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Since it is designable, metasurface was widely used in various fields, especially the

design of polarization converters. However, most of the polarization converters currently

designed can only work under normal incidence or small angle incidence, which hugely

limits the application of the device. In this paper, a chiral metasurface based on the

z-shaped unit cell, which can manipulate circular polarization wave, is proposed. The

simulation result shows that this converter can maintain the polarization state of circular

polarization after reflection from 8.18 to 13.988 GHz with a polarization conversion ratio

of more than 90%. Moreover, the structure is insensitive to the incidence angle, which

can keep a stable performance both for left-handed circularly polarized wave and right-

handed circularly polarized waves as the incident angle increase to 75◦. The proposed

metasurface with simple structure and angular stability can be used in communication

and polarization manipulating devices.

Keywords: circular polarization converter, metasurface, wide-angle, high-efficiency, microwave band

INTRODUCTION

Polarization, as one of the basic characteristics of electromagnetic (EM) waves, can be divided
into three types: linear polarization, circular polarization, and elliptical polarization. Due to the
features of circular polarization [1], circularly polarized (CP) antennas play an important role
in communication systems such as satellites and rockets. With the diversification of application
scenarios, it is necessary to manipulate the polarization state flexibly. Traditional polarization
regulators are implemented using birefringent crystals, but such devices usually have a large
volume, which greatly limits their application range. Therefore, people have always been working
to find polarization converters with better performance and more relaxed application conditions.

Metasurfaces, artificially constructed two-dimensional materials, are periodically arranged by
micro-units, showing unique EM properties that have not been found in nature [2]. Different
unit structures, materials, and arrangements can achieve different functions, so metasurfaces have
strong designability and functional customization. This newmaterial that can design EM properties
provides new ideas for the design of polarization regulators.

In recent years, various types of polarization converters based on metasurfaces have been
successively proposed, including linear polarization (LP) to LP (that is 90◦ polarization rotator)
[3–6], LP to circular polarization (CP) [7–9], CP to CP (that is circular polarization rotation
direction regulator) [10], and multiple conversion modes [11, 12]. Great progress has been made in
frequency band [13–15], bandwidth [16–18], volume [2], robustness [19, 20], etc. However, most
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of the attention was focused on the LP converter, and the
research on CP regulators is relatively few. Recently, Akram
et al. [18] proposed an ultra-wideband metasurface working
at both transmission and reflection modes; however, they do
not pay attention to oblique incidence. Huang [10] proposed
one in 2017, which has a simple structure and can regulate
the rotation direction of circularly polarized waves in the range
of 8.16–15.32 GHz. However, the polarization converter is
extremely sensitive to the angle. When the incident angle is
>30◦, the working bandwidth becomes obviously narrow and
the polarization conversion ratio decreases rapidly. The existing
polarization converters currently all have such a common defect
that they can only work under small-angle incidence, which puts
restrictions on the application of the device.

In this paper, we carried out works to overcome the
shortcomings of the strong angle sensitivity of existing
polarization converters and proposed a reflective CP regulator
using a chiral metasurface based on the unit cell having a z-
shaped structure. The polarization converter can maintain the
polarization state of circular polarization after reflection from
8.18 to 13.988 GHz, basically covering the X-band that is 8–
12 GHz. Compared with published designs, the proposed CP
regulator has a simple geometry but a superior angular tolerance
and hence can be used in many applications.

MODEL AND DESIGN

Our designed metasurface is composed of 20 × 20 unit cells
as shown in Figure 1A. Every unit cell has three layers: the
metal ground, the middle dielectric substrate, and the surface
metal figure. The copper ground can prevent the transmission
of the EM, reducing energy loss. The metal pattern on the
surface is a copper material with a conductivity of 5.8 × 107S/,
and the intermediate dielectric layer is an FR-4 material with
εr = 4.4, µr = 1, and tan δ = 0.025, which is rotated
45◦ with respect to the Y-axis. The thickness of the underlying
layer is 0.3mm, and the surface Z-shaped pattern with the

FIGURE 1 | (A) Perspective view of designed metasurface. (B) Schematic picture of the unit cell structure.

thickness of 0.035mm is placed along the diagonal position of
the substrate material. Figure 1B shows the specific parameters
of the structure, where p = 10.5mm, l = 6mm, w = 1.6mm.

The numerical simulation is carried out via the CST software,
which utilizes a finite integration method and the Floquet mode
to analyze the frequency response of the periodical structure.
We set the unit cell conditions in the x and y directions, and
the open and add space conditions in the z-direction. Incident
left-handed circularly polarized (LCP) wave and right-handed
circularly polarized (RCP) waves propagate along the opposite of
the z-direction.

SIMULATION AND PERFORMANCE
ANALYSIS

When the circular waves were normally incident on the
metasurface, the reflection wave can be expressed as [10]

(

Er+
Er−

)

=

(

r++ r+−

r−+ r−−

) (

Ei+
Er−

)

where the superscripts i and r represent the incident and reflected
waves, respectively, and the subscripts + and − denote the
RCP and LCP, respectively. The first subscript indicates the
polarization of the reflected wave, and the second subscript
indicates the polarization of the incident wave. Thus, Ei+,E

i
−

represent the electric fields of incident RCP and LCP, respectively.
Similarly, Er+ and Er− represent the reflected ones. Elements
in the matrix are all reflection coefficients; identical subscripts
indicate co-polarized reflection coefficients, while different
subscripts indicate cross-polarized reflected coefficients. The
above reflection coefficients rmn

(

m, n = +,− and m 6= n
)

are
the complex reflection coefficients, containing both amplitude
rmn = |rmn| and phase information. We know that when EM
waves are normally incident on the metasurface, the handedness
of the reflected CP wave will be changed. We regulate the
rotation direction of the reflected wave, that is, to maintain
the handedness of the circularly polarized wave. Therefore, it is
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possible to define the polarization conversion rate (PCR) of two
different modes of circularly polarized waves.

PCRm = |rmm|
2/

(

|rmm|
2 + |rnm|

2
)

To show the performance of this device, we simulated the
reflection coefficient and PCR of LCP and RCP at normal
incidence, as shown in Figure 2. The results show that the
reflection coefficients curves of the two cases almost wholly
coincide; the PCR also satisfies this rule. For the reflection
coefficient, the co-polarized reflection coefficient is > 0.9 in the
range of 8.432–13.036 GHz, and the cross-polarized reflection
coefficient is <0.2 in the range of 8.672–13.508 GHz, which
indicates that the reflected CP does achieve a polarization
regulation in this band. For the polarization conversion ratio,
PCR is> 0.9 in the range of 8.18–13.988 GHz, covering all the X-
band, which proves the high efficiency of the regulator. Besides,

we can observe that there are three resonant frequencies (at 9.22,
10.17, and 13.12 GHz) in this range.

In practical applications, we need to consider the situation
of oblique incidence. So we calculate the bandwidth to discuss
the oblique incidence performance. The schematic diagram of
the incident angle is shown in Figure 3B. Figure 3A shows the
relation between the bandwidth when the PCR is higher than
0.9 (the bandwidth in the paper all refers to the continuous
bandwidth with a PCR > 0.9) and the incident angle. Obviously,
for the two incident modes of LCP and RCP, the angle has
different effects on the performance of the polarization converter,
and the influence of the angle on the bandwidth is not
monotonous. For the RCP waves, when the angle of incidence is
<75◦, the bandwidth decreases monotonically with an increasing
angle, reaching a minimum value of 3.756 GHz at 75◦. When
the incident angle continually increases, the bandwidth expands
rapidly. For the LCP waves, the bandwidth reaches a maximum
of 5.988 GHz when the angle of incidence is around 30◦; when

FIGURE 2 | (A) PCR and (B) reflection coefficient under the normal incident CP waves.

FIGURE 3 | (A) Relation between the bandwidth and the angle. (B) Schematic diagram of the incident angle.
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the angle enlarges again, the bandwidth shows a downward trend,
but the decline rate is slower, reaching a minimum value of 5.172
GHz when the incident angle reaches 70◦. The bandwidth also
increases when the incident angle increases again.

To show the influence of the angle on the performance of the
converter in more detail, we simulated the PCR of the two types
of CP waves at different incident angles, respectively. For LCP
waves, the incidence angles are 0◦, 30◦, 45◦, and 70◦, respectively,
as shown in Figure 4A. For RCP waves, the incidence angles
are 0◦, 30◦, 45◦, and 75◦, respectively, as shown in Figure 4B.
The result shows that the device still works well for both LCP
and RCP in the X-band, though under a super large incident
angle. For LCP waves, the incidence angle has little effect on the
PCR and the bandwidth. According to Figure 3, under the LCP
incoming wave, the bandwidth reaches the minimum when the
incident angle is equal to 70◦. In combination with Figure 4A,
in the same angle, the PCR is > 0.9 in the range from 8.108
to 13.28 GHz, covering the 97.3% X-band. At other angles, the
bandwidth coverage is broader, and the performance is better.
For RCP waves, although the continuous bandwidth is narrow,
the PCR is kept high, and the performance in the X-band is
still great. With the analysis of Figure 3, the bandwidth reaches
a minimum when the angle of incidence is 75◦. According to
Figure 4B, when the angle of incidence is 75◦, the frequency band
with a PCR > 0.9 is 8.144–11.792 GHz, which can still regulate
the handedness of the CP waves in the X-band 91.2% frequency
band. Besides, due to the drooping frequency point in the high-
frequency band, the continuous bandwidth becomes smaller, and
the working field changes from a single wideband to a dual band;
in other words, the regulation performance outside the X-band is
also excellent.

To show the advantages of the device more clearly, we provide
a parameter comparison with a previous circular polarization
regulator as shown in Table 1. It shows that our design has
the advantages of simple structure, small loss, and strong
angular tolerance.

MECHANISM DISCUSSION

In the following, we explain the mechanism of the excellent
performance of the device through formula derivation and
simulation results. When the incident CP wave is decomposed
into LP waves Eix and E

i
y, the reflected wave can also be expressed

as and Erx, and Ery the relationship between the incident field and
the reflected field can be expressed as [10]

(

Erx
Ery

)

=

(

rxx rxy
ryx ryy

) (

Eix
Eiy

)

= R

(

Eix
Eiy

)

that is, Erx = rxxE
i
x + ryxE

i
y, E

r
y = ryyE

i
y + rxyE

i
x, where rxx

and ryx represent the co-polarized and cross-polarized reflection
coefficients under the x-polarized wave incidence; others are
similar. Then, the reflected wave can be described as

Er = (rxxE
i
x+rxyE

i
y)x̂+ (ryyE

i
y + ryxE

i
x)ŷ

There are four cases in this expression: rxxE
i
xx̂+ ryyE

i
yŷ, rxyE

i
yx̂+

ryxE
i
xŷ, rxxE

i
xx̂ + rxyE

i
yx̂, ryyE

i
yŷ + ryxE

i
xŷ. For convenience, they

are expressed as fxx + fyy, fxy + fyx, fxx + fxy, and fyy + fyx, where
fxx + fyy and fxy + fyx express the reflected co-polarization terms
under the CP incoming wave; the other two items express the
reflected LP wave under the same incident situation. Based on

TABLE 1 | Comparison with other published circular polarization regulator.

Works Bandwidth/GHz Structure Angle/degree Loss

Our work 8.18–13.988 Simple 75 <0.2

Huang et al. [10] 8.16–15.32 Simple 30 <0.2

Yang et al. [11] 5.5–8.94 and

13.1–15.5

Simple No calculation >0.2

Tang-Jing et al. [21] 12–15.5 Complex No calculation <0.1

FIGURE 4 | Simulation result of PCR under a different angle for (A) LCP and (B) RCP incident waves.

Frontiers in Physics | www.frontiersin.org 4 October 2020 | Volume 8 | Article 527394

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Wang and Zhai Circular Polarization Converter

FIGURE 5 | Simulation result of linearly polarized incoming wave under normal incidence. (A) Reflection coefficient. (B) Phase.

FIGURE 6 | Simulation result of linearly polarized incoming wave under oblique incidence. (A) Mean of amplitude ratio. (B) Mean of phase difference.

FIGURE 7 | Absorption spectra for different incoming wave. (A) LCP incoming waves. (B) RCP incoming waves.
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the above definition, to maintain the handedness of reflected
waves, the structure must meet the conditions that ryx = rxy,
φyx = φxy, rxx = ryy,

∣

∣φyy − φxx

∣

∣ = π . Figure 5 shows the
reflection coefficient and phase under the LP incoming wave. We
can see that φxy and φyx are entirely coincident; the difference
of φyy and φxx is close to 180◦; ryx and rxy are completely
coincident; the difference of rxx and ryy is > 0.13. In addition,
at the three resonant frequencies (f = 9.22, 10.17, 13.12 GHz),
∣

∣φyy − φxx

∣

∣ = π . We can see that the results satisfied all the
amplitude and phase conditions mentioned above. Therefore,
we confirmed that the circular polarization-keeping reflection
is realized.

For the case of oblique incidence, we calculated the mean
values of rxx/ryy, rxy/ryx,

∣

∣φxx − φyy

∣

∣, and
∣

∣φxy − φyx

∣

∣ within the
bandwidth with different incident angles, as shown in Figure 6.
The result indicates that

rxy
ryx

= 1 and the values of rxx/ryy

are all larger than 0.96, which are close to 1, at any angle of
incidence. In Figure 6B, φxy and φyx are wholly coincident,
and the difference of φyy and φxx is close to 180◦, meeting
the regulation conditions. Therefore, the device has a robust
angular-tolerance performance.

Circular dichroism also can be used to explain the physical
mechanism of the device. Our design is a reflective chiral device
with circular dichroism, that is, it has different absorptivity
for LCP waves and RCP waves. The selective absorption
of waves by the device will reduce the component of co-
polarized reflected waves, resulting in a drop in the PCR.
The absorption spectra of different incident waves are shown
in Figure 7.

Comparing Figure 7A with Figure 7B, it can be found that
the absorption rate of the LCP incident wave is kept at a
low level in the working frequency band, basically below 0.2,
with the increase in the incident angle. When the incident
angle reaches 75◦, absorption peaks appear at low frequency
and high frequency, which leads to a slight narrowing of the
bandwidth of the polarization converter, which is consistent
with the results in Figure 4A. For the case of the RCP incident
wave, with the increase in the incident angle, the absorption
peak of the device for the RCP wave gradually shifts to the left,

corresponding to the tips of the polarization conversion rate in
Figure 4B.

CONCLUSION

We proposed a reflective circular polarization handedness
regulator based on metasurface, which contains 20 × 20
resonant units. The structure is simple and easy to fabricate.
Simulations and mechanisms have proven that our devices
exhibit excellent performance in the X-band. Compared with
previous papers, our design not only can achieve high-
efficiency broadband polarization conversion performance under
the normal incidence but also has robust angular tolerance.
At large incident angles, they can also effectively keep
circular polarization handedness. Indeed, the device also has
disadvantages. Our work still does not address the problem of
different responses to RCP and LCP waves, which should be
considered in the application. Anyway, this metasurface has
great significance for the application due to the good regulation
function and robust angular tolerance.
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