N

N
N

HAL

open science

Single-layer spatial analog meta-processor for imaging

processing

Zhuochao Wang, Guangwei Hu, Xinwei Wang, Xumin Ding, Kuang Zhang,
Haoyu Li, Shah Nawaz Burokur, Qun Wu, Jian Liu, Jiubin Tan, et al.

» To cite this version:

Zhuochao Wang, Guangwei Hu, Xinwei Wang, Xumin Ding, Kuang Zhang, et al.. Single-layer spa-
tial analog meta-processor for imaging processing. Nature Communications, 2022, 13 (1), pp.2188.

10.1038/s41467-022-29732-4 . hal-04177630

HAL Id: hal-04177630
https://hal.parisnanterre.fr /hal-04177630

Submitted on 15 Jan 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.parisnanterre.fr/hal-04177630
https://hal.archives-ouvertes.fr

A RTl C L E W) Check for updates

Single-layer spatial analog meta-processor for
Imaging processing

Zhuochao Wang'8, Guangwei Hu® 28, Xinwei Wang"8, Xumin Ding® '34°* Kuang Zhang®
Haoyu Li 184 Shah Nawaz Burokur® 7% Qun Wu®, Jian Liu"34>, Jiubin Tan'? & Cheng-Wei Qiu 2

Computational meta-optics brings a twist on the accelerating hardware with the benefits of
ultrafast speed, ultra-low power consumption, and parallel information processing in versatile
applications. Recent advent of metasurfaces have enabled the full manipulation of electro-
magnetic waves within subwavelength scales, promising the multifunctional, high-through-
put, compact and flat optical processors. In this trend, metasurfaces with nonlocality or multi-
layer structures are proposed to perform analog optical computations based on Green's
function or Fourier transform, intrinsically constrained by limited operations or large foot-
prints/volume. Here, we showcase a Fourier-based metaprocessor to impart customized
highly flexible transfer functions for analog computing upon our single-layer Huygens'
metasurface. Basic mathematical operations, including differentiation and cross-correlation,
are performed by directly modulating complex wavefronts in spatial Fourier domain, facil-
itating edge detection and pattern recognition of various image processing. Our work sub-
stantiates an ultracompact and powerful kernel processor, which could find important
applications for optical analog computing and image processing.
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igh-speed and high-efficiency computation is central in
many modern technologies. The digital computation based
on electron flows in microelectronic circuits relies on analog-
to-digital conversions, which generally suffers from high energy
consumption, low operation speed, and systematic complexity!,
making it challenging especially for massive data processing. Instead,
analog computing directly performs mathematical operations in
parallel and thus avoids converting massive data to discretized bits.
Traditional analog computers take various forms of mechanical,
electronic, or hybrid devices and have large size and slow
responses?~4, hindering their readiness of ultrafast computations.
Recently, all-optical analog computing provides an alternative
computational platform at the speed of light with low power con-
sumption, and could be integrated into photonic chips with thin and
planar profiles as well as enhanced compactness®, which is thus
widely explored as the next-generation computation tools.
Fundamentally, analog optical computation can be imple-
mented in temporal or spatial domain. Time-domain analog cal-
culations process pulse signals from limited input ports®’. In stark
contrast, spatial analog computing modulates incident wavefronts
in real space, enabling massive and high-throughput parallel
operations for required signal-processing tasks such as spatial
differentiation®-10, integration!! and solving equations!>!3. Con-
ventional physical architectures of spatial domain analog com-
puters leverage upon the phase accumulation with stacked or
series of optical elements!41°, making the whole system bulky and
lossy. Nevertheless, metasurface has been captivated as a popular
notion and a promising candidate for highly efficient, compact
and ultrathin analog processors!®-18,
For instance, an inverse-designed computational meta-

structure is proposed to solve linear integral equations!®.
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Therein, the analog operator coupled to waveguides can directly
modulate the wave (Fig. 1a), solving Fredholm integral equation
in a recursive system. Nevertheless, the feedback mechanism
induces the time delay and intrinsic discretization errors in signal
sampling, which may also impose demanding nanofabrication
requirements in higher frequencies. To directly manipulate ana-
log input waves, Fourier systems with engineered transfer func-
tions are employed to attain the prescribed mathematical kernel.
Generically, using the classical optical 4f system, two pieces of
graded refractive index lenses are required to perform direct and
inverse spatial Fourier transform, while a metasurface in Fourier
plane can modulate the spatial frequency (Fig. 1b)%20-22, Such
method offers the real-time wave-based processing mechanism
but still demands bulky systems in practical implementations,
especially when the overall space occupied by the 4f system is
counted.

On the other hand, exploiting Green’s function (GF) kernel to
directly operate on the angular scattering spectrum of impinging
waves can bypass those challenges, since it avoids the subblocks of
Fourier transform. The successful proposals along this paradigm
include, for example, optical differentiation with multi-layered
slabs23, a nonlocal metasurface with Fano response?4, the
Kretschmann configuration for polaritons?®, photonic crystal
slab20:27 and air-glass interface for spin Hall effect28. However,
the scattering spectrum of the meta-atoms for those designs is
angle dependent, which necessarily decreases incident-angle
range and operation diversity?> (see Supplementary Note 1 for
more details). Hence, we propose a single-layer metasurface-
based analog processor (Fig. 1c). Such proposal with restrictions
on the fixed input and output focal length overcomes the existing
issues of compactness and maneuverability of traditional bulky
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Fig. 1 Conceptual sketch of representative analog metaprocessors. a Solving integral equation by a closed-loop network consisting of the metamaterial
kernel, directional couplers and in/out waveguides. b Spatial analog computing based on the 4f Fourier optics system. (GRIN+ indicates a conventional
GRIN, operates as a Fourier transformer. GRIN— has the inverse functionality of the GRIN-, which acts as an inverse Fourier transformer). ¢ The proposed
single-layer meta-processor in this work for shrinking the bulky Fourier-based designs. d Comparison of the proposed differentiator to the recently

proposed designs>24.26,31-34,
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Fig. 2 Schematic diagram of analog computational system utilizing
single-layer Huygens' metasurface. a Derivative operation and b cross-
correlation operation performed on the input image. The inset shows the
photograph of the star in the badge of HIT, which is defined as the
reference image here. ¢ The experiment set-up with a zoomed-in view of
the fabricated Huygens' metasurface (see Supplementary Note 9 for
photographs of the fabricated Huygens' metasurfaces).

Fourier optical devices and shows high flexibility compared to the
GF approach (Fig. 1d).

Our analog optical processor is based on single-layer Huygens’
metasurface (Fig. 2a, b). By introducing specific phase factor into
the complex wavefront profile on the interface, the single-layer
meta-structure herein directly tailors the transverse wavevector
exerted in spatial Fourier spectrum and hence imposes the cus-
tomized transfer function for analog image processing, which can
essentially compress the typical 4f optical system to the 2f

structure (Fig. 2c). For this purpose, we use a single-layer Huy-
gens’ metasurface, which can facilitate the complete control of
wavefronts and amplitudes via judiciously tailored electric and
magnetic dipoles?®=31, to realize the desired transfer function
required by the versatile implementable kernels of mathematical
operations. As the proof of concept, we demonstrated differ-
entiation and cross-correlation for the edge detection and object
recognition, in an analog and compact manner. Compared with
reported state-of-the-art edge detectors>2427-32-35_ our proposed
system demonstrates a relatively superior balance between the
NA and device dimension (Fig. 1d), thanks to the on-demand
electromagnetic control via Huygens’ metasurfaces. Our work
could enable the real-time and high-throughput parallel
computing tasks, overcoming the existing integration issues of
traditional bulky Fourier optical devices while performing diverse
mathematical operations in contrast to GF kernels. Hence,
our proposed miniaturized meta-processor revels high-
performance computing and can be readily generalized for tre-
mendous tasks in analog imaging processing>®37 and computa-
tions such as equation solvers!®-38, edge detection of patterns?’-3>,
optical memory3?, machine learning0-42 and others.

Results

Design of Huygens’ metasurface processor. We firstly discuss
the principle of Huygens’ metasurfaces as the image processor. As
shown in Fig. 2a, the input image, Huygens’ metasurface, and the
output plane are positioned at z=—f,, z=0 and z=f,
respectively. To avoid forward and inverse Fourier transform
subblocks in bulky 4f systems, electromagnetic responses of
Huygens’ metasurface image processor should be elaborately
designed. Under the paraxial approximation and in Fresnel
regime, the wave in output plane (dubbed as E;), regarding the
impinging image (E,) through the Huygens’ metasurface (E,era)
can be expressed:

Ei(xy,y,) = fo explik(f, + f,)]

// dx'dy <// dxodyoEo(xo, ) e"P{zf [ —x) + ) }}>

‘meta

E eta(X05 ¥o) eXP{Zf [(xl - x/) +( =) ]}
2
(1

To directly tailor the spatial Fourier spectrum of the input signal,
the aperture function on the Huygens’ metasurface is defined as:

ik
Epenl®,) = exp [—;—f (¢ + y”)} Ey(d.) )

where fl= fl—i—fi (see Supplementary Note 2 for more details).
Here, the phase factor exp[—%(x/2 +y?)] is introduced to

suppress the undesired phase terms for the construction of linear
convolution relationship at the output plane. Hence, Ey; denotes the
transfer function associated with desired mathematical operations
in spatial Fourier domain, which plays central roles to modulate
spatial spectrum responses. For the specific wavefront impinged on
our Huygens’ metasurface, the integral in Eq. (1) can be re-
evaluated as:

E () = {2 f f, exp[ik(f, + £, ]exp{f (Xl +n )}} ( )
3
x {Eo (—}lxn —jﬁ—%) ¢(x17y1>} © FIE(, )Tk, K )
2

where the additional phase factor ¢(x,,y,) = exp[2 7 (2 + 9]
and k, = Exl and k, = f_z y, are spatial frequencies (wavevectors)
along x and y-axes,

respectively. Besides, © represents
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Fig. 3 Design of Huygens' metasurface processor. a Geometric structure of the proposed elementary Huygens' meta-atom patterned on both sides of the
dielectric substrate (e, = 3, tan § = 0.002). b Surface currents and equivalent electric circuits of the proposed meta-atom. The green line with arrows and
orange arrows indicate the surface electric and magnetic current respectively. ¢ Simulated transmission amplitude and phase of 25 extracted meta-atoms

by modulating the geometrical parameters I, h. and I, h,, at 10 GHz.

two-dimensional convolution operation. Essentially, this equation
shows that the output analog signal is the convolution of
the inversed and rescaled input image and the spatial frequency-
domain Ey(x’,y") on Huygens’ metasurfaces. Hence, the following
ouput images are rotated by m about the origin to compare with the
input ones. Via applying the convolution theorem F{f(x)®
g(x)} = F{f(x)} x F{g(x)} to Eq. (3), the output image in Fourier
spectrum can be obtained by multiplying input signals with
repeated Fourier transforms of Ep, as:

F{E\(x1,y)} = {...}F{Eo(xy, y)(x1, ¥ )} x F (F{EH(x/,y/)})
= (. JF{Eo(x1, y))$(x1, )} x Ey(—x', =)
4)

Since the definition of transfer function, which is the ratio of
the output signal to input signal in Fourier spectrum, is given as
Ey(—x',—y) :%, Ey can model the spatial fre-
quency response of the proposed metasurface-based processor
quantitively and map the output image for each possible input.
For maneuverability without loss of generality, the transfer
function of first-order differential operator is E(x) o< jx and for
the integrator, transfer function can be described as E(x) Jix

Opverall, we can superimpose the specific phase factor related with
the input and output focal length exp[— %(x’ >+ y%)] on the

transfer function Ep algorithmically. In this manner, the
proposed single-layer Huygens’ metasurface can directly imple-
ment spatial frequencies for the target output signal, which avoids
auxiliary optical elements.

To fulfill the appropriate transfer function, we use the
Huygens’ metasurface here as the analog processor due to its
extreme control of complex wavefronts across just one single-
layer rather than multi-layer metasurface designs2®. By incorpor-
ating orthogonal electric and magnetic dipoles with carefully
tailored resonant amplitude into meta-atoms on the interface,
Huygens’ surface introduces abrupt field discontinuities to
generate prescribed wavefronts®® and enables both complete
amplitude and phase manipulation with 100% transmission
efficiency (see more details in Supplementary Note 3). Here, the
metallic Huygens’ metasurfaces are designed in microwave
regime, where the dissipative losses of metals are negligible. As
displayed in Fig. 3a, our Huygens’ meta-atoms are composed by
two split-ring resonators at both sides!. When excited by the
incident wave carrying the image information, a magnetic dipole,
aligned with incident magnetic field, is induced by the split-ring
resonator on one side of substrate (marked in orange in
Fig. 3b)*3#4, while the electric dipole is on the other side, in a
form of the electric-LC resonator with main surface current
flowing along the incident electric field (marked in green in
Fig. 3b)*. Importantly, the light-matter interaction strength as
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well as induced dipole moment can be further altered by
optimizing geometrical parameters (I, h, and 1, h,,). Figure 3¢
provides the numerical result of 25 optimized Huygens’ meta-
atoms using the commercial software CST Microwave Studio (see
Supplementary Note 3 for more details). The proposed Huygens’
meta-atoms can achieve full-coverage modulation of transmission
phase quantified into 8 levels and complete transmission
amplitude control discretized into 4 levels at 10 GHz, as building
blocks of the desired analog image processors. Particularly, when
the transmission amplitude of meta-atom equals to 0, its phase
shifts contribute no variations on the transmitted wavefront.
Therefore, only one Huygens’ meta-atom is designed for
transmission amplitude equivalent to 0 with transmission phase
of —m. Moreover, the deviations between the simulated
transmission coefficient and the predesigned value result from
the minimum process tolerance, especially for meta-atoms with
the transmission amplitude of 0.67 and 1, which are more
sensitive to the offsets of overlaps between the magnetic and
electric resonance. Significantly, the control of both amplitude
and phase of monochromatic waves enables the diversity of
mathematical operations. The single-layer meta-processor enables
a large variety of mathematical operations, including spatial
shifting, high-order derivative, spectral filtering and other Fourier
transform algorithms. In the following, we will show two
exemplary important applications of image detection.

Edge detection operation. Edge detection is commonly explored
to characterize subject boundaries of an image and, in a mathe-
matic language, is reflected in a dramatic change of the derivatives
of signals due to the sudden change of objects. The simplest yet
powerful way for such implementation is to check the behavior of
the first-order derivative operation, which is denoted (with
respect to x-axis for example):

Ey(x) o jx' <= F{Ey}[k,] %6(1%) (5)

X

According to Egs. (3) and (5), the first-order differentiation of
the relevant input image E;(—x,)¢(—x,) in spatial domain maps
the multiplication of jx'in spatial Fourier spectrum. By modulat-
ing the amplitude and phase distributions of transmitted
wavefronts according to Eq. (4), the absolute value of the output
complex image given as:

d{EO(—xl) exp (%xﬂ) }
dx,

d{Eo(_x1)Ph(_x1)}' _

|E1(x1,y1)| 08 ‘ dx,

:ﬂw} L,

dx, 1 dx,

(6)

can be regarded as the processed results under first-order
differentiation approximately. The derivation above demonstrates
the spatial differentiator along x-direction. Similarly, the spatial
differentiator along y-axis can be implemented by replacing
variable x with y. Hence, the first-derivative operation along the
orthogonal axes can be performed based on the proposed
Huygens’ metasurfaces with complex wavefronts modulation, as
shown in Fig. 4a, c. Figure 2c illustrates the image processing
system in microwave regime. A feeding horn antenna launches a
quasi-plane wave on the metal sheet with the predefined holes for
the generation of the input image at z= —f;. Then, after
modulating the wavefronts by Huygens’ metasurface at z=0,
the transmitted electric field in the output plane is measured at
z=f, with a near-field probe. As proof-of-concept experiment,
the input image is set to be a specific rectangle with length

I, =225mm and width [, =305mm under the focal-length
conditions f; =f, =100 mm. Based on Egs. (2) and (5), the
phase and amplitude profiles on Huygens’ metasurface are easily
designed for edge detection in x and y-directions (see more details
in Supplementary Note 4). Figure 4b, d displays the theoretical,
numerical and measured electric field intensity profiles, which
show an excellent agreement. One could clearly see strong signals
at the edge location of images, verifying the 1D-edge detection
capabilities of the proposed analog image processors based on
Huygens’ metasurfaces.

Consequently, the 2D-edge and vertex detection, as shown in
Fig. 4e, g, can be performed by further processing of the obtained
orthogonal 1D-edge information. Firstly, based on the linearity of
Fourier transform, the edge information on the x- and y-axes can
be registered simultaneously by superimposing their correspond-
ing transfer functions in spatial Fourier domain. Hence, 2D-edge

detection (‘—dEjif‘) + j—dE;;ly )
position operation on electric field profiles of Huygens’ metasur-
face along orthogonal axes, as:

Ey(x',y') = Eg(x) + JEp(y) o j(x' + jy) ™)

Secondly, by extracting the common parts of x- and y-
directions edge data that coexist at the same positions, vertex
. dEy(x) o dEy(y)
detection (‘;TII X =

multiplication on 1D-edge detection Huygens’ metasurface
profiles along x-axis and y-axis, as:

Ey(x',y) = Ey(xX)x Ey(y') oc =Xy (8)

) can be achieved by the super-

) can be implemented through the

Due to the direct modulation in spatial Fourier spectrum by
the Huygens’ metasurface, the proposed processor can be
optimized by increasing the number of meta-atoms for superior
light-gathering ability and resolution (see more details in
Supplementary Note 5). Hence, to detect the details of input
rectangular image at 100 mm, the number of meta-atoms is set to
be 100 x 140 to keep NA as high as 0.9. Due to the single-layer
structure, the overall thickness of operator is ~A/6, which ensures
ultra-compactness and integration of our devices. As exhibited in
Fig. 4f, h, the simulated and measured electric field intensity
profiles are consistent with the theoretical results, demonstrating
the 2D-edge and vertex detection functionalities of the proposed
structures. Moreover, to validate the maneuverability of our
proposed processor across versatile applications, the 2D-edge
detection of more complex patterns, including regular pentagon
and hexagon, are also implemented by increasing meta-atom
number to 120 x 170. As illuminated in Fig. 4i, j, the 2D first-
order derivative operations are completely performed on both
images for edge information extraction. Nevertheless, in all
experimental demonstrations, a minor deviation between the
theoretical and measured figures can be seen, which is attributed
to the limited dimensions of Huygens’ metasurfaces and
wavefront discretization. The proposed processors could be
further improved, and the output edge information can be more
uniform via optimizing the phase- and amplitude- quantization
(see Supplementary Note 6 for more details). In summary, our
single-layer Huygens’ metasurface image processor can efficiently
implement the edge and vertex detection techniques.

Cross-correlation operation. Note that edge detection essentially
characterizes the sharp edges of objects. However, such method
neglects other important details of the image, such as continuous
areas of objects. Therefore, to provide global evaluations of the
image, we resort to another image operation—correlation. In
signal-processing, cross-correlation is a fundamental operation to
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Fig. 4 The first-order derivative operation. a Schematic diagram and b theoretical calculations (left), numerical simulations (middle) and experimental
results (right) of the normalized electric field intensity distribution at the output focal length f, =100 mm and 10 GHz working frequency for 1D-edge
detection along x-axis. ¢ Schematic diagram and d theoretical calculations (left), numerical simulations (middle) and experimental results (right) of the
normalized electric field intensity distribution at the output focal length f, =100 mm and 10 GHz working frequency for 1D-edge detection along y-axis.
e Schematic diagram and f theoretical calculations (left), numerical simulations (middle) and experimental results (right) of normalized electric field
intensity distribution at the output focal length f, =100 mm and 10 GHz working frequency for vertex detection. g Schematic diagram and h theoretical
calculations (left), numerical simulations (middle) and experimental results (right) of normalized electric field intensity distribution at the output focal
length f, =100 mm and 10 GHz working frequency for 2D-edge detection. i The input image of regular pentagon (left) with [, =210 mm and output
experimental results (right) of normalized electric field intensity distribution at the output focal length f, =100 mm and 10 GHz working frequency for 2D-
edge detection. j The input image of regular hexagon (left) with [, =175 mm and the output experimental results (right) of normalized electric field
intensity distribution at the output focal length f, =100 mm and 10 GHz working frequency for 2D-edge detection.
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measure the similarity of two images or data arrays:
0 ®500 = [ ) W -0 =0 Og (0 ©

Here, ® represents the cross-correlation operation. Corre-
spondingly, by the complex conjugate processing of Ej(x),
asE;(x) & F'{Ey}[—k,], the convolution relationship between
the inversed input image and transfer function in Fourier domain
in Eq. (3) can be transformed into cross-correlation operation:

E\(x1,y,) & Eo(=x,, —y,) © F {Eg}[—k,, —k]
= EO(_'xl’ _}’1) ® F{EH}[kx7 ky]

In particular, the autocorrelation is defined as the cross-
correlation of a function with itself. Clearly, the maximum of the
autocorrelation is located at zero offset (i.e., no position shift),
and its value denotes the signal energy, as f(0) ® f(0) =
f dx’ [f(x’)|2 . Besides, if g(x) is a shifted of f(x), since:

S © g0 = F0) @ fx — 1) = [ AW W — 1420 =Ryl =1
(11)

the peak of the cross-correlation operation will move at the same
distance. According to this property, the cross-correlation
operation can be utilized to look for the same features between
the input image and the reference image (patterns to be detected)
achieved by the predesigned aperture function on Huygens’
metasurface, which is of great potentials in various modern
technologies including the auto-driving and face recognition.

To validate our metasurface-based analog computing proces-
sor, an input image is selected which contains the square #1 with
size I;; =l =60 mm and the square #2 with size L,; =, =25
mm. Particularly, the square #1, part of the input signal, is set to
be the reference image, described as the 2D rectangular function

F{Ey}lk,] = rect(f—i) rect(%). Hence, to build the reference

image physically, the transfer function on Huygens’ metasurface
is designed in the form as:

Ey(x,y) = Ey(x',y) x |:L £sinc(L E)/)} x {L £sinc(L E/)}
H’ H’ “f “f2 "f2 "f

(12)
where L, =1,,/2 =30 mm, L, = l;,/2 = 30 mm and the input and
output focal lengths f;=f,=100mm. By modulating the
aperture function on Huygens’ metasurface based on Eq. (12),
the peak-value position of the cross-correlation operation
identifies the location of the reference image pattern consist in
the input image. As shown in Fig. 5, the square #1 can be
successfully detected in theoretical, simulated and measured
results. Hence, specific patterns can be readily recognized from
the analog input data by tailoring the wavefront profiles utilizing
Huygens’ metasurfaces. To extend applications of the proposed
computational metasurface, the input image is further designed to
be one-dimensional sequence which contains two squares with
width w; =70 mm. Then, three reference images which contains
one, two or three rectangular patterns with the same width
(named as ©,®,®) are implemented in spatial Fourier spectrum
respectively utilizing Huygens’ metasurfaces (see more details of
transfer functions in Supplementary Note 7). As shown in Fig. 5e,
the output intensity of electric field indicates the index of
geometrical similarity and the location of peaks can identify the
regions where input and reference images contain the same
pattern features. Hence, our metasurface-based cross-correlators
can also perform sequence alignment, offering opportunities for
potential signal detection and even DNA sequencing.

(10)

The robustness of detection functions enabled by our Huygens’
metasurface for cross-correlation processing allows wide applica-
tions. Simplify searching a large database, the proposed single-
layer correlator can directly map and locate the reference
fragment with parallel process to decrease the power consump-
tion and accelerate the speed of signal-processing, which are the
major limitations of electrical processing to be tackled. The
proposed scheme may benefit the radio-frequency sensing
technologies, including locating, recognition and feature estima-
tion. Also, the concept can be readily extended to terahertz and
optical frequency ranges (see more details in Supplementary
Note 8), which can find potential applications in pattern
recognition, information retrieval, single particle analysis, elec-
tron tomography, and bioinformatics. Moreover, by adding
tunable factors into design of Huygens meta-atoms, a single
correlator can track and monitor versatile objects dynamically.

Discussion

In summary, we proposed a novel ultracompact analog proces-
sing system utilizing Huygens’ metasurface to overcome speed
and energy limitations of digital devices. Based on Fourier optics,
the output electric field intensity demonstrates the convolution of
the input signal with the transfer function implemented via a
Huygens’ metasurface with complex wavefronts modulation on
the aperture. Significantly, the proposed single-layer processor
can directly modulate the spatial Fourier spectrum without
physical lenses for direct and inverse Fourier transform. To
modulate the complex wavefront profiles on the interface, 25
Huygens’ meta-atoms are exploited for full and independent
control of transmission amplitude and phase. By constructing the
operator with proposed Huygens’ meta-atoms based on Fourier
transform properties, differentiation and cross-correlation
mathematical operations are performed in proof-of-concept
experiments.

The analog processor uses single-layer Huygens” metasurface to
directly tailor the spatial Fourier frequencies, overcoming the
volume defect and propagation loss of 4f Fourier optics system.
Moreover, the proposed scheme presents a recipe of spatial
arrangement of 25 static Huygens’ meta-atoms at the cost-
effective computing load by GF method, allowing practical
implementation of optical devices with predesigned and complex
angular spectrums. Figure 1d showcases a comparative overview
and the advantages of our proposed metasurface-based spatial
analog processor have been unanimously depicted. Our results
may pave toward high-speed, low-dimension, and high-
throughput all-optical computing metasurfaces, empowering
advanced technologies in analog-data processing, pattern detec-
tion and recognition, and even in bio-medical applications.

Methods
Experimental section. As demonstrated in Fig. 2¢, the wavefronts generated from
the illuminating horn antenna, propagate through the metal plane z = —f, and

later through the Huygens’ metasurface at z = 0, and finally ends at z = f, as the
output profiles. The experimental equipment is established in an anechoic-type
measurement chamber with the size of 310 x 310 x 650 mm? bounded by absor-
bers. For the construction of the input image in microwave regime, a metal plane is
perforated for the predesigned pattern apertures to allow incidence with specific
shapes propagate through. The feeding horn antenna is placed 650 mm away from
the metal plane sample to provide a quasi-planar wave illumination. The metal
plane sample is surrounded by absorbing materials to eliminate diffraction on the
borders. A fiber optic active antenna, operating as the field-sensing probe, is used to
measure the transmitted electric field point by point by step of 2 mm. The feeding
horn antenna and the probe are both connected to the vector network analyzer
(Agilent 8722 ES) to measure the amplitude and phase of the transmission coef-
ficient (component S,; of the scattering matrix).
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Fig. 5 Cross-correlation operation. a The input image consisting of the square #1 with l; =, =60 mm and the square #2 with I,y =/,, =25 mm at

fi =100 mm. b The reference image of the square #1. ¢ The phase profile (left) and the amplitude distribution (right) on the 60 x 80 Huygens' metasurface
as the physical block of the reference square #1. d Theoretical calculations (left), numerical simulations (middle) and experimental results (right) of the
normalized electric field intensity distribution at the output focal length f, =100 mm and 10 GHz working frequency for pattern recognition of the square
#1. e The cross-correlation operation between the input two-square sequence and the reference image containing one, two or three rectangular patterns
with w; =70 mm (named as ®,®,® respectively). Besides, The normalized intensity of output electric field along x-axis are demonstrated at focal length
fi=f> =600 mm and 10 GHz working frequency for sequence alignment.
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