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SPECIAL TOPIC — Terahertz physics
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Polarization conversion is a very important electromagnetic wave manipulation method. In this paper, we investigate a
high-efficiency linear-to-circular polarization and cross-polarization converter by utilizing coding metasurface. The coding
particle consists of top layer metal pattern and bottom metal plate sandwiched with square F4B dielectric, which can
manipulate the linear-to-circular polarization and cross-polarization converter of the reflected wave simultaneously. In the
terahertz frequency range of 1.0 THz–2.0 THz, the reflection magnitudes reach approximately 90% and the axial ratio is
less than 3 dB. The proposed polarization converter may lead to advances in a variety of applications such as security,
microscopy, information processing, stealth technology, and data storage.
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1. Introduction
The metasurface consists of sub-wavelength unit struc-

tures of different phases, due to its thin thickness and low loss,
it has a strong manipulation ability in terms of phase, polariza-
tion, and amplitude of electromagnetic waves.[1–3] Therefore,
it has been widely used in the regulation of electromagnetic
wave such as electromagnetic stealth technology,[4,5] anoma-
lous reflection and refraction,[6] polarization conversion,[8–10]

and holographic technology.[11] For the last few years, the cod-
ing metasurface based on binary digital codes “0” and “1”
have been proposed. More recently, anisotropic coding meta-
surfaces have been proposed which have different responses
to two orthogonally polarized electromagnetic waves.[12,13]

When the metasurface is designed as a binary digital pattern,
the different predesigned coding sequences can achieve the
anomalous reflection and diffusion scattering of electromag-
netic waves.[14–16] These reported coding metasurfaces pro-
vide a new scheme for manipulating the transmitted and re-
flected electromagnetic waves by altering their phase and am-
plitude at will.[17] To our best knowledge, polarization state
change is also a way to control electromagnetic waves. Al-
though great progress has been made in the research of coding
metasurfaces, there is little research on polarization conversion
using coding metasurfaces.

In this paper, we designe and investigate a novel cod-
ing metasurface based on cross-polarization phase gradient to
realize polarization conversion in terahertz region. The cod-
ing particle of the proposed coding metasurface consists of
top layer metal pattern and bottom metal plate sandwiched

with square F4B dielectric, which can manipulate the linear-
to-circular polarization conversion and cross polarization con-
version of the normal incidence terahertz wave simultane-
ously. This coding metasurface can achieve complete reflec-
tion phase coverage from 0 to 2π at frequency range from
1.0 THz to 2.0 THz, where the axial ratio is less than 3 dB.
Our finding significantly improves efficiency of polarization
conversion and offers a new approach for terahertz manipula-
tion.

2. Coding particle design
Figures 1(a) and 1(b) show the perspective view

schematic diagrams of the proposed coding particle structures
and four types of coding particles for coding metasurfaces.
The coding particles are composed of three layers with the
period of P = 70 µm. The intermediate layer is an F4B dielec-
tric (εr = 2.65, tanδ = 0.001) with a thickness of h = 30 µm.
The bottom metal plate and the top metal patterns are made of
copper (εr = 5.8× 107 S/m) with a thickness of 0.2 µm. The
optimized geometrical parameters of the metasurface pattern
are as follows: a= 66 µm, b= 20 µm, w1 = 5 µm, w2 = 2 µm,
w3 = 3.5 µm, r = 34 µm, c = 41 µm, g = 19 µm, L = 5.5 µm,
γ = 100◦, and d = 14 µm. In Fig. 1(b), we design four types
of coding particles, which can independently reflect the nor-
mal incidence with reflection phase of 0◦ or 180◦ under left
circularly polarized plane (LCP) or right circularly polarized
plane (RCP). Here, “00” and “11” or “01” and “10” digital
codes have the same coding particle structures by rotated 90◦

of the top layer metal pattern.
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Fig. 1. (a) and (b) Perspective view schematic diagrams of the proposed coding particle, (c) four kinds of coding particles.
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Fig. 2. (a) Cross-polarized reflection amplitudes, (b) reflection phase at
normal incidence of LCP and RCP.

By using the software CST Microwave Studio, we get the
cross-polarized reflection and reflection phases of the coding
particles in the frequency from 0.5 THz to 2.5 THz for LCP
and RCP waves incidences, as shown in Figs. 2(a) and 2(b).
From Fig. 2(a), one can see that the cross-polarized reflec-
tion amplitudes of the coding particles are less than −1 dB.
Under the circularly polarized waves LCP normal incidence,
the LCP wave converts to RCP wave, and vice versa. In or-
der to analyze the polarization conversion performance of the
coding particles, we define the polarization conversion effi-
ciency RPC = R2

i j/(R
2
i j +R2

ii), where Rii and Ri j represent the
co-polarized and cross-polarized reflection coefficient, respec-
tively. In Fig. 2(a), when the cross-polarization reflection am-
plitude approaches 1, the co-polarization reflection amplitude
tends to 0. According to the polarization conversion formula,
it is easy to get the polarization conversion ratio close to 1
in the frequency ranging from 1.0 THz to 2.0 THz. From
Fig. 2(b), we can observe that the cross-polarized reflection
phase with a phase difference close to close to π between “0”
and “1” coding particles. We have designed “0L0R”, “1L1R”,
“0L1R”, and “1L0R” four types of coding particles correspond-
ing to digital codes “0” or “1” under normal incidence of LCP
or RCP. Here, the subscript “L” and “R” denote LCP and RCP
waves, respectively.
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Fig. 3. Schematic diagrams of different polarized waves illuminate coding metasurface: (a) normal incidence RCP wave converts to the reflected two
LCP wave beams. (b) Normal incidence LCP wave converts to the reflected four RCP wave beams, (c) LP wave normal incidence converts to the
reflected two LCP wave beams and four RCP wave beams.
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To illustrate the ability of coding metasurface to trans-
form linearly polarized (LP) wave into circularly polarized
(CP) wave, we design a new coding metasurface to verify
this principle. According to the basic theory of electromag-
netic field, the CP wave can be decomposed into two LP
waves which are orthogonal to each other, with equal am-
plitude and phase difference of 90◦. Therefore, when the
anisotropic coding metasurface is irradiated by LP wave, the
linear-to-circularly polarization conversion can be realized and
the beam deflection can be realized at the same time. The pre-
designed coding sequence consists of four basic coding parti-
cles [0L0R, 0L1R, 1L0R, 1L1R]. As shown in Fig. 3(a), under
normal incidence of RCP, the coding sequence of the coding
metasurface likes [0,0; 1,1] and the incidence terahertz wave is
divided into two equal LCP waves. As depicted in Fig. 3(b), in
the case of normal incidence of LCP, predesigned coding se-
quence of the coding metasurface becomes [0,1; 1,0] and the
incidence terahertz wave is divided into four symmetrical RCP
waves. When the coding metasurface is illuminated by using
LP wave, it is converted into CP wave, as depicted in Fig. 3(c).

In this case, the reflection coefficient matrix of linear po-
larization can be expressed as(

rxx rxy
ryx ryy

)
=

(
cosα + j sinα 0

0 cos(α −π)+ j sin(α −π)

)
, (1)

where α is the reflection phase of the x-polarized incidence,
(α − π) is the reflection phase of the y-polarized incidence,
and the subscripts x and y denote the polarization of incidence
terahertz wave. The reflection coefficient matrix for circular
polarization is related to the matrix linear Jones matrix. The
reflection coefficient of circular polarization can be calculated
by

rLL =
1
2
[(rxx − ryy)− j(rxy + ryx)]e−j2θ ,

rRR =
1
2
[(rxx − ryy)+ j(rxy + ryx)]e j2θ ,

rLR =
1
2
[(rxx + ryy)+ j(rxy − ryx)],

rLR =
1
2
[(rxx + ryy)− j(rxy − ryx)], (2)

where θ is the rotation angle of the coding particle. Figure 4(a)
shows the reflection amplitude of the unrotated coding parti-
cles under the incidence of linear polarization wave.

It can be observed that rxx and ryy are close to 1, and ryx

and rxy are close to 0. Then, the reflection coefficient matrix
of the circular polarization wave incidence can be given by(

rLL rLR
rRL rRR

)
=

(
0 1
1 0

)
. (3)
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Fig. 4. (a) Reflection amplitude, (b) co-polarized reflection phase of the
coding particle under LP polarization incidence.

Figure 4(b) shows the reflection phase for x-polarized and

y-polarized incidences. There is a phase difference of π be-

tween the reflection phase of the basic coding particle under

x-polarized and y-polarized incidences.

For the quantitative description of the coding metasur-

faces, we designed a kind of coding metasurface with cod-

ing matrix S1 and the predesigned coding sequence of “0L0R,

0L1R, 0L0R, 0L1R, 0L0R, 0L1R, 0L0R, 0L1R/1L0R, 1L1R,

1L0R, 1L1R, 1L0R, 1L1R, 1L0R, 1L1R. . . ” as shown in the fol-

lowing figure (Fig. 5).
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Fig. 5. Coding matrix of S1 (a) and schematic diagram (b) of coding meta-
surface based on S1.

In order to minimize the coupling effects between differ-

ent particle types, each type is grouped into 4× 4 sub-arrays

of identical particles and then assembled into 2× 2 arrays of

the four particle types so that the fill surface looks like that as

shown in Fig. 5(b).
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3. Results and discussion
To demonstrate the previous analysis as above, we calcu-

lated three-dimensional (3D) and two-dimensional (2D) far-
field scattering pattern of the coding metasurface under the
normal incidence of the RCP, LCP, and LP waves at 1.85 THz,
respectively. Figures 6(a) and 6(c) show 3D and 2D far-field
scattering patterns of the coding metasurface under the normal
incidence of RCP wave. At this time, the two symmetrically
reflected LCP waves have the angle of (θ1,ϕ1) = (16.83◦,90◦)

and (θ1,ϕ2) = (16.83◦,270◦). Similarly, as illustrated in
Figs. 6(b) and 6(d), under the normal incidence of LCP wave,
four symmetrically reflected RCP waves with their reflection
angles of (θ2,ϕ1) = (24.17◦,45◦), (θ2,ϕ2) = (24.17◦,135◦),
(θ2,ϕ3) = (24.17◦,225◦), and (θ2,ϕ4) = (24.17◦,315◦), re-
spectively. Because the designed coding units all have cross
polarization conversion characteristics, when the coding meta-
surface under the incidence of the CP wave can achieve cross-
polarization conversion in circular polarization greatly.
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Fig. 6. 3D and 2D far-field scattering patterns of the S1 coding metasurface under normal incidence at 1.85 THz for RCP incidence [(a) and
(c)] and that for LCP incidence [(b) and (d)].
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Fig. 7. 3D and 2D far-field scattering patterns of the S1 coding metasurface under normal incidence of LP wave at 1.85 THz.

As depicted in Figs. 7(a) and 7(b), the normal incidence

LP wave transforms into two symmetrically reflected LCP

waves and four symmetrically reflected RCP waves. The

condition to realize the linear-to-circular polarization conver-

sion is that the incidence of LP wave is decomposed into

two mutually orthogonal LP waves with the same amplitude

and phase difference of 90◦. As shown in Fig. 4, the de-

signed coding unit meets such a standard. Their azimuth an-

gles are (θ1,ϕ1) = (16.83◦,90◦), (θ1,ϕ2) = (16.83◦,270◦),

(θ2,ϕ3) = (24.17◦,45◦), (θ2,ϕ4) = (24.17◦,135◦), (θ2,ϕ5) =

(24.17◦,225◦), and (θ2,ϕ6) = (24.17◦,315◦), respectively.

The polarization conversion characteristics can be elaborated

078706-4



Chin. Phys. B Vol. 29, No. 7 (2020) 078706

upon the axial ratio and scattering pattern at three azimuth an-
gles ϕ = 90◦, 45◦, and 225◦, as shown in Fig. 8. When ϕ = 90◦

(see Fig. 8(a)), the axial ratio approaches 3 dB at θ =±16.83◦,
and the normal incidence of LP wave can be converted into CP
wave as we expected. Figures 8(b) and 8(c) depict the axial ra-
tio and scattering pattern of the presented coding metasurface
at ϕ = 45◦ and ϕ = 225◦. One can see that the axial ratio is
less than 3 dB at θ = 24.17◦. Thus, LP wave can be trans-
formed into CP wave efficiently.
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Fig. 8. Axial ratio and RCS of the reflected wave in ϕ = 90◦ (a),
ϕ = 45◦ (b), and ϕ = 225◦ (c) with S1 coding metasurface under normal
incidence of LP wave at 1.85 THz.

4. Conclusion

To sum up, a novel coding metasurface has been pro-

posed to achieve high-efficiency polarization conversion in the

terahertz region. It can simultaneously realize the linear-to-

circular polarization conversion and cross polarization con-

version. The axial ratio shows that polarization conversion

is high-efficiency by using the proposed coding metasurface,

which is less than 3 dB at 1.85 THz. The theoretical predic-

tions are agreement well with the simulated results. Due to its

excellent polarization conversion performance of the proposed

coding metasurface, it can be used for terahertz polarization

convertor and unidirectional transmission devices.
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