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In this paper, a multifunctional coding metasurface (MCMS) has been proposed to realize
dual-circularly polarized beams and beam focusing with transmission and reflection. The
phase of transmissive wave is controlled by rotating the elements, and the corresponding
element, which consists of two quadrate voids etched on a single layer substrate, is
designed for the metasurface with Pancharatnam-Berry (PB) phase. The phase
distribution of the circularly polarized four-beam is determined according to the
convolution theorem of patterns and the phase compensation principle. In order to
validate the proposed metasurface, the multifunctional meta-device is fabricated and
measured to illustrate the four-beamwith left circular polarization in transmissive space and
the right circularly polarized four-beam in reflective space by MCMS with x-polarized
incidence. The experimental results heavily agree with the simulated data. The MCMS has
potential applications in wireless communications due to its low profile, compact, and
lightweight features.
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INTRODUCTION

Circular polarization has been extensively applied in wireless satellite communications, optical
displays, optical remote sensors, synthetic aperture radar imaging systems, contrast enhanced
polarization micro-imaging, and biomolecular detection because of the incredible characteristics
of chiral wave vector, uniform polarization distribution, lower glare effect, strong anti-interference
ability, and low sensitivity between the receiver and transmitter (Lin et al., 2013; Cheng et al., 2021a;
Li et al., 2021a; Li et al., 2021b; Fan et al., 2021; Han et al., 2021). In general, the left or right circularly
polarized electromagnetic (EM) waves are obtained by the antennas in microwave band. For
example, an active dual circularly polarized spherical phased-array antenna has been discussed
based on the multiplexing of the resources among the antenna element (Kumar et al., 2013).
Furthermore, a U-shaped slot antenna was designed to achieve the broadband dual circularly
polarized radiation (Xu et al., 2017). Recently, a dual circularly polarized array antenna was
presented based on the corporate feeding network in square waveguide technology (Garcia-
Marin et al., 2021). Nevertheless, it is difficult for antennas to simultaneously achieve dual-
circular polarization beam at the same frequency due to the cumbersome design process and the
complicated micro-structure. Therefore, it is necessary to research a novel way to realize multiple
beams with dual-circular polarization.
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Metasurfaces, which can flexibly manipulate the amplitude,
phase, polarization, and propagation direction of electromagnetic
(EM) waves, are artificial electromagnetic materials arranged
periodically or aperiodically by element micro-structure in
two-dimension (Li et al., 2014; Li et al., 2016; Li et al., 2019;
Li et al., 2020a). Thus, it is a new way to regulate the dual-
circularly polarized electromagnetic wave by metasurface. Several
metasurfaces have been proposed to control the polarization of
transmissive EM waves. The dual-band polarization conversion
from linearly polarized (LP) EM waves into left circularly
polarized (LCP) EM waves in a low band and right circularly
polarized (RCP) EM waves in a high band can be obtained by
transmissive metasurface with arrow-shaped micro-structures.
The different transmission modes are excited and the y-polarized
waves are transmitted into LCP waves from 7.31 to 10.58 GHz
and RCP waves in the range of 14.26–17.36 GHz, respectively
(Han et al., 2020). Similarly, the two layers’ transmission
metasurface was proposed to transform the x-polarized wave
into RCP in the frequency range of 9.05–9.65 GHz and LCP in the
range of 12.55–13.1 GHz (Liu et al., 2020). Nevertheless, these
metasurfaces realized the dual-circularly polarized EM waves in
frequency domain. The research of dual-circularly polarized EM
waves in spatial domain has become essential due to the limited
frequency resources.

Coding metasurface, which was illuminated by Cui’s group in
2014, provides an excellent scheme to manipulate the reflective
EM waves based on interference (Cui et al., 2014). In general, the
phase interference metasurface forms n bits coding elements by
several structures with 2π/2n phase difference. Moreover, the
active, reconfigurable, and multifunctional coding metasurfaces
have been designed while the PIN diodes or micro-
electromechanical systems are introduced in the unit cell of
metasurfaces (Liu et al., 2016; Chen et al., 2017; Yuan et al.,
2019; Zhao et al., 2019; Li et al., 2020b; Li et al., 2020c; Cheng
et al., 2021b; Pan et al., 2021; Zhu et al., 2022). A transmissive
metasurface which consists of periodic strip slits and rectangular

C-slits etched on substrate integrated waveguide cavities has been
designed in order to split a linearly polarized (LP) EM wave into
two symmetrical CP beams. By introducing the gradient-oriented
C-slit array on such metasurface-based cavities, the opposite
equivalent phase gradients have been readily created for the
RCP and LCP transmitting waves (Zhang and Yang, 2019).
However, there are only transmissive beams in the half space.
Different from the existing metasurfaces (Li et al., 2015; Zhang
et al., 2016; Han et al., 2018; Ding et al., 2019; Chen et al., 2020; Li
et al., 2021c; Tang et al., 2021; Zhao et al., 2021; Cheng et al.,
2022), this paper proposed a multifunctional coding metasurface
based on the convolution theorem of patterns and the phase
compensation principle. The experimental and simulated results
verified the multifunctional coding metasurface with four LCP
beams in the transmissive space and four RCP beams in the
reflective space as the x-polarized incidence.

METASURFACE DESIGN

A conceptual illustration of MCMS is presented in Figure 1A. The
codingmetasurface consists of 1024 elements, which can convert the
x-polarized incident waves into four transmissive beams with LCP
and four reflective beams with RCP, and an opposite role for the
y-polarized wave. Figure 1B shows the perspective and front views
of the unit cell with elements “0” and “1”. The metallic dumbbell
with two quadrate voids etched on the front side of the substrate is
the Rogers RT5880 (εr = 2.2 and tanδ = 0.0009) with a thickness of
3 mm. The bottom metallic patch is the same as that on the
substrate. The transmission and reflection coefficients are
manipulated by the metallic dumbbell with two quadrate voids.
Their optimized parameters are chosen as L = 10mm, t = 3mm, l1 =
1.02mm, l2 = 8.1 mm, l3 = 3.9 mm, s1 = 0.3 mm, s2 = 2.3 mm, and s3
= 2.1 mm Φ is the rotation angle in the geometric center of the
metallic dumbbell with two quadrate voids. The elements “0” and
“1” are the unit cell with the rotation angle of 0 and 90deg.

FIGURE 1 | Conceptual illustration of the proposed multifunctional coding metasurface and the unit cell. (A) MCMS with multi-function of multi RCP beams in
reflection and multi LCP beams in transmission. (B) The perspective and front views of the unit cell with elements “0” and “1”.
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RESULTS AND DISCUSSION

Design Theory of Unit Cell
The MCMS realize the function of transmissive and reflective
polarization conversion. To elaborate the mechanism of the
unit cell, a two-port network and the Jones matrices for
transmission along the +z axis and reflection along the -z
axis can be respectively given by (Lin et al., 2013) and (Fan
et al., 2021)
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incident, transmissive, and reflective waves with x- and
y-polarization. �Tl represents the Jones matrix transmitted by
the linearly polarized waves along the +z axis. �Rl is the Jones
matrix reflected by the linearly polarized incidence along the -z
axis. According to the generation condition of circularly polarized
waves, the transformation matrices of reflection �Rcp and
transmission �Tcp are calculated as follows:

�Tcp � ( t++ t+−
t−+ t−−

)
� 1
2
⎛⎝ txx − tyy − j(txy + tyx) txx + tyy + j(txy − tyx)

txx + tyy − j(txy − tyx) txx − tyy + j(txy + tyx)⎞⎠
(3)

�Rcp � ( r++ r+−
r−+ r−−

)
� 1
2
⎛⎝ rxx − ryy − j(rxy + ryx) rxx + ryy + j(rxy − ryx)

rxx + ryy − j(rxy − ryx) rxx − ryy + j(rxy + ryx)⎞⎠
(4)

Where r represents reflection coefficient of circular polarization for
MCMS. + and - represent RCP wave and LCP wave propagating
along + z axis respectively. So r−+ represents the reflection
coefficient of LCP wave reflected as LCP wave, the meaning of
r++, r+−, and r−− will not be elaborated on too much. Moreover, t
represents the transmission coefficient of circular polarization for
MCMS. t−− represents the transmission coefficient of LCP wave
transmitted as LCP wave. According to the principle of PB phase,
the transmissive circularly polarized wave can be achieved as |txx| =
|tyy| = 1 and phase difference Δφt = 180deg. It means that the
metasurface can transmit the cross-circularly polarized waves and
restrain the co-circularly polarized waves when |t++| = |t−−| = 0 and
|t+−| = |t−+| = 1. What is more, the realization conditions of co-
circularly polarized reflection are |rxx| = |ryy| = 1 and phase
difference Δφt = 180deg.

Simulated Results of Unit Cell and Elements
MCMS is simulated by the CST STUDIO 2020 with the infinite
periodic boundary and the Flouquet ports and its numerical
method is Finite Integration Theory (FIT). When the linearly

polarized incidence occurs along + z axis, the simulated results of
transmission and reflection coefficients are shown in Figure 2. It
is obvious that the simulated amplitude results of reflection
coefficient |rxx| are approximately equal to that of |ryy| from
9.35 to 9.65 GHz and the amplitude results of transmission
coefficient |txx| and |tyy| are more than 0.7 at the same
frequency range from Figure 2A. Moreover, the reflective
phase difference of 180deg can be obtained in the frequency
range of 9.2–10.6 GHz and the transmissive phase difference of
180deg is realized from 8.5 to 11.2 GHz from Figure 2C.
Therefore, the co-circularly polarized reflection and cross-
circularly polarized transmission are achieved from 9.35 to
9.65 GHz.

The reflection and transmission coefficients of elements “0”
and “1” are illumined in Figures 3, 4 with LCP and RCP
incidences. On one hand, the amplitude of refection coefficient
with co-circular polarization is more than 0.5 from 9.35 to
10.65 GHz in Figure 3A. The phase difference of co-circular
polarization between elements “0” and “1” is about 180deg in the
same frequency range from Figure 3B. These results satisfy the
reflection principle of PB phase. On the other hand, the amplitude
of transmission coefficient with cross-circular polarization is
more than 0.7 from 9 to 9.85 GHz and their phase difference
is about 180deg between element “0” and element “1”.
Consequently, the elements “0” and “1” of MCMS are an
excellent choice to realize the LCP transmission and RCP
reflection.

Metasurface and its Performance
The multifunctional coding metasurface has been designed
based on the convolution theorem of patterns. In the design,
1024 elements have been used. The rotation angle distributions
of the 1024 elements are respectively demonstrated in Figures
3A,B with the angle changing along x- and y-axis based on
elements “0” and “1”. The excited source of MCMS is a linearly
polarized horn antenna with frequency band of 8–12 GHz. In
order to eliminate the directly transmitted beam, the phase
compensation method is used in the design for MCMS. When
the horn antenna is at the position of (0, 0, zf), the
compensational phase of the element with (xm, yn) position
can be generally calculated by

ϕmn � k0(rmn − zf) � k0( ������������
(xm)2 + (yn)2√

− zf)
� 2πf0

c
( ������������

(xm)2 + (yn)2√
− zf) (5)

Where f0 is the frequency and k0 is the wave vector. c is the speed
of light. Consequently, the rotation angle distribution of phase
compensation can be determined for 1024 elements in Figure 3C,
when the zf = 240 mm is chosen. Finally, the rotation angle
distribution of 32 × 32 elements for MCMS is illustrated in
Figure 3D according to the convolution theorem. The array of
MCMS is shown in Figure 1.

The simulated results of MCMS are illustrated in Figure 5.
MCMS respectively realizes the four reflective beams in
Figure 5A, and four transmissive beams in Figure 5B. It is
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clear that the four beams with RCP are obvious in the reflective
space and their gain is much more than that in the transmissive
space. On the contrary, we can see the four transmissive beams
with gain of 17dBi and the chaotically reflective beam for
MCMS with left circular polarization. It is necessary to note
that the gain of four transmissive beams with LCP is more than
that of four reflective beams for 3dB because the transmission
coefficients of unit cell are more than the reflection
coefficients. The position of the beam can be defined by

deflection angle and azimuth angle (θs, φs). According to
the generalized Snell’s law, the unidimensional deflection
angle θu of the beams in x- or y-axis can be defined as follows

θui � arcsin(λ/Le), i ∈ [x, y] (6)
Where λ is the wavelength and Le is the length of subarray. The
deflection angle θs in space is calculated by

θs � sin−1(sin2θux + sin2θuy)0.5 (7)

FIGURE 2 | Reflection coefficient, transmission coefficient, and phase difference of unit cell for MCMS with x-and y-polarized incidences. (A) Simulated amplitude
results of reflection and transmission coefficients with co-polarization. (B) Simulated phase results of reflection and transmission coefficients with co-polarization. (C)
phase differences of reflection coefficient and transmission coefficient.

FIGURE 3 | Reflection and transmission coefficients of elements “0” and “1”with LCP and RCP incidences. (A) Simulated amplitude results of reflection coefficient
with co-circularly polarization. (B) Simulated phase results of reflection coefficient with co-circularly polarization. (C) Simulated amplitude results of transmission
coefficient with cross-circularly polarization. (D) Simulated phase results of transmission coefficient with cross-circularly polarization.
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Furthermore, the azimuth angle φs is calculated by

φs � tan−1(sin θuy
sin θux

) (8)

In the design, λ = 31.6 mm at 9.5 GHz. Le = 8 × 10 = 80 mm.
So the deflection angle in x-axis can be chosen as θux = 23.3deg
and that in y-axis is θuy = 23.3deg. Moreover, the theoretical
deflection angle and azimuth angle of transmissive beams for
MCMS in space are 33.9, 45, 135, 225, and 315deg according to
the formulas (6–8), respectively. (θs = 33.9deg. φs = 45, 135,
225, 315deg). The position of the transmissive beams are
(33.9deg, 45deg), (33.9deg, 135deg), (33.9deg, 225deg), and
(33.9deg, 315deg). The theoretical deflection angle and
azimuth angle of reflective beams are 146.1, 45, 135, 225,
and 315deg respectively. (θs = 146.1deg. φs = 45, 135, 225,
315deg). The position of the reflective beams are (146.1deg,
45deg), (146.1deg, 135deg), (−146.1deg, 225deg), and
(−146.1deg, 315deg). The position of beams is verified in
Figures 5C,D and the simulated results agree well with the

theoretical data. Two dimensional radiation patterns in the
plane of φs = 45 and 135deg are respectively demonstrated in
Figures 5E,F. From simulated results, it is found that the
excellent four beams of left circular polarization are obtained
by MCMS in the transmissive space and the four beams of right
circular polarization with gain of 13.8dBi are achieved in the
reflective space. Meanwhile, the lower side-lobe level of
-12.8dB is achieved for transmission as well as the side-lobe
level of -8.1dB for reflection of MCMS. The simulated
deflection angles of transmissive beams are 35 and 147deg.
It is necessary to note that there are only negligible differences
of 1.1 and 0.9deg between the simulation and the theory. From
Figures 5G,H, we can see that the axial ratio is less than 3dB
for the reflective and transmissive beams. Correspondingly,
when it is the y-polarized incidence, the transmissive RCP
waves and reflective LCP waves are obtained for the proposed
metasurface. Consequently, the MCMS can realize the dual-
circularly polarized beams and the beam focusing with
transmission and reflection in the whole space.

FIGURE 4 | Rotation angle distribution of 32 × 32 elements for MCMS based on the convolution theorem of patterns and the phase compensation principle. (A)
Rotation angle distribution of 1024 elements with angle changing along x-axis based on elements “0” and “1”. (B) Rotation angle distribution of 1024 elements with
changing along y-axis based on elements “0” and “1”. (C)Rotation angle distribution of phase compensation for 1024 elements. (D)Rotation angle distribution of 32 × 32
elements for the proposed MCMS.
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FIGURE 5 | Four reflective beams of RCP and four transmissive beams of LCP in three-dimension and two-dimension for x-polarized incidence at 9.5 GHz. (A)
Four reflective beams of RCP in three-dimension. (B) Four transmissive beams of LCP in three-dimension. (C) Reflective beam distribution with RCP. (D) Transmissive
beam distribution with LCP. (E) Four reflective beams of RCP in two-dimension in the plane of 45deg. (F) Four transmissive two-dimension beams of LCP in the plane of
135deg. (G) Axial ratio results of transmissive and reflective beams in the plane of 45deg. (H) Axial ratio results of transmissive and reflective beams in the plane of
135deg.
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FABRICATION AND MEASUREMENT

To validate the multifunction, a prototype of MCMS was
fabricated by printed circuit board technology and measured
by the free-space method in a microwave anechoic chamber in
Figure 6A. The F4B substrate with permittivity of 2.2, loss
tangent of 0.001, and thickness of 3 mm had been chosen for the
MCMS prototype. A vector network analyzer (Agilent N5230C)
and three standard-gain horn antennas with linear and dual-
circular polarization were used for emitting and receiving EM
waves. The focal-distance-to-diameter ratio is 0.75 between
linear horn antenna and metasurface prototype and their

distance is 240 mm. Experimental normalized radiation
patterns with measured gain of 16.3dB are given in Figures
6B,C. The four beams with LCP in transmission space and the
four beams with RCP in reflection space are demonstrated by
measurement. As shown in Figures 6B,C, the side-lobe level of
LCP beam is about −10dB and that of RCP beam is about
−6.1dB. It can also be seen that the experimental deflection angle
of transmissive and reflective beams is 35 and 145deg
respectively. Furthermore, the transmission efficiency is
defined as the transmissive field energy divided by the total
radiated energy and then multiplied by radiation efficiency. The
reflection efficiency is defined as the reflective field energy

FIGURE 6 | Measured environment and normalized radiation patterns of MCMS prototype in measurement. (A) Measured environment and the prototype of
MCMS. (B) Normalized radiation patterns of MCMS prototype with phi = 45deg at 9.5 GHz. (C) Normalized radiation patterns of MCMS prototype with phi = 135deg at
9.5 GHz. (D) Simulated and experimental radiation efficiency. (E) Simulated and experimental results of transmission efficiency and reflection efficiency for MCMS at
9.5 GHz.
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divided by the total radiated energy and then multiplied by
radiation efficiency. The simulated and experimental results of
radiation efficiency, transmission efficiency, and reflection
efficiency are illustrated in Figures 6D,E for MCMS at
9.5 GHz respectively. The simulated and experimental
radiation efficiencies are all more than 90% for the linearly
polarized horn antenna with MCMS. It is obvious that the
transmission efficiency of 0.62 is more than the reflection
efficiency of 0.32 for MCMS prototype in measurement. The
difference between simulation and measurement is attributed to
the limited machining accuracy of the MCMS prototype and the
experimental environment. The overall measurement verifies
the performance of LCP transmissive beams and RCP reflective
beams for MCMS with x-polarized incidence.

CONCLUSION

In summary, we designed, fabricated, and experimentally
demonstrated a multifunctional coding metasurface with
multi beams and dual-circular polarization. The metallic
dumbbell with two quadrate voids etched on the single
layer substrate were designed for the element of proposed
metasurface. The phases of transmissive and reflective waves
are controlled by rotating the metallic dumbbell. Based on the
Pancharatnam-Berry phase, the convolution theorem of
patterns, and the phase compensation principle, the four-
beam with left circular polarization in the transmissive
space and the right circularly polarized four-beam in the
reflective space have been proven by the proposed MCMS
with x-polarized incidence in simulation and measurement.
The proposed MCMS are promising for many practical

applications such as target detection systems, wireless
communication, and microwave imaging.
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