
distribution is adjusted by changing the filters. In the main text (Fig. 3a, 3b, 3d), the three
sample, O1, O2, and O3, correspond to a single slit with a 550 nm longpass filter (Edmund),
a single slit with a blue filter, and a double slit with no filter, respectively. The single slit
provided uniform object light over a 5.5° span. The double slit configuration generated
object light with each slit having an angular span of 2.7° and an angular separation of 2.7°

between the slits.

Diffuser Lens

j " = Broadband
v MMF | illumination

Polarizer

Spectrometer Color filter Aperture

Aperture

| —

l

Polarizer Color filter Diffuser

Fig. S19: Experimental setup for spectral-angular imaging. The incident light with a spectral-
angular distribution is generated by passing broadband illumination through a diffuser, an aperture, and a
color filter. An incident angle range of —60° to 60° and different spectral distributions are demonstrated.

7.2 Reconstruction algorithm

The reconstruction of 1D hyperspectral images is schematically illustrated in Fig. 3c. The
unknown object o is reconstructed by solving the basis-pursuit problem Eq. S15, according

to the compressive sensing theory,

O = argmin ||!I/_lo||1 15)
st. So=m,
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where ||-||, is the /; norm. Note that ¥ here is different from the PCA-derived sparse basis
used for the mutual-coherence analysis in Section 5.2. For reconstruction, we instead adopt
simplified gradient-based sparsifying transforms along the spatial and spectral dimensions.

The basis pursuit problem can be equivalently solved by minimizing the target function

A : 1 -
o:arglrjnlnéIISO—""/H;Jr &, (S16)

Fidelity term F(o) Prior term R(o)

Specifically, considering the differing statistical distributions of the hyperspectral cube
along the spatial and spectral axes, the prior term is given by HEPAOH =« H!‘lf,;yfloH1 +
6] H'I’AAOH ,- Here, [; and [, norms are applied to the spatial dimensions 6,, 6, and spectral
dimension A\, respectively, with a and 3 as hyperparameters. Following the fast iterative
shrinkage-thresholding algorithm (FISTA)EB%37 the convex minimization problem Eq. S16
can be solved by iteratively updating o according to the fidelity term F'(o) and the prior

term (or regularization term) R(0).

The pseudocode of the algorithm is shown in Algorithm 1. Since F'(o) is differentiable, the
fidelity term F'(o) is updated with gradient descent, the k-th update is formulated as

Or11 = 0, — YV, F'(0y), (517)

VoF (o) = 8T(So, — m), (S18)

where 7 is the step size, (-)7 represents the transpose.

Algorithm 1 FISTA for hyperspectral image decoding

1: Initialization: oy < 0, t; < 1
2: fork=1,--- ,K do
3: Fidelity update: uy, < op—1 — YVoF(0k—1)

4: Prior update: v}, <= prox. (ug)
2
5: Update t: tp11 < w
. th—1
6: Update oy : o), < vy, + t’;ﬂ (v — Vk—1)
7. end for

8: Output: 6 < ox (Reconstructed image)

The prior term R(o) is not differentiable everywhere, therefore the prior update is imple-

mented with a proximal solver Algorithm 2 instead. The proximal solver coincides with a
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denoising problem Eq. S19, which is solved with the fast gradient projection method %37,

prox, (o) = argmin ||o — v||, + yR(v). (S19)
v
In Algorithm 2, Pc denotes a projection operator that constrains the reconstruction

to [0,00). Specifically, this operator is represented by the pixel-wise function Pgo(x) =

max(z, 0).

Algorithm 2 Proximal solver 4 = prox. (u)

Require: Input u, v
Ensure: Output ©
1: Initialization: v; < 0,wy <0, t; < 1
2 fork=1,---,K, do
3: Compute wy,: wy < vy, + %!I’_l [Po(u—~(#=*)Tvy)]

/ 2
Update t: tp11 < w

4
5 Update viy1: Vi1 <= wy +
6: end for

7. Output: < Po(u —v(P~*)Twg,)

tr—1
tht1

(wy — wr_1)

7.3 Hyperparameter-sensitivity analysis

The reconstruction problem is underdetermined because the DDE compressively maps
a high-dimensional spectral-angular object into a spectral-only measurement. Therefore,
the fidelity term alone cannot sufficiently constrain the solution space. The regularization
terms act as priors that reduce this ill-posedness by favoring physically plausible object

distributions.

In our implementation, the spatial regularization weight o controls the strength of the L,
total-variation prior along the spatial/angular dimension, while the spectral regularization
weight 5 controls the strength of the L, total-variation prior along the wavelength dimension.
The former favors piecewise-continuous spatial structures, and the latter favors smooth spec-
tral responses. These priors are consistent with many hyperspectral scenes, where objects

often contain spatially structured regions and spectra that vary smoothly with wavelength.

To evaluate the sensitivity to these hyperparameters, we sweep o and [ over a broad range
and calculate the reconstruction MAE. As shown in Fig. 5S20a, the reconstruction error is
high when the regularization is absent or severely imbalanced. However, a broad low-error
region exists for intermediate values of « and (3, indicating that the reconstruction does not

rely on a narrowly tuned hyperparameter pair. Figure S20b shows the ground truth.

31



Representative reconstructions are shown in Fig. S20c. When « is too small, spatial artifacts
remain because the spatial solution space is weakly constrained. When /3 is too small, the
reconstruction shows stronger spectral fluctuations. Conversely, overly large regularization
weights suppress valid object variations and cause oversmoothing. These results show that
the current reconstruction is robust within a practical parameter range, while also clarifying
the limitations of the prior-based approach. For samples with highly random spatial textures,
sharp spectral resonances, or rapidly changing dynamics that violate the assumed spatial-
spectral priors, reconstruction quality may degrade. In such cases, adaptive regularization

or data-driven priors may be required.
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Fig. S20: Hyperparameter-sensitivity analysis of the reconstruction algorithm. a, Reconstruction MAE as a
function of the spatial regularization weight o and spectral regularization weight 5. The black circles mark
the sampled hyperparameter combinations. b, Ground-truth spectral-angular object used for the analysis.
¢, Representative reconstructions under different combinations of o and f.

7.4 Field of view analysis

We experimentally demonstrate that our method can accurately reconstruct object infor-
mation over a large field of view (FoV) of [—60°,60°]. In these experiments, a single slit
object provided uniform illumination over a 5.5° span, while the central incident angle was

swept from —60° to 60°.

Figures S21a and S21b present reconstruction results for the slit object at different central

incident angles, with each color corresponding to a specific angle. The average mean absolute
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error (MAE) of the reconstructions is 6.27% in the spectral dimension and 6.44% in the
angular dimension (Fig. S21c). The MAE is defined as

N
1
where GT; and Rec; denote the i-th element of ground truth and reconstructed values

, (S20)

respectively, N is the total number of elements. Supplementary Movie 1 further provides an
animation of the setup, measurements, and reconstructions, illustrating objects with varying
spectral distributions across incident angles from —60° to 60°. These results confirm the

high reconstruction fidelity over the entire FoV.

a Ground truth Reconstruction
— 1 -— : — 60
2
S 08
£ 06 1
&
> 0.4F /\ 4
z . \, /
§ 02 \ A J Nan J) A\ I g
£ 0 QAL A aalbs % AWK ~ <
60 -40 20 0 20 40 60 5
&) =
by . - - 8
[2]
£ 08} T 1
g 06 / 4
«
= 04F = Ground truth = = = - e
'Q 0.2 Reconstruction i
Q -
c 0 N N N N N -60
400 450 500 550 600 650 700
A (nm)
c Angular error ------ Spectral error

0

c

o}

£

s

L

<

=
G 1 1 1 1 1
-60 -40 -20 0 20 40 60

Center 6,

Fig. S21: Analysis of the imaging field of view. a, Angular distributions of the reconstructed slit
object as its central incident angle moves from —60° to 60°. b, Corresponding spectral distributions. c,
Mean absolute error of the reconstruction across the FoV of [—60°,60°].

Importantly, the 120° FoV demonstrated here is not limited by our design but rather a
constraint of the experimental setup, which cannot provide illumination at larger angles. As
shown by simulations in Fig. S22, our system’s transmission matrix remains well-conditioned

for encoding over a FoV of [—90°, 90°].
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Fig. S22: Simulated system transmission matrix over a field of view of [—90°,90°].

7.5 Imaging resolution analysis

To experimentally evaluate the angular resolution of the single-fiber hyperspectral imaging
system, we perform a double-slit resolution experiment, as shown in Fig. S23a. Two 2-mm-

wide slits separated by a 2-mm gap are placed at a working distance of 40 mm from the DDE.

This geometry corresponds to a half-pitch angular resolution of Af ~ tan™! ( 420 ‘E:;) ~~ 2.9°.

The double-slit target is scanned across the field of view by varying the center angle § from

—60° to 60°. For each center angle, the spectral measurement is reconstructed independently,

as shown in Fig. S23b.

We quantify the resolvability using the dip contrast between the two reconstructed peaks,
defined as

]dip
VLI

where I; and I, are the intensities of the two reconstructed peaks, and I, is the minimum

Cyip = 1 —

intensity between them. A higher dip contrast indicates better separation between the two
slits. The results show that the two slits can be resolved over most of the extended field of
view, as shown in Fig. S23c. The reconstruction degrades near the field boundary, where

incomplete calibration leads to a single-peak reconstruction.
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Fig. S23: Experimental evaluation of angular resolution. a, Experimental setup for the double-slit
resolution test. A double-slit aperture with two 2-mm-wide slits separated by a 2-mm gap is placed 40 mm
from the DDE and scanned across the field of view by varying the center angle §. b, Reconstructed angular
intensity map as a function of the double-slit center angle §. The dashed lines indicate the ground-truth
angular positions of the two slits. ¢, Representative reconstructed angular profiles and the corresponding
dip contrast as a function of 4.

8 Robust hyperspectral imaging under dynamic fiber distortion

Our method demonstrates robustness to fiber distortion. Multimode fibers inherently pos-
sess a nearly random transmission matrix due to modal dispersion and coupling, which
distorts transmitted images!'3* 0 The transmission matrix’s sensitivity to minor imper-
fections and external perturbations further complicates practical applications. Although the
spatial distribution of the optical field is distorted during propagation through the fiber,
the average intensity at each wavelength remains stable. Therefore, our strategy maintains

stable performance even when the fiber configuration is distorted.

As shown in Fig. S24a and c, the fiber is bent or twisted by hand, yet the spectral-only
measurements remain stable. We recorded 91 frames of measurements under different dis-
torted states, as shown in Fig. S24b, with a mean variance of only 5.42x107°. Each spectral
measurement is reconstructed into the corresponding spectral-angular distribution of the
incident light (with the incident light unchanged), as shown in Figs. S24d and S24e. Supple-
mentary Movie 2 provides an animation of this process. The variance of the reconstructed
results along the angular and spectral directions is 8.52x107% and 2.93x 107, respectively,
demonstrating that our method can achieve stable imaging in complex and dynamic envi-
ronments. This highlights our approach to fiber imaging or communication applications with

distorted environments.
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Fig. S24: Analysis of system robustness to fiber distortion. a, Experimental setup. Distortions are
introduced by manually bending or twisting the fiber. b, The measurements exhibit minor changes in relative
intensity, while the relative intensity between different wavelengths remains stable. ¢, Different frames of
acquisition correspond to distinct fiber distortions. d, Reconstructed angular distributions. e, Reconstructed
spectral distributions.

9 2D hyperspectral imaging experiments

9.1 Experiment setup

The windmill sample shown in Fig. 3f of the main text is custom-built by placing four
color filters behind a windmill-shaped opaque aperture. The four transparent triangular
regions are covered by yellow, red, green, and blue filters, respectively, thereby producing
spatially varying spectral characteristics. For the regional spectral comparison in Fig. 3h, the
ground truth spectra are measured separately by recording the transmitted spectrum of the

illumination light after passing through each corresponding color filter using a spectrometer.

In addition to this regional spectral reference, we further characterize the full windmill
sample using a commercially available line-scan hyperspectral camera (FSIQ, FigSpec). This

measurement provides a spatial-spectral reference for the reconstructed wavelength slices.
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As shown in Fig. S25, the reconstructed slices reproduce the main spatial distribution and
wavelength-dependent filter responses observed in the hyperspectral-camera measurement,

providing additional validation beyond the regional spectral comparison in Fig. 3h.

For the biological sample shown in Fig. 4 of the main text, the same stained mouse gastric
tumor tissue slice is characterized using the same hyperspectral camera (FSIQ, FigSpec).
The ground-truth spectra in Fig. 4e are extracted by averaging the hyperspectral-camera
measurements over representative tissue regions corresponding to those used in the single-

fiber reconstruction.
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Fig. S25: Spatial-spectral characterization of the windmill sample. The top row shows the hyperspectral-
camera ground truth at representative wavelengths, and the bottom row shows the corresponding
reconstructed wavelength slices from our system.

To construct 2D hyperspectral samples with a (A, 6,,6,) distribution, we illuminate the
real-space colored sample with convergent broadband light, as depicted in Fig. S26. By
setting the focal point of the convergent illumination at the small aperture of the DDE, the
real-space sample o(\, z,y) is transformed into wavevector space o(A, 8, 0,). We rotate the
object about the z-axis in 10° increments, acquiring a total of 36 measurements, which is
equivalent to rotating the imaging module’s distal end. The reconstruction results shown in

Fig. 3f and Fig. 3g exhibit a FoV spanning [—25°, 25°].

It should be noted that the [—25°,25°] FoV in the 2D imaging is not fundamentally limited
by our method, but rather by the numerical aperture of the lens generating the convergent
illumination; thus, the sample can only be illuminated within approximately [—25°,25°]. In
1D imaging, a FoV of [—60°,60°] or larger has been demonstrated, and the same FoV range
is in principle applicable to 2D imaging. Moreover, the use of transmission-mode convergent
illumination is not a requirement but a means to improve the signal-to-noise ratio. By
employing higher-power light sources and more sensitive spectrometers, our method can
be adapted for reflection-mode illumination, for example, in surgical endoscopy, industrial

endoscopy, and related applications.
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Fig. S26: Experimental setup for hyperspectral imaging. Collimated broadband light is focused by
a lens to provide convergent illumination. By rotating the object about the z-axis (equivalent to rotating the
distal end of the endoscope), we introduce angular diversity in the other spatial direction, thereby enabling
hyperspectral imaging.

9.2 Reconstruction algorithm

To extend the 1D reconstruction algorithm to 2D hyperspectral imaging, we first modify the

fidelity term to incorporate multiple measurements. The 2D encoding process is expressed as

mi() = / / T\, 02, 0,) o), B, 6,) d6,d6. (S21)

Here, T;(X,0,,60,) = Scan,{T1(X,0,,0,)}, where Scan;{-} denotes the scanning operation
introducing y-diversity, such as rotational or sweep scanning. The variable m; represents the

i-th measurement.

To facilitate computation, the 2D encoding process is vectorized as S;0 = m,;. Accordingly,

the reconstruction problem can be reformulated as the following optimization:

R 1 _
o:argimn§2i:||57;o—miﬂg+ &0l ,

N g ~  Prior term R(o)

Fidelity term F(o)

(S22)

38



This minimization framework is schematically illustrated in Fig. S27. Notably, the optimiza-

tion problem is solved within the same framework as described in Eqs. S17-S19.

Fidelity update
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Fig. S27: Implementation of the 2D hyperspectral reconstruction algorithm. Our algorithm is
implemented by iteratively solving the optimization problem. The optimization problem consists of two
terms: the fidelity term, which represents the difference between the current reconstruction and the mea-
surements, and the prior term, which imposes gradient sparsity constraints on the object.

9.3 Imaging depth and angular distribution analysis

The proposed system reconstructs the spectral-angular distribution arriving at the fiber
facet. For a point object at (x,y, z), the central incident angles are approximately 6, =
tan~'(z/z) and 6, ~ tan~'(y/z). Unlike conventional lens-based imaging, the system does
not form a sharp intermediate image at a specific object plane, but directly records the
incident angular distribution at the fiber facet. Therefore, changing the object depth mainly
changes the geometric angle-to-position mapping and introduces a finite angular spread,
rather than causing conventional defocus blur. For an aperture diameter D and object

distance z, this angular spread scales as Af ~ D/z.

With a small DDE aperture of 150 pm, a point object at z = 1 cm gives A8 ~ 0.015 rad, and
the spread further decreases with z. Thus, for millimeter-scale and larger working distances,
a point object can be well approximated by a dominant incident angle, giving the angular-
encoding system a large effective depth tolerance. However, angular components blocked by
sample geometry, surface tilt, self-shadowing, or finite acceptance angle are not measured

and therefore cannot be computationally recovered.
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10 Scalability to single-mode fibers

Our method does not rely on the spatial modes supported in the optical fibers to transmit
information. Therefore, our approach can also be applied with single-mode fibers (SMFs). As
shown in Fig. S28, we present our method using an SMF (FCS1-PC/SMA-450-600, JCOP-
TIX), which has a core diameter of 2.5 microns. We use a supercontinuum laser source
(SuperK EVO HP EU-15, NKT Photonics) for higher power illumination to compensate for
the low light flux resulting from the small fiber aperture. The light from the laser source
passes sequentially through a shortpass filter (FESH0750, Thorlabs) and a polarizing beam-
splitter cube (CCM1-PBS251, Thorlabs), illuminating the metagrating. The illumination

setup is mounted on a rotating stage to provide different illumination angles.
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Fig. S28: Transmission map measurement setups of single-mode fiber system. SMF, single-mode
fiber. PBS, polarizing beam splitter. SWPF, Short wavelength pass filter.
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Compared to multimode fibers, SMFs support a narrower spectral transmission band.
We selected the wavelength range of 525-700 nm, and the corresponding transmission
matrix is shown in Fig. S29a. As expected, the transmission map also exhibits disordered
profiles, with distinct and varied spectral and angular slices. Simulations of the reconstruc-
tions in Fig. S29b further validate the encoding and decoding capability on hyperspectral
images, highlighting the potential applications of our approach in increasing the amount of

recoverable information transmitted through highly compact optical waveguides.
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11 Light-efficiency and noise-robustness analysis

We first quantify the light efficiency of the system. The DDE encodes information through
a wavelength- and angle-dependent transmission, and therefore inevitably redistributes or
filters part of the incident light. For s-polarized illumination, the absolute light efficiency
is calculated by averaging the system transmission map T'(\, @) over the calibrated angular
range. The wavelength-averaged absolute efficiencies are 3.59% in simulation and 3.8% in

experiment.

However, the DDE can also diffract part of the large-angle incident light that would other-
wise fall outside the fiber acceptance cone into the collectible angular range. Therefore, we
further evaluate the relative light efficiency, defined as the ratio between the collected signals
with and without the DDE under the same s-polarized illumination and collection geometry.

This metric describes the practical throughput of the DDE-equipped system relative to the

41



0.2 Simulation  .........

Relative light efficiency

Experiment

0

400 500 600 700
Wavelength (nm)
Fig. S30: Relative light efficiency of the DDE-equipped system.

bare fiber-format collection configuration. As shown in Fig. S30, the wavelength-averaged

relative efficiencies are 55.8% in simulation and 59.5% in experiment.

In practical applications, the measurement signal-to-noise ratio (SNR) can be limited by
the illumination photon budget, encoder efficiency, fiber-coupling efficiency, and spectrom-
eter noise. This limitation may become pronounced when the fiber-core diameter is further
reduced. To evaluate the robustness of the proposed compressive encoding and reconstruc-
tion scheme under reduced measurement SNR, we perform a numerical noise-robustness

analysis.

The simulated object has the spatial pattern of the letter “A”, and the same spectral
response is assigned to each nonzero spatial position, as shown in Fig. S31a. We first generate

clean spectral measurements and then add zero-mean Gaussian noise at specified SNR levels,

mio () = mIen(\) + n;(N), (S23)

(2 (2

where n;(A) ~ N (0,0%). The measurement SNR is defined as

clean
SNR = 201log,, (m ) , (S24)
g

where melean denotes the mean intensity of all clean simulated measurements over wavelength

and measurement index.

Figure S31b summarizes the mean PSNR and mean SSIM of the reconstructed hyperspectral
images under different measurement SNRs. The reconstruction quality remains stable from

the noise-free case to 30 dB, and the object can still be reliably reconstructed at 20 dB.
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Representative reconstruction results are shown in Fig. S31c. At an SNR of 30 dB, the
40 noise fluctuation range corresponds to approximately 12.7% of the mean clean signal
intensity, and the reconstruction remains close to the noise-free result. At an SNR of 20 dB,
the 40 fluctuation range increases to approximately 40.0% of the mean clean signal intensity.
Even under this strongly fluctuating measurement condition, the spectral response and
spatial distribution can still be reconstructed. These results demonstrate the robustness of
the encoding and decoding scheme to moderate measurement noise, while indicating the
importance of improving photon efficiency for smaller-core fibers or illumination-limited

conditions.
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Fig. S31: Noise-robustness analysis of the proposed compressive reconstruction scheme. a, Simulated
hyperspectral object at representative wavelengths and spectral response assigned to the object. b, Mean
PSNR and mean SSIM of the reconstructed hyperspectral images under different measurement SNRs. c,
Representative reconstruction results under different SNR conditions. For each condition, the simulated
spectral measurements, averaged reconstructed spectrum, representative wavelength slices, and wavelength-
dependent PSNR and SSIM are shown.

12 DDE fabrication

The DDE is fabricated through a commercial service (Nanjing Nanzhi Advanced Opto-
electronic Integration Technology Research Institute Co., Ltd.). The process (Methods) is
schematically shown in Fig. S32.
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Fig. S32: Schematic of the fabrication process. MSPVD: magnetron sputtering physical vapor depo-
sition. EBL: electron beam lithography. EBEC: electron beam evaporation coating. ICP RIE: inductively
coupled plasma reactive-ion etching.

Supplementary Movie 1: Spectral-angular reconstruction across a

field of view of [—60°, 60°]

The video first presents an animated illustration of the system configuration and the recon-
struction workflow. Following the experimental setup described in Methods, the slit aperture
moves from —60° to 60°, with a step size of 2° driven by a motorized rotational stage, creat-
ing incident light with varying incident angles. During this process, different optical filters
are installed to generate incident light with diverse spectral distributions, as shown on the
left. A total of 61 spectral curves are collected, each of which is individually reconstructed
into a spectral-angular distribution, as shown on the right. This demonstration shows that
our method effectively reconstructs incident light with different spectra and angular distri-
butions. The spectral measurements are acquired with a 400 ms integration time and an
approximately 1 s interval between consecutive spectra. The reconstructions shown in the
video are performed offline, with an average reconstruction time of 26.03 s per measurement
on a common laptop equipped with an NVIDIA 3060 laptop GPU and an Intel i9-12900H
CPU.
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Supplementary Movie 2: Robust spectral signal transmission
through a single multimode fiber and spectral-angular

reconstruction

The video first presents an animated illustration of the system configuration and the recon-
struction workflow. The imaging system is set to continuous acquisition mode, and fiber
distortions, such as bending and twisting, are manually introduced, as shown on the left. The
spectral measurements, shown on the right, remain robust to distortion, with only minor
changes in relative intensity. Thanks to this characteristic, the spectral-angular distribution
can be robustly reconstructed even under fiber distortions. The data acquisition and offline

reconstruction settings are the same as those described for Supplementary Movie 1.
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