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Abstract: Single pixel imaging as an alternative to tradi-
tional imaging methods, has attracted extensive attention
in various research fields. Metasurfaces with subwave-
length unit cells and compact footprint can be used as a
substitute for traditional optical elements. In this work,
we propose a single pixel imaging scheme based on
metasurface composed of photon sieves, where spatial
modulation is realized through shifting. Spatial multiplex-
ing capability is demonstrated by this shifting mode, which
can obtain more patterns in limited space and greatly
increase the mask capacity. Benefited from the simple
structure and easy manufacture of photon sieves, large
capacity metasurface can be manufactured. Meanwhile,
metasurfaces can simplify the single pixel imaging system,
leading to the system miniaturization and integration. In
addition, numerical and optical experiments prove that
our proposal can operate at the range from the entire
visible light to near-infrared light. Such scheme provides
a new way for single pixel imaging and would be applied
in microscopic imaging, dynamic imaging, hyperspectral
imaging, and so on.

Keywords: large capacity; metasurface; photon sieves;
single pixel imaging; spatial multiplexing.

1 Introduction

Single pixel imaging (SPI), as an advanced method for
computational imaging technology, can be used to obtain
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the target image by performing the correlation operation
between a sequence of mask patterns and their corre-
sponding measurements of intensity on a detector without
spatial resolution [1]. Compared with the traditional focal
plane array technology, SPI replaces pixel array detectors
such as CCD and CMOS cameras with a combination
of digital micromirror devices (DMD) and single pixel
detectors, offering competitive advantages in lower cost,
higher detection efficiency and a great performance across
a larger bandwidth [2, 3]. Benefited from these character-
istics, SPI has been demonstrated in various applications,
including terahertz imaging [4, 5], X-ray imaging [6],
microscopy imaging [7, 8], three-dimensional imaging
[9-11], hyperspectral imaging [12], time-resolved imaging
[13], and low-light imaging [14].

In the past decade, SPI has attracted lots of attention,
and a growing number of efforts have been done to
break through the existing bottleneck. At present, SPI
is developing towards wide band, higher resolution and
faster imaging speed [15—20]. Besides, miniaturization and
integration of imaging system can better apply SPI to all
kinds of scenes, such as cell classification technology [21].
Based on the principle of SPI, a large number of mask
patterns are required to obtain one single image, resulting
in significant time consumption. In order to accelerate
SPI, the image can be reconstructed with much fewer
measurements by taking the advantages of compressive
sensing and deep learning algorithms [20, 22-24]. Gener-
ally speaking, the property of SPI is directly determined
by the performance of spatial light modulator and single
pixel detector. In the case of the single-pixel imaging so far,
the previous works are focused on improving the image
reconstruction quality by optimization algorithms rather
than improving the performance of the system by using
advanced devices. Some new spatial light modulation
schemes are currently proposed, such as the high-speed
LED illumination module [17], the spinning mask coded
by cyclic patterns [18] and the static optical structure [19].
However, the modulation capacity and integration are still
challenges in these schemes of SPI. Therefore, advanced
devices, such as nano optical elements, are expected to
improve SPI.
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Fortunately, with the development of current micro-
nanofabrication technologies and large-scale integrated
design technology, artificially designed metasurfaces,
which are composed of nanoanenna or nanoresonator
arrays with ultrathin structure and subwavelength feature
size, can provide an effective way to achieve ultrahigh-
resolution imaging [25, 26]. Owing to the advantages of
miniaturization, compactness, flexibility and great ability
tomanipulate the amplitude [27], phase [28-30], frequency
[31], polarization [32], orbital angular momentum (OAM)
of light [33], metasurfaces have potential as alternatives
to traditional bulky optical elements, which have been
demonstrated in various practical applications, such as
beam shaping [34, 35], holographic display [33, 36-38],
nonlinear optics [39], metalens [40, 41] and optical encryp-
tion [42]. In these fields, because of its great potential
in improving information capacity, multiplexing metasur-
faces have developed rapidly [43, 44]. As the amplitude
modulation of metasurfaces, photon sieves consisting of
randomly distributed nanoholes are the most effective
schemes and already applied in the amplitude holography,
focusing, vortex generation, etc. [27, 45, 46]. Owing to
the extraordinary advantages in simple manufacturing
and diffractive modulation, photon sieves have a great
performance for an ideal binary amplitude pattern, which
provides a prerequisite for acting as the mask in SP.
Notably, better modulation results can be achieved by opti-
mizing the diameter, position and number of nanoholes
in photon sieves. Besides, such randomly distributed
nanoholes are easy to manufacture in alarge area, resulting
in greater capacity spatial modulation. The metasurfaces
can simplify the imaging system with smaller volume and
easier integration, which increases the applicability of SPI
based on metasurface.

Here, we propose a single pixel imaging scheme
based on large capacity photon sieves, which can achieve
broadband imaging with spatial multiplexing. The photon
sieves can achieve spatial multiplexing by shifting in the
horizontal and vertical directions separately. In this way, a
large number of mask patterns can be generated inalimited
space to improve the information capacity. Meanwhile,
the pixel scale of photon sieves is very small, so the
metasurface can achieve larger capacity modulation with
a small volume. Based on the above point, our scheme
can realize large capacity modulation and has potential
on system integration at the same time, which means
that our scheme has higher flexibility and adaptability.
Besides, the metasurface in our scheme has a wide
range of spectrum throughout the entire visible and near-
infrared wavelength meanwhile realize sub-wavelength
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pixel dimensions. Benefited from the miniaturization and
integration, the presented scheme introduces the large
capacity amplitude modulation metasurface into SPI,
which would provide a new way for dynamic imaging,
microscopic imaging and many other fields.

2 Methods and principle

In general, SPI reconstructs the target image through the
correlation operation between a set of different patterns
and related detection values. As shown in Figure 1, we
successfully implement the application of metasurface
composed of photon sieves to the single pixel imaging
system. The photon sieves can directly act as the mask with
subwavelength size rather than the micron pixel pitch of
commercial digital micromirror device. When light passes
through a part of the photon sieves, a pattern would be
created by the designed structured illumination module.
In order to get more patterns, the photon sieves can be
shifted in the horizontal and vertical directions. Most
importantly, the movement of only one unit can produce
a new pattern, which greatly enhances the information
capacity and numbers of illumination patterns stored by
the spatial multiplexing metasurface. While object light
propagates through the metasurface, the total transmitted
intensity can be collected by a single pixel detector as the
detection values. Consequently, by collecting the required
amount of metasurefaces, the target field of image can be
reconstructed by an effective SPI method with compressive
sensing or deep learning algorithm.

By using metasurfaces as a spatial light modulator, we
perform the image reconstruction process with single pixel
imaging system. Here, in order to realize better amplitude
modulation, we design the photon sieves from three
aspects. Firstly, the thickness of the gold films determines
the overall transmittance of the sample. We choose 100 nm
to balance the transmission of the nanoholes and the
opaque gold films. Secondly, the pixel period should be
small enough to get a higher resolution, so that more
details of the image can be reconstructed. And for easier
fabrication, the period is set to 500 nm. Thirdly, although
the transmission of nanoholes can be higher with the
increase of diameter, the diameter we designed is set
to 360 nm in order to prevent the coupling of adjacent
nanoholes. As shown in Figure 2a, we punch the gold films
onasilica substrate by standard electron beam lithography
(EBL) and reactive ion etching (RIE) technology, making
the nanoholes and the opaque gold films correspond to
“1” and “0” respectively, so that the binary amplitude
modulation can be realized. In addition, the circular hole
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Figure 1: Schematic illustration of metasurface composed of photon sieves and SPI reconstruction. When shifting the metasurface in x and y
direction, it can produce different patterns through delicate arrangement of photon sieves and achieve multiplexed patterns. Meanwhile, the
intensities with target information are collected by a single pixel detector. Then, the target image is reconstructed by SPI algorithm.

structure is isotropic, which makes the imaging polariza-
tion independent. To prove the coding performance of the
metasurface, Figure 2b shows the transmittance spectral
responses of “1” and “0” with a single period by using finite
difference time domain (FDTD) method. Furthermore, we
calculate the contrast between “1” and “0”. As shown in
Figure 2c, the minimum value of contrast is about 5, which
is enough to distinguish the amplitude with nanoholes
and gold films, so that the sample can perform well in the
visible and near-infrared regions. In addition, we demon-
strate the near-field distribution within one nanohole
at 473, 532 and 633 nm wavelength in Figure 2d, for
observing amplitude profiles and local surface plasmonic
modes.

In our design, random binary codes are fabricated on
a single metasurface. When there is a nanohole on the
metasurface, light can pass through and carry the coding
information, so that the single nanohole period is coded
to an amplitude of “1”. Otherwise, the rest is regarded
as amplitude of “0”. Due to flexibility of metasurfaces,
different arrangements of nanoholes can obtain different
mask patterns, for example Hadamard code [8], Fourier
code [47] and optimized code [20] etc. are the conventional
selection codes of SPI. In our work, we choose the random
binary code as the mask, in which the ratio of “0” to “1” is
about 1:1. Figure 3 schematically illustrates the process of
multiplexed patterns on the metasurface. The metasurface
is composed of n X n pixels. While each illumination
pattern is partial of the sample, with the size of m X m. By
shifting the sample in x and y directions (corresponding to

horizontal and vertical directions) separately, the different
patterns are sequential selected to illuminate the target
image. In detail, when the sample shifts in the x direction
with one unit each time, a new pattern can be obtained.
For example, by shifting the metasurface in x direction,
the illumination area is changed continuously, providing
n — m + 1 different pattern with the same size of m x m.
Those patterns are named pattern 1 — 1 to pattern 1 — k,
where k = n — m + 1. Meanwhile, the same principle can
be applied to the y direction with varying only one row
each time. We do a zigzag scan of the metasurface sample
to obtain a total of k X k patterns, which may be much
larger than the total number of patterns that is required to
reconstruct the image. Therefore, the metasurface sample
is shifted M times in the above moving trajectory, which
is enough to restore a high-quality image. After the object
light is modulated by encoded structured light, signals are
recorded by a single pixel detector under each pattern,
totally generating M corresponding detection intensities.
By performing a correlation operation between patterns
and detection intensities, the reconstructed image can be
obtained through SPI algorithm. The detection intensities
can be expressed mathematically as:

&=]wmwmmmf W

where the subscript i = 1, 2, , M is the indices of
moves sequentially in time, M denotes the total number of
measurement, P; represents the transform binary matrix
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Figure 2: Simulated transmission spectrum of the designed photon sieves.

(@) Schematic illustration of gold films on a glass substrate. Left: transparent unit (‘1’); Right: opaque unit (‘0’); the period, thickness and
radius of the nanohole is set as: P =500 nm, H =100 nm, R = 180 nm. (b) Simulated transmission spectrum of unit cell. (c) Contrast
transmission ratio between the two transparent and opaque unit. (d) The near-field distribution within one nanohole at 473, 532 and 633 nm

wavelength, respectively.

corresponding to illumination area, f is a constant deter-
mined by the transmittance at the operating wavelength
with our sample, I represents intensity distribution of the
object. From Eq. (1), the image can be recovered by solving
an inverse process. In detail, the inverse process can be
described as calculating the correlation between patterns
and measurement values, which is achieved by averaging
the product, as follows:

M
1)) = 23— 59 Pixy) @
i=1

where angle brackets stand for the ensemble average
of M measurements. Generally speaking, this method
usually requires amounts of measurements to obtain a

clear reconstruction. Although our sample can support
oversampling measurements, it is undoubtedly a waste of
time and cumbersome. The solution in the above formula
can iteratively estimate the objective function through
convex optimization by combinatorial use of the mask
matrix and detection intensity matrix. So, the compressed
sensing algorithm is proposed to reduce the number of
measurements while improving the reconstruction quality,
which reconstructs the object by solving the following
optimization problem:

T(x, y) = arg mIin% IS — <I>I||§ + TP() 3)
where @ denotes the sensing matrix that determined by
patterns of M measurements and transmittance of our
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Figure 3: The flow chart of SPI algorithm. The metasurface is composed of various multiplexed patterns through spatial shift. The red square
boxes represent the matrix form of the corresponding position of the metasurface and its corresponding patterns are given below. Those
patterns can function as the amplitude mask to the object, whose transmit intensity is measured to recover the whole image through SPI

algorithm.

sample, Sisan M X 1 column vector representing intensities
signal collected by the detector, I is an N X 1 column vector
reshaped by object and N represents the total number
of pixels. || » ||§ denotes the L-2 Euclidean norm, ¥ is a
regularization term with a sparsity constraint on the image,
and 7 represents the regularization parameter used to
adjust the relative weight between residual and sparsity,
which requires selecting an appropriate value to achieve
the best reconstruction.

To realize the progress of minimizing the objec-
tive function, we adopt the Two-Step Iterative Shrink-
age/Thresholding (TwIST) algorithm [48]. In addition, the
total variation (TV) is chosen as our regularization term
with a sparsity constraint, which is described as:

Py = Y /x|’ + [y
Xy

where dx(I) and dy(I) denote the first-order gradient diffu-
sion operations at horizontal and vertical direction, which
can suppress noise while avoiding excessive smoothing
of the image. Furthermore, an iterative total-error com-
pensation (ITEC) algorithm is proposed to optimize the
reconstruction quality under random illumination [49].
Although our sample has a fixed transmittance at each
wavelength, we prove that ITEC can be employed properly
in this case and well combined with compressed sensing
algorithm, which is expressed as:

(4)

La(6Y) = Luy) + P y)AY, + [B— P IAT, ()

where I,,(x,y) is the image obtained by n iterative calcula-
tions, A:’n and A are separately expressed as:

S, = JJ P,0¢, )L, (x, y)dxdy

+
Ben =7 P e ddxdy ©
A~ = (So - Sr) - [/[ﬁ - Pr(xay)]In(X’)/)dXdy (7)
i J1B = P,(x, y)ldxdy

where P, and S, separately stands for the pattern and
detection intensity in the rth measurement, S, denotes the
total power obtained by the detector under parallel beam,
p is atransmittance constant at operating wavelength with
our sample. This process is realized by error compensation
for patterns with amplitude of 1 and 0 respectively, while
iterating a series of patterns until a satisfactory image is
obtained. Finally, by constantly moving the metasurface
and adopting an SPI reconstruction algorithm, a high-
quality image with more details can be recovered.

3 Results and discussion

Next, simulations and experiments further verify the
feasibility of the designed metasurface in the single pixel
imaging scheme.
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First of all, we use the angular spectrum propagation
method to test the image reconstruction quality of our
scheme under different sampling compression ratios. In
this case, we set the working wavelength to 633 nm and
each transmission part to a square of 500 X 500 nm,
which is consistent with the above design. In addition,
the amplitude arrangement of patterns in the simulation is
set to be the same as the mask of the designed metasurface.
An orange image with 100 X 100 pixels is illuminated
by a parallel beam and then modulated by a randomly
distributed mask, and then the total amplitude intensity
can be collected at the convergent interface. Figure 4
illustrates the reconstruction images at different sampling
ratios. We use peak signal to noise ratio (PSNR) and
structural similarity index (SSIM) to evaluate the quality of
the reconstruction images, finding that a very high quality
image can be reconstructed when the sampling ratio is
40%.

The experimental setup to characterize the perfor-
mance of metasurface for SPI scheme is shown in Figure 5a.
We use a pinhole with a diameter of 150 pm as an aperture.
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After light passes through the target object, the object
light is irradiated on the metasurface mask and the output
is modulated by a random amplitude distribution. Then,
the total transmission intensity is received by a detector
after focusing. The metasurface consists of 1000 X 1000
pixels, with pixel size of 500 X 500 nm. By moving the
metasurface in different directions, different mask patterns
and measurement results can be generated. To achieve
better experimental results, it is necessary to have high
requirements for alignment and movement parts. Figure 5b
shows the scanning electron microscopy image of our
metasurface, composed of randomly distributed photon
sieves.

To demonstrate the applicability of our sample to
achieve SPI, we compared the experimental results with
a direct imaging by CCD camera. We use three letters “B”,
“I”, and “T” as the target images, which are displayed
on a display device. Then, we accurately illuminate the
visible light (4 = 633 nm) with 150 pm diameter to the
display device, making the letters part fullyilluminated. By
removing the sample from the optical path and replacing

30% 40% S50%

20.60 25.68
0.96 0.99

02} ! b ! ; i .

0.0 H 1 L 1 i ] 1 | 1
01 02 03 04 05 06 07 08 09

Sampling ratio

Figure 4: Simulation results at different sampling ratio by using angular spectrum propagation method.
(a) Image reconstruction results and its evaluation index with sampling ratios of 15, 25, 30, 40 and 50%. (b) The PSNR and SSIM line chart

under different sampling ratios.
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(b)

Figure 5: The experimental setup and the scanning electron microscopy image of our sample.
(@) The experimental setup of our SPI scheme with metasurface. The focal length of lens 1 and lens 2 is 150 mm, forming a 4f system. Lens 3
is a focusing lens with a focal length of 100 mm. (b) Scanning electron microscopy image (SEM) of fabricated sample. Scale bars, 5 pm.

the focusing lens with a 10X magnification microscope
objective, the target images are directly obtained by a CCD
camera, shown in Figure 6a—c. In SPI scheme, the single
pixel detector replaces the CCD camera, and the required
measurement results can be obtained by lens convergence.
In order to achieve high-quality reconstruction, we set the
sampling ratio to 40% during the process of imaging. As
shown in Figure 6d-f, we get the letters obtained by our
single pixel imaging system with metasurface. The image
size of these letters is 150 X 150 pm with 300 X 300 pixels.
Compared with the images directly obtained by CCD, our
SPI scheme can achieve the microscopic imaging without
magnification microscope objective, which is not available
in previous work. It is worth mentioning that a series of
patterns in our SPI scheme are realized by shifting the

(b)

30um

30um

imageby CCD =

—_
Q.
~—

(e)

reconstruction

Figure 6: The experimental results of our sample.

(c)

(f)

metasurface. Every time a distance of the modulated pixel
period is moved, a different pattern can be generated. This
modulation method can realize the spatial multiplexing
of patterns, so that this scheme can obtain more spatial
information in a limited space.

To further demonstrate the imaging ability of our
scheme, we carried out an experiment on the USAF1951
resolution test chart as the imaging object. The same
metasurface and optical system as the above is used in
the experiment, and the original resolution test chart and
our experiment result are shown in Figure 7a. As shown in
Figure 7b, we further measure the one-dimensional slice
of the resolution targets group 7 (the width in USAF1951
resolution test chart found in the Supporting Information).
As can be seen from the experimental results, our scheme

30pum

(@a=c) “B”, “I” and “T” letters directly obtained by CCD camera, respectively. (d-f) The reconstruction of “B”, “I’’ and “T” letters by using SPI
scheme, respectively. Scale bars, 30 pm. Pixel resolution, 500 nm. Pixel numbers, 300 X 300.
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Figure 7: The experimental results of resolution chart by applying SPI technique using our metasurface.
() The USAF1951 resolution test chart and the imaging results on the group 6 and 7 parts (inside the red rectangle). (b) The 1-D slice of the

resolution targets group 7 (the red line on the experimental result).

can distinguish objects of at least 2.19 pm, which can be
applied to high-resolution imaging to obtain more detailed
information. Compared with the original object image, the
experimental results have some blur, which is affected by
the accuracy of the optical path and experimental devices.
In our experiment, the image reconstructed by SPI is the
image formed by the object passing through the 4f system
to the metasurface, and there will be some deviation in this
process. Although there has some blur in our experiment,
it cannot deny that the principle of our SPI scheme based
on metasurface can achieve high-resolution imaging.

4 Conclusions

In conclusion, we propose and realize a single pixel
imaging scheme based on metasurface composed of
photon sieves. Owing to the properties of large capacity

and integration, our scheme can complete large capacity
modulation in a very small volume, which makes SPI
suitable for a variety of imaging systems. The transfor-
mation of patterns is realized by shifting the metasurface.
In this way, larger spatial modulation can be obtained in
a limited space through spatial multiplexing metasurface
where only little variation can result in total different pat-
terns. Benefited by the small pixel scale of metasurfaces,
the modulation pixel number can be larger in a small
space, making it possible for the application of SPI in
microscopy. Moreover, our sample can work well in a wide
spectral range, which may introduce SPIinto hyperspectral
imaging. We propose and verify the feasibility of the SPI
scheme based on metasurface. By flexibly designing the
metasurface, our SPI scheme can realize more attractive
functions. For example, using the optimized mask [50] can
achieve smaller measurement times and higher quality
reconstruction effect, and increasing the design area of
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the metasurface can enhance the information capacity. In
short, by combining the flexible modulation abilities of
metasurfaces and single pixel technique, various practical
applications can be realized, such as terahertz imaging,
vivo fluorescence microscopy, 3D imaging and dynamic
imaging and so on.
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