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Abstract: Multiple functionalities on a shared aperture are crucial for metasurfaces (MSs) in many
applications. In this paper, we propose a coding-feeding metasurface (CFMS) with the multiple
functions of high-gain radiation, orbital angular momentum (OAM) generation, and radar cross-
section (RCS) reduction based on phase manipulation. The unit cell of the CFMS is composed of
a rectangular emission patch and two quasi-Minkowski patches for reflective phase manipulation,
which are on a shared aperture. The high-gain radiation and multiple modes of±1, ±2, and±3 OAM
generation were realized by rationally setting the elements and the phase of their excitation. The
CFMS presents a broadband RCS reduction of 8 dB from 3.18 GHz to 7.56 GHz for y-polarization and
dual-band RCS reduction for x-polarization based on phase interference. To validate the concept of
the CFMS, a prototype was fabricated and measured. The results of the measurement agree well with
the simulation. A CFMS with the advantages of light weight and low profile has potential application
in detection and wireless communication systems for stealth aircraft.

Keywords: coding-feeding metasurface; emission; scatting; OAM generation; RCS reduction

1. Introduction

Metasurfaces (MSs), as two-dimensional metamaterials, are artificial materials with pe-
riodic or aperiodic structures in sub-wavelength [1–4]. Due to the distinctive manipulation
of electromagnetic (EM) waves, MSs attract great interest from researchers. Particularly,
MSs can flexibly control the phase front over traditional methods through introducing
discontinuities. In this regard, numerous devices and applications have been achieved,
such as invisibility cloaking, perfect lensing, energy harvesters, polarization converters, and
many others [5–12]. Furthermore, inspired by the binary concept, the groups of Engheta
and Cui independently proposed the general notion of digital metamaterials, coding meta-
materials, and programmable metamaterials, which developed a universal methodology to
digitally control EM waves [13,14]. Generally, the coding metamaterials are composed of
two kinds of unit cells, “0” and “1”, which have a phase difference of π. The EM waves can
be manipulated by designing the sequences of coding elements “0” and “1” based on phase
interference. As well, the concept of the coding metamaterials can be extended to 2-bit
coding or higher. By loading the PIN diodes or other active devices into the metasurface,
the reconfigurable coding metasurfaces lead to many exciting applications [15–24].

Recently, the scheme of a shared aperture has been momentous for multifunctional
metasurfaces. For reflective metasurfaces, the multifunctionality of the early studies is usu-
ally limited in the same property. All the possible polarizations (linear, elliptic, and circular)
or two-polarization conversions (from linearly-polarized wave to circularly-polarized wave,
and from linearly-polarized wave to cross-linearly-polarized wave) have been realized
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through reflective metasurfaces, and the linearly polarized can be perfectly converted to
the cross-polarized in certain conditions [25,26]. With the unit cells coupled by diodes, the
linear polarization can be electrically controlled at the resonant frequency, or the elliptical
polarization can be tuned off by the resonance [27]. Furthermore, by integrating the novel
unit microstructure and optimized array, multiple functions have been realized on a shared
aperture of the MS, including polarization conversion, RCS reduction, beam deflection,
diffuse scattering, and vortex beam generation [28–30]. Moreover, the polarization, am-
plitude, and phase of EM waves can be manipulated by the transmissive multifunctional
metasurface. Two functions of polarization conversion (linear to dual-circular polarization)
and polarization selection is achieved with a composite transmission metasurface [31].
Based on the theory of coding metasurfaces, multiple functions of wave front shaping,
pencil beam or multi-beam generation, and beam scanning have been realized through
proper arrangement of the coding array [32,33].

Integrating reflection and transmission, hybrid metasurfaces realize various and nu-
merous electromagnetic functions. For example, frequency-dependent functions can be
realized by stacking different kinds of surfaces [34]. With chiral or anisotropic structures,
polarization-dependent functions have been achieved in the unit aperture [35–37]. Re-
cently, by introducing the coding concept, beam deflection, diffuse scattering, and vortex
beam generation were realized by a transmission-reflection integrated coding metasur-
face [38]. Moreover, when loaded with electronically controlled PIN diodes, manipulation
of the near/far-field patterns and the transmission/reflection modes for EM waves can be
achieved in real time [39]. However, there are few reports about a metasurface with the
functions of simultaneous radiation and reflection with a single layer.

In this work, we propose a coding-feeding metasurface (CFMS) to control reflective
beams and emitting EM waves simultaneously. An optimized meta-atom consisted of a
radiation patch and quasi-Minkowski micro-structure with a cell length of 0.27λ at 4 GHz
was designed to achieve independent phase responses for different polarization incidences.
The meta-atom and one with a rotation angle of 90 deg were employed as the “0” and “1”
elements. With this checkerboard structure, the CFMS can reduce the RCS significantly. In
addition, high-gain radiation and multimodal OAM generation were achieved by rationally
setting the elements and their phase of excitation. The performance was numerically and
experimentally demonstrated using radiation and scattering characteristics. The work may
encourage potential applications in radar and wireless communication systems.

2. Designs and Methods

The multifunction diagram of the CFMS is shown in Figure 1. The unit cell was
composed of a rectangular radiation patch and two quasi-Minkowski patches metal-printed
onto a thin layer of substrate, which was backed by a metallic ground with a sub-miniature-
a (SMA) port on the bottom. The unit cells and their characteristics are depicted in Figure 2,
where the substrate was chosen as F4B with εr = 2.65 and tan δ = 0.0013. The patches and the
ground were all copper, with a thickness of 0.036 mm and conductivity of 5.8 × 107 S/m.
The detailed geometry of unit 0 was as follows: L = 20 mm, a1 = 9.5 mm, a2 = 2.38 mm,
lw = 9.5 mm, lp = 16.8 mm, d = 2.4 mm, h = 4 mm (for unit 1, a1 = 1.69 mm, a2 = 1.13 mm,
lw = 8 mm, lp = 18.2 mm, d = 4.6 mm, the others were the same as unit 0).
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Figure 1. Schematic diagram of the CFMS with the multiple functions of RCS reduction, high-gain 
radiation, and OAM generation. (a) The functions of scattering beam modulation, high-gain radia-
tion, and OAM generation. (b) Coding matrix of the CFMS based on subarray ”0” and subarray 
“1”. The F4B with εr = 2.65 and tanδ = 0.0013 was chosen as the substrate. The rectangular radiation 
patch, two quasi-Minkowski patches, and ground were all copper, with a thickness of 0.036 mm 
and conductivity of 5.8 × 107 S/m. 

  

Figure 1. Schematic diagram of the CFMS with the multiple functions of RCS reduction, high-gain
radiation, and OAM generation. (a) The functions of scattering beam modulation, high-gain radiation,
and OAM generation. (b) Coding matrix of the CFMS based on subarray ”0” and subarray “1”. The
F4B with εr = 2.65 and tanδ = 0.0013 was chosen as the substrate. The rectangular radiation patch, two
quasi-Minkowski patches, and ground were all copper, with a thickness of 0.036 mm and conductivity
of 5.8 × 107 S/m.

For CFMSs, the reflection phase can be controlled by the size of the quasi-Minkowski
micro-structures. The reflected phase changes more dramatically for smaller ones with y-
polarized incidence. Therefore, we chose the proper size with a 180◦ ± 24◦ phase difference
to manipulate the scattering based on the phase interference. In the design, we adopted a
rectangular patch as the radiator. By optimizing the configuration and the feeding position,
impedance matching could be achieved for the CFMS.

Due to the periodic boundary condition for the unit cell, we adopted 3 × 3 elements
as a subarray to reduce differences caused by changes of boundary conditions between the
unit cell and the CFMS array. The 3 × 3 element “0” was adopted as subarray “0” for the
coding matrix, and that with the rotation angle of 90 deg was denoted as subarray “1”. The
coding matrix of the CFMS is “0110/1001/1001/0110” in Figure 1b.

The commercial software CST Microwave Studio (version 2020, Computer Simulation
Technology, Darmstadt, Germany) was employed to verify the properties of the unit cell and
MS array. As shown in Figure 2b, the S11 of unit cells “0” and “1” was below −10 dB from
3.61 GHz to 4.36 GHz in radiation mode, which indicated impedance matching. Figure 2c–e
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shows the reflection amplitude and phase results of unit cells “0” and “1”. Because of the
property of reciprocity, the reflection amplitude results for x-polarization were the same as
the S11 data. It also shows the perfect reflection in the y-polarized incidence. The phase
difference of about 180◦ ± 24◦ between unit 0 and unit 1 was from 4.56 GHz to 6.92 GHz
for the y-polarized incidence and was in the band of 3.95–4.13 GHz and 11.02–11.50 GHz
for the x-polarized incidence, which indicated that the unit cells of the CFMS can be used
to manipulate the scattering.
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Figure 2. Geometry and characteristics of unit cells “0” and “1”. (a) The unit cells “0” and
“1”; (b) Simulated amplitude results of reflection for unit cells “0” and “1” with radiation mode;
(c) Reflection amplitude of unit cells “0” and “1” in plane incident waves; (d,e) Reflection phase of
unit cells “0” and “1” for y- or x-polarized plane incident waves.
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With normally incident waves, the far-field scattering patterns of the CFMS can be
expressed as:

Etotal = Esubarray ·
M

∑
m=1

N

∑
n=1

exp
{
−j
{

kL sin θ

[
(m− 1

2
) cos φ + (n− 1

2
) sin φ

]
+ Θ(m, n)

}}
(1)

where Esubarray is the electric field intensity of the scattering for a subarray and L is the
dimension of the subarray. ϕ and θ stand for the azimuth and elevation angles, respectively.
Θ(m, n) is the phase difference of the scattering electric field between the adjacent subarrays.

The directivity function D(ϕ, θ) of the scattering field for the CFMS can be obtained as:

D(ϕ, θ) =
4π|Etotal |2∫ 2π

0

∫ 2π
0 |Etotal |2 sin θdφdθ

(2)

From Equations (1) and (2), it is theoretically verified that the scattering beams and
RCS of the CFMS can be significantly reduced based on the subarray and the coding matrix.

3. Results of Simulation and Measurement

Figure 3 shows the simulated scattering patterns at 4.79 GHz for a metal plate, the
CFMS of all “0” units, and the CFMS checkerboard structure with the same area. The
destructive interference has been chosen as the principle for arranging the coding elements.
Based on the reflective phase difference of 180 deg between unit “0” and unit “1”, it is
possible to control the scattering beams with the coding matrix. For example, when we
adopted the same kind of elements for the CFMS, the normal scattering beam was strong
and the scattering beam was the same as that of a metal plate, as given in Figure 3a,b. When
the CFMS was arranged as a checkerboard structure, the normal scattering beam was separated
into four side beams, as given in Figure 3c, which led to significant monostatic RCS reduction.
Consequently, the proposed CFMS can effectively manipulate the scattering beam.
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Figure 4 shows the simulated near electric fields of scattering for the metal plate and 
CFMS on the diagonal plane with incident y-polarized normal EM waves at 4.79 GHz 
and 6.71 GHz. As shown in Figure 4, it is obvious that the near electric intensity of the 
metal plate was much more than that of the CFMS in the normal direction. In contrast, 
the near electric fields of the normal reflection have almost vanished and have been re-
distributed to other directions by the proposed CFMS from Figure 4b,d. Thus, the near 
electric fields of the scattering have been controlled by the CFMS. 

 

Figure 3. Simulated 3D scattering patterns for a metal plate, the CFMS of all “0” units and the CFMS
with checkerboard structure with the same area at 4.79 GHz. (a) 3D scattering pattern of a metal plate.
(b) 3D scattering pattern for the CFMS of all “0” units. (c) 3D scattering pattern of the CFMS with
checkerboard structure.

Figure 4 shows the simulated near electric fields of scattering for the metal plate and
CFMS on the diagonal plane with incident y-polarized normal EM waves at 4.79 GHz and
6.71 GHz. As shown in Figure 4, it is obvious that the near electric intensity of the metal
plate was much more than that of the CFMS in the normal direction. In contrast, the near
electric fields of the normal reflection have almost vanished and have been redistributed to
other directions by the proposed CFMS from Figure 4b,d. Thus, the near electric fields of
the scattering have been controlled by the CFMS.

Based on theories of antenna arrays, the CFMS can achieve high-gain radiation when
the SMA ports are fed, and impedance matching can be achieved by optimizing the
configuration and feeding position. Figure 5 shows the characteristics of emission for the
CFMS. From the radiation patterns with the unit of dBi in Figure 5a–c, it can be seen that the
realized gain is 13.5 dBi at 3.98 GHz; the 3 dB beam width was 22.5 deg in both xoz-plane
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and yoz-plane at 3.98 GHz, and the side lobe was less than −15 dB. The front-to-back ratio
of 33.9 dB was obtained for the CFMS at 3.98 GHz. What’s more, the components of cross-
polarization at the direction of the main lobe were much less than those of co-polarization.
Consequently, high-gain radiation can be realized by the CFMS.
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Based on theories of antenna arrays, the CFMS can achieve high-gain radiation 
when the SMA ports are fed, and impedance matching can be achieved by optimizing 
the configuration and feeding position. Figure 5 shows the characteristics of emission for 
the CFMS. From the radiation patterns with the unit of dBi in Figure 5a–c, it can be seen 
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Figure 4. Simulated near electric fields of scattering for a metal plate and the CFMS with the same
area on the diagonal plane with the y-polarized incidence. (a) Near electric fields of scattering for
a metal brick at 4.79 GHz. (b) Near electric field of scattering for the CFMS at 4.79 GHz. (c) Near
electric field of scattering for a metal brick at 6.71 GHz. (d) Near electric field of scattering for the
CFMS at 6.71 GHz.
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(c) Radiation patterns of co- and cross-polarized components in the yoz-plane for the CFMS.

For the CFMS with the phase-shifting feeding scheme (0◦, 45◦, 90◦, 135◦, 180◦, 225◦,
270◦, 315◦, clockwise 45-degree rotation), the OAM beam with −1 mode was generated in
Figure 6a,b,e. The OAM beam with +1 mode was realized as the anticlockwise 45-degree
rotation. The feeding position is dark red in Figure 6a. By adjusting the phase-shifting
scheme (as 0◦, 90◦, 180◦, 270◦, 0◦, 90◦, 180◦, 270◦ or 0◦, 135◦, 270◦, 45◦, 180◦, 315◦, 90◦,
225◦), the OAM beams with mode ±2 and mode ±3 could be realized by the CFMS. The
3D patterns, phases, and amplitude distributions of near electric fields for OAM generation
with different modes are given in Figure 6b–f. From Figure 6e–g, we can see that the
rotation direction of the vortex phase for OAM with +l (l = 1, 2, and 3) mode are contrary
to that with −l (l = 1, 2, and 3) mode. Yet, the amplitude of the near-field distribution for
OAM with +l mode is same as that with −l mode. It can be observed that the simulated
results show a good performance for multimodal OAM generation for CFMS.
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Figure 6. Diagram of the feeding positions and simulated results of OAM for the CFMS. (a) Diagram
of the feeding positions. The eight subarrays were chosen to generate the OAM beam. (b–d) 3D
radiation patterns of the OAM with 1, 2, 3 modes. (e–g) Phase and magnitude results of near electric
field distributions on plane for the CFMS with the OAM in different modes. The OAM beams in +1,
+2, and +3 mode can be respectively realized as the incident phases in an anticlockwise feeding phase
with 45-, 90-, and 135-degree rotation. Correspondingly, the OAM beams in −1, −2, and −3 modes
were achieved as the incident phases with clockwise 45-, 90-, and 135-degree rotation.
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A prototype was fabricated and measured to validate the design and multiple functions
of the CFMS. The CFMS prototype was fabricated using circuit board printing technology.
The radiation and scattering characteristics were measured using an Agilent N5230C vector
network analyzer. The function of scattering regulation could be reflected by the monostatic
RCS reduction, which is depicted in Figure 7b. It is clear that significant monostatic RCS
reduction can be achieved at multiple bands, which is more than 10 dB in the bands
of 3.21–3.45 GHz, 4.05–4.58 GHz, 4.60–5.31 GHz, and 6.62–7.45 GHz in the y-polarized
incidence. When the incident wave was x-polarized, the monostatic RCS reduction in the
band of 4.02–4.25 GHz and 11.18–11.55 GHz was more than 10 dB. Moreover, the 8 dB RCS
reduction can be realized from 3.18 GHz to 7.56 GHz for y-polarization. The y-polarized
reduction peaks were 22.5 dB and 21.9 dB at 4.23 GHz and 6.88 GHz, respectively. This is
approximately identical to the results of the simulation, which had resonances of 4.78 GHz
and 6.65 GHz. The x-polarized peaks appeared at 4.19 GHz and 11.21 GHz, which was close
to the simulation of 3.98 GHz and 11.03 GHz. The measured scattering patterns in diagonal
sections were orthogonal to the xoy-planes of the CFMS illustrated in Figure 7c,d under
y-polarized incidences. From the measured results at 4.79 GHz, the CFMS can significantly
reduce the scattering and the reflective beams were almost uniformly distributed in four
directions. The measured and simulated data were in good agreement.
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Figure 7. Environment of the measurement and measured scattering results. (a) Environment of
the measurement for scattering. (b) Measured and simulated monostatic RCS reduction with x-
or y-polarized incidences. Measured and simulated scattering patterns of (c) ϕ = 45◦ plane and
(d) ϕ = 135◦ plane for the CFMS with the y-polarized incidence at 4.79 GHz.
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The simulated and measured results verify the function of radiation for the CFMS in
Figure 8. Figure 8a shows the S11 in the full-wave simulation and measurement respectively.
From 3.69 GHz to 4.18 GHz, the magnitude of S11 was below −10 dB, which means good
impedance matching and a potential emitting property. In Figure 8b,c, it can be seen that
the gain was 13.25 dB and the half-beam width was 20.2 deg and 18.9 deg for the E-plane
and H-plane, respectively. Moreover, the cross-polarized pattern was significantly less
than the co-polarized one. Consequently, the CFMS exhibits excellent directivity and low
cross-polarization, and the measurement agrees well with the simulation.
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Figure 8. Measured and simulated amplitudes of S11 and radiation patterns at 4 GHz for the CFMS.
(a) Measured and simulated amplitudes of S11 for the CFMS. (b) Co- and cross-polarized radiation
patterns on the E-plane. (c) Co- and cross-polarized radiation patterns on the H-plane.

Figure 9 shows the experimental results of OAM generation for the CFMS. The near-
field measurement system is depicted in Figure 9a, and the phase distribution of mode −2
is given in Figure 9c. The prototype of the CFMS is given in Figure 9b. The scanning area
was 180 mm × 180 mm, with a step size of 3 mm. The phase distribution of OAM order
−2 was clear, which verified the generation of OAM. The measured far-field radiation
patterns of OAM patterns with −2 mode are given in Figure 9d. It can be seen that there
are two nulls at the direction of propagation. The measured results are consistent with
the simulated data. It is necessary to note that the difference between the simulation and
the measurement can be attributed to the power divider, the fabricated accuracy of the
prototype, the welds of the SMA ports, and the effect of the measurement environment.
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Table 1 gives a comparison of scattering and radiation performance for this work with
the other references. The metasurface in [28] can only obtain high-gain radiation, yet the
scattering beam cannot be manipulated. Broadband RCS reduction and effective radiation
can be realized by the metasurface antenna in [37]; however, its thickness of 6.508 mm is
too thick, and it is very difficult to control the layer of air. From Table 1, it can be clearly
seen that this thin CFMS not only achieves wide band RCS reduction and obvious RCS
reduction peaks, but also realizes high-gain radiation.

Table 1. Comparison of scattering and radiation performance for this work with other references.

Ref. RCS Reduction
Band

RCS Reduction
Peak Radiation Gain Thickness

[28] none none Ok 26 dBi 4.0 mm

[29] 6.7–24 GHz 16 dB Ok <5 dBi 3.0 mm

[36] 3.0–4.3 GHz 16.8 dB Ok 7.0 dBi 6.0 mm

[37] 5.0–18 GHz 30 dB Ok 9.5 dBi 6.508 mm

This work 3.18–7.56 GHz 22.5 dB Ok 13.5 dBi 4.0 mm

4. Conclusions

To sum up, the coding-feeding metasurface was proposed, designed, and manufac-
tured to realize its multifunctionality. The theory of interference and realization of phase
manipulation was elucidated and theoretically analyzed. The multiple functions of high-
gain radiation, RCS reduction, and OAM generation were verified by the results of both
simulation and measurement. The concept of a CFMS integrates radiation and scattering
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manipulation creatively and achieves OAM generation with an ingenious coding arrange-
ment. Consequently, the CFMS will be a good choice for the integrated control of radiation
and scattering or other multifunctional applications.

Author Contributions: Conceptualization, G.-S.H. and S.-J.L.; methodology, G.-S.H.; software, G.-
S.H.; validation, S.-J.L., H.-H.Y. and X.-Y.C.; formal analysis, Z.-Y.L.; investigation, G.-S.H. and C.-Y.H.;
resources, X.-B.L.; data curation, G.-S.H. and S.-J.L.; writing—original draft preparation, G.-S.H.;
writing—review and editing, S.-J.L. and X.-Y.C.; visualization, X.-Y.C.; supervision, S.-J.L.; project
administration, S.-J.L., H.-H.Y. and X.-Y.C.; funding acquisition, S.-J.L., H.-H.Y. and X.-Y.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 62171460, 61801508), the Natural Science Basic Research Program of Shaanxi Province, China
(Grant No. 2020JM-350, 20200108, 20210110, 2022JM-319, 2022JQ-685), the Young Innovation Team at
Colleges of Shaanxi Province, China (Grant No. 2020022), the Postdoctoral Innovative Talents Support
Program of China (Grant No. BX20180375), the China Postdoctoral Science Foundation (Grant No.
2021T140111, 2019M650098), Postdoctoral Research Funding of Jiangsu Province (2019K219) and the
Graduate Innovation Fund of the Air Force Engineering University (CXJ2021060).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors also thank the reviewers for their valuable comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, S.J.; Li, Z.Y.; Huang, G.S.; Liu, X.B.; Li, R.Q.; Cao, X.Y. Digital coding transmissive metasurface for multi-OAM-beam. Front.

Phys. 2022, 17, 62501. [CrossRef]
2. Pendry, J.B.; Schurig, D.; Smith, D.R. Controlling electromagnetic fields. Science 2006, 312, 1780–1782. [CrossRef] [PubMed]
3. Lin, D.; Fan, P.; Hasman, E.; Brongersma, M.L. Dielectric gradient metasurface optical elements. Science 2014, 345, 298–302.

[CrossRef] [PubMed]
4. Li, S.J.; Li, Y.B.; Zhang, L.; Luo, Z.J.; Han, B.W.; Li, R.Q.; Cao, X.Y.; Cheng, Q.; Cui, T.J. Programmable Controls to Scattering

Properties of a Radiation Array. Laser Photonics Rev. 2021, 15, 2000449. [CrossRef]
5. Schurig, D.; Mock, J.J.; Justice, B.J.; Cummer, S.A.; Pendry, J.B.; Starr, A.F.; Smith, D.R. Metamaterial electromagnetic cloak at

microwave frequencies. Science 2006, 314, 977–980. [CrossRef]
6. Ergin, T.; Stenger, N.; Brenner, P.; Pendry John, B.; Wegener, M. Three-dimensional invisibility cloak at optical wavelengths.

Science 2010, 328, 337–339. [CrossRef]
7. Pendry, J.B. Negative Refraction Makes a Perfect Lens. Phys. Rev. Lett. 2000, 85, 3966–3969. [CrossRef]
8. Huang, G.S.; Li, S.J.; Li, Z.Y.; Liu, X.B.; Ji Di, L.R.; Cao, X.Y. Coding-Feeding Metasurface for Diffusion and Dual-Band Emission.

Adv. Theory Simul. 2022, 5, 2200006. [CrossRef]
9. Wang, H.; Prasad Sivan, V.; Mitchell, A.; Rosengarten, G.; Phelan, P.; Wang, L. Highly efficient selective metamaterial absorber for

high-temperature solar thermal energy harvesting. Sol. Energy Mater. Sol. Cells 2015, 137, 235–242. [CrossRef]
10. Zhang, X.; Liu, H.; Li, L. Tri-band miniaturized wide-angle and polarization-insensitive metasurface for ambient energy harvesting.

Appl. Phys. Lett. 2017, 111, 071902. [CrossRef]
11. Han, B.; Li, S.; Li, Z.; Huang, G.; Tian, J.; Cao, X. Asymmetric transmission for dual-circularly and linearly polarized waves based

on a chiral metasurface. Opt. Express 2021, 29, 19643–19654. [CrossRef] [PubMed]
12. Li, Z.Y.; Li, S.J.; Han, B.W.; Huang, G.S.; Guo, Z.X.; Cao, X.Y. Quad-Band Transmissive Metasurface with Linear to Dual-Circular

Polarization Conversion Simultaneously. Adv. Theory Simul. 2021, 4, 2100117. [CrossRef]
13. Della Giovampaola, C.; Engheta, N. Digital metamaterials. Nat. Mater. 2014, 13, 1115–1121. [CrossRef] [PubMed]
14. Cui, T.J.; Qi, M.Q.; Wan, X.; Zhao, J.; Cheng, Q. Coding metamaterials, digital metamaterials and programmable metamaterials.

Light Sci. Appl. 2014, 3, e218. [CrossRef]
15. Li, S.J.; Han, B.W.; Li, Z.Y.; Liu, X.B.; Huang, G.S.; Li, R.Q.; Cao, X.Y. Transmissive coding metasurface with dual-circularly

polarized multi-beam. Opt. Express 2022, 30, 26362–26376. [CrossRef]
16. Cui, T.J.; Liu, S.; Bai, G.D.; Ma, Q. Direct Transmission of Digital Message via Programmable Coding Metasurface. Research 2019,

2019, 2584509. [CrossRef]

http://doi.org/10.1007/s11467-022-1179-9
http://doi.org/10.1126/science.1125907
http://www.ncbi.nlm.nih.gov/pubmed/16728597
http://doi.org/10.1126/science.1253213
http://www.ncbi.nlm.nih.gov/pubmed/25035488
http://doi.org/10.1002/lpor.202000449
http://doi.org/10.1126/science.1133628
http://doi.org/10.1126/science.1186351
http://doi.org/10.1103/PhysRevLett.85.3966
http://doi.org/10.1002/adts.202200006
http://doi.org/10.1016/j.solmat.2015.02.019
http://doi.org/10.1063/1.4999327
http://doi.org/10.1364/OE.425787
http://www.ncbi.nlm.nih.gov/pubmed/34266071
http://doi.org/10.1002/adts.202100117
http://doi.org/10.1038/nmat4082
http://www.ncbi.nlm.nih.gov/pubmed/25218061
http://doi.org/10.1038/lsa.2014.99
http://doi.org/10.1364/OE.466036
http://doi.org/10.34133/2019/2584509


Materials 2022, 15, 7031 12 of 12

17. Li, S.J.; Cao, X.Y.; Xu, L.M.; Zhou, L.J.; Yang, H.H.; Han, J.F.; Zhang, Z.; Zhang, D.; Liu, X.; Zhang, C.; et al. Ultra-broadband Reflec-
tive Metamaterial with RCS Reduction based on Polarization Convertor, Information Entropy Theory and Genetic Optimization
Algorithm. Sci. Rep. 2016, 5, 37409. [CrossRef]

18. Li, S.; Li, Z.; Han, B.; Huang, G.; Liu, X.; Yang, H.; Cao, X. Multifunctional Coding Metasurface with Left and Right Circularly
Polarized and Multiple Beams. Front. Mater. 2022, 9, 854062. [CrossRef]

19. Zhang, L.; Chen, X.Q.; Shao, R.W.; Dai, J.Y.; Cheng, Q.; Castaldi, G.; Galdi, V.; Cui, T.J. Breaking Reciprocity with Space-Time-
Coding Digital Metasurfaces. Adv. Mater. 2019, 31, e1904069. [CrossRef]

20. Li, Z.; Li, S.; Huang, G.; Liu, X.; Cao, X. Quad-OAM-beam based on a coding transmissive metasurface. Opt. Mat. Express 2022,
12, 3416–3428. [CrossRef]

21. Abadal, S.; Cui, T.J.; Low, T.; Georgiou, J. Programmable Metamaterials for Software-Defined Electromagnetic Control: Circuits,
Systems, and Architectures. IEEE J. Emerg. Sel. Top. Circuits Syst. 2020, 10, 6–19. [CrossRef]

22. Chen, L.; Ma, Q.; Nie, Q.F.; Hong, Q.R.; Cui, H.Y.; Ruan, Y.; Cui, T.J. Dual-polarization programmable metasurface modulator for
near-field information encoding and transmission. Photon. Res. 2021, 9, 116–124. [CrossRef]

23. Zhang, L.; Chen, M.Z.; Tang, W.; Dai, J.Y.; Miao, L.; Zhou, X.Y.; Jin, S.; Cheng, Q.; Cui, T.J. A wireless communication scheme
based on space- and frequency-division multiplexing using digital metasurfaces. Nat. Electron. 2021, 4, 218–227. [CrossRef]

24. Patel, S.K.; Surve, J.; Parmar, J. Detection of cancer with graphene metasurface-based highly efficient sensors. Diam. Relat. Mater.
2022, 129, 109367. [CrossRef]

25. Li, S.J.; Cui, T.J.; Li, Y.B.; Zhang, C.; Li, R.Q.; Cao, X.Y.; Guo, Z.X. Multifunctional and multiband fractal metasurface based on
inter-metamolecular coupling interaction. Adv. Theory Simul. 2019, 2, 1900105. [CrossRef]

26. Ma, H.F.; Wang, G.Z.; Kong, G.S.; Cui, T.J. Broadband circular and linear polarization conversions realized by thin birefringent
reflective metasurfaces. Opt. Mater. Express 2014, 4, 1717–1724. [CrossRef]

27. Zhu, B.; Feng, Y.; Zhao, J.; Huang, C.; Wang, Z.; Jiang, T. Polarization modulation by tunable electromagnetic metamaterial
reflector/absorber. Opt. Express 2010, 18, 23196–23203. [CrossRef]

28. Li, S.J.; Li, Y.B.; Li, H.; Wang, Z.X.; Zhang, C.; Guo, Z.X.; Li, R.Q.; Cao, X.Y.; Cheng, Q.; Cui, T.J. A Thin Self-Feeding Janus
Metasurface for Manipulating Incident Waves and Emitting Radiation Waves Simultaneously. Ann. Phys. 2020, 532, 2000020.
[CrossRef]

29. Rajabalipanah, H.; Abdolali, A. Ultrabroadband Monostatic/Bistatic RCS Reduction via High-Entropy Phase-Encoded Polariza-
tion Conversion Metasurfaces. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 1233–1237. [CrossRef]

30. Luo, X.Y.; Guo, W.L.; Qu, K.; Hu, Q.; Chen, K.; Tang, H.; Zhao, J.; Jiang, T.; Feng, Y. Quad-channel independent wavefront
encoding with dual-band multitasking metasurface. Opt. Express 2021, 29, 15678–15688. [CrossRef]

31. Han, B.; Li, S.; Cao, X.; Han, J.; Tian, J.; Jidi, L.; Li, Y. Dual-band transmissive metasurface with linear to dual-circular polarization
conversion simultaneously. AIP Adv. 2020, 10, 125025. [CrossRef]

32. Wu, R.; Bao, L.; Wu, L.; Cui, T. Broadband transmission-type 1-bit coding metasurface for electromagnetic beam forming and
scanning. Sci. China Phys. Mech. Astron. 2020, 63, 284211. [CrossRef]

33. Gao, W.H.; Chen, M.; Cheng, Q.; Shao, R.W.; Liang, J.C.; Gao, Y.; Cui, T.J. 1-bit reconfigurable transmitarray with low loss and
wide bandwidth. New J. Phys. 2021, 23, 065006. [CrossRef]

34. Li, Q.; Pang, Y.; Li, Y.; Yan, M.; Wang, J.; Xu, Z.; Qu, S. Low radar cross section checkerboard metasurface with a transmission
window. J. Appl. Phys. 2018, 124, 065107. [CrossRef]

35. Amin, M.; Siddiqui, O.; Farhat, M. Metasurface supporting broadband circular dichroism for reflected and transmitted fields
simultaneously. J. Phys. D Appl. Phys. 2020, 53, 435106. [CrossRef]

36. Zhang, C.; Cao, X.; Gao, J.; Li, S.J.; Yang, H.H.; Li, T.; Zhang, D. Shared aperture metasurface for bi-functions: Radiation and low
backward scattering performance. IEEE Access 2019, 7, 56547–56555. [CrossRef]

37. Zheng, Y.; Zhou, Y.; Gao, J.; Cao, X.; Yang, H.; Li, S.; Xu, L.; Lan, J.; Jidi, L. Ultra-wideband polarization conversion metasurface
and its application cases for antenna radiation enhancement and scattering suppression. Sci Rep. 2017, 7, 16137. [CrossRef]

38. Zhang, L.; Wu, R.Y.; Bai, G.D.; Wu, H.T.; Ma, Q.; Chen, X.Q.; Cui, T.J. Transmission-Reflection-Integrated Multifunctional Coding
Metasurface for Full-Space Controls of Electromagnetic Waves. Adv. Funct. Mater. 2018, 28, 1870232. [CrossRef]

39. Wu, L.W.; Ma, H.F.; Wu, R.Y.; Xiao, Q.; Gou, Y.; Wang, M.; Wang, Z.X.; Bao, L.; Wang, H.L.; Qing, Y.M.; et al. Transmission-
Reflection Controls and Polarization Controls of Electromagnetic Holograms by a Reconfigurable Anisotropic Digital Coding
Metasurface. Adv. Opt. Mater. 2020, 8, 2001065. [CrossRef]

http://doi.org/10.1038/srep37409
http://doi.org/10.3389/fmats.2022.854062
http://doi.org/10.1002/adma.201904069
http://doi.org/10.1364/OME.465493
http://doi.org/10.1109/JETCAS.2020.2976165
http://doi.org/10.1364/PRJ.412052
http://doi.org/10.1038/s41928-021-00554-4
http://doi.org/10.1016/j.diamond.2022.109367
http://doi.org/10.1002/adts.201900105
http://doi.org/10.1364/OME.4.001717
http://doi.org/10.1364/OE.18.023196
http://doi.org/10.1002/andp.202000020
http://doi.org/10.1109/LAWP.2019.2913465
http://doi.org/10.1364/OE.419212
http://doi.org/10.1063/5.0034762
http://doi.org/10.1007/s11433-019-1479-3
http://doi.org/10.1088/1367-2630/ac02de
http://doi.org/10.1063/1.5037495
http://doi.org/10.1088/1361-6463/aba020
http://doi.org/10.1109/ACCESS.2019.2913726
http://doi.org/10.1038/s41598-017-16105-x
http://doi.org/10.1002/adfm.201870232
http://doi.org/10.1002/adom.202001065

	Introduction 
	Designs and Methods 
	Results of Simulation and Measurement 
	Conclusions 
	References

