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Abstract
In this paper, a reflective polarization convertor is proposed based on a sandwich structure consisting of an “I”-shaped 
resonator at the top, a medium layer of foam, and a metal layer at the bottom. The characteristics of ultra-wideband (UWB) 
and higher relative bandwidth (RB) have been achieved than previous structures. The structure effectively controls the 
polarization of electromagnetic waves in the terahertz band, which convert the incident linear-polarized (LP) wave to cross-
polarized wave within 2.75–10.35THz, with a relative bandwidth of 116% and a polarization conversion ratio (PCR) greater 
than 90%. In addition, this structure also converts the incident linear-polarized wave to circular-polarized wave in the range 
of 2.28–2.65THz with axial ratio (AR) less than 3 dB. The characteristics are also analyzed based on the surface current 
distribution. The reason of realizing UWB polarization conversion is explained by polarization decomposition method. Our 
structure could provide many potential applications in radar antenna, metamaterial lens, and other electromagnetic wave 
and optical fields.
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Introduction

Polarization is an important characteristic of an electromag-
netic wave, which refers to the oscillation direction of the 
electric field in a plane perpendicular to the propagation 
direction [1]. Since there are many phenomena which have 
certain requirements on the polarization mode of the elec-
tromagnetic wave, how to effectively control and manipu-
late the polarization state of an electromagnetic wave has 
aroused the interest of many researchers. Traditional polari-
zation conversion devices are usually realized by birefrin-
gence crystals with a huge volume, which requires the accu-
mulation of the required phase difference, resulting in the 
increase of device miniaturization research. In recent years, 
the emergence of electromagnetic metamaterials has realized 

the increasing need for miniaturization of traditional mate-
rials. Electromagnetic metamaterials are synthetic, that is, 
nonexistent in nature, materials, or structures that periodi-
cally depend on the size of the subwavelength. Its important 
characteristic is a unit to simulate the traditional materials  
of atomic structure. It is subwavelength structure, make  
it have unique properties including negative permittivity, 
negative magnetic permeability and negative index. There 
exists a plenty of important applications in radar antenna [2], 
metamaterial lens [3], perfect absorber [4, 5], electromag-
netic induced transparency (EIT) devices [6–9], and many 
other fields. Therefore, it is of great significance to design 
a device to control the polarization state of electromagnetic 
waves by using metamaterials.

There are two kinds of metamaterial structures to real-
ize polarization conversion, which are transmission and 
reflection polarization converters. Transmission polari-
zation converters are usually divided into birefringence 
based on anisotropic metamaterials [10, 11] and opti-
cal properties based on chiral metamaterials [12, 13]. 
In the reflective polarization converter, recently, several 
structures have been designed as a metasurface. In 2017, 
a high-efficiency and wide-bandwidth linear polariza-
tion converter using double U-shaped metasurface was 
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proposed by Mei Z et al. [14]. The design is based on 
the two-dimensional artificial electromagnetic materi-
als and micro-antenna array. The conversion bandwidth 
is 6.91–14.31  GHz. A polarization convertor formed 
from the planar anisotropic metamaterial (MM) using 
cut-wire (CW) structure was proposed by Zhao J et al. 
[15] to realize that PCR is above 90% in the frequency 
range of 5.1–12.1 GHz and the relative bandwidth is up 
to 78.6%. Many of the metasurfaces designed with this 
structure achieve broadband characteristics. Some struc-
tures achieve dual-band [16] and multi-band polarization 
conversion effect [17]. In 2020, a reflective polarization 
converter was designed based on coding topology by Qi 
Y et al. by encoding and adjusting the Pancharatnam-
Berry (PB) phase to achieve a broadband polarization 
conversion with relative bandwidth of 89% [18]. There 
are other similar designs based on encoding and adjusting 
the Pancharatnam-Berry (PB) phase [19]. There also exist 
several designs which have a multi-layer structure made 
of a variety of different metasurface structures to obtain 
a broadband polarization conversion by adding multiple 
resonators artificially [20]. However, the multi-layer struc-
tures increase the complexity of fabrication and face the 
problems of low efficiency. Unfortunately, few polarization 
converters have a relative bandwidth of more than 110% 
to realize UWB polarization conversion.

In this paper, a UWB multifunctional metamaterial 
structure is proposed, and a UWB linear polarization con-
verter with wider working bandwidth is obtained, and dif-
ferent functions are realized in different frequency bands. 
The proposed polarization converter converts the incident 
linear-polarized wave to cross-polarized wave within 
2.75–10.35THz, with 116% relative bandwidth and PCR 
over 90%, which has the characteristics of ultra-wideband 
and higher relative bandwidth than previous structures. 
The linear-polarized wave is also converted into circular-
polarized wave in the frequency range of 2.28–2.65THz 
with axial ratio less than 3 dB.

Models and Simulations

Figure 1 shows a schematic diagram of the proposed struc-
ture, consisting of three parts, the top “I”-shaped resona-
tor, the middle air layer, and the bottom continuous metal 
plate. The material of the top “I”-shaped metal resonator 
and the bottom metal plate is copper, and the thickness t is 
0.03 µm. The middle layer in the middle is the air layer, and 
the relative dielectric constant is set as 1.0. Foam materi-
als similar to the dielectric properties of air may also be 
considered, making the structure simple and easy to manu-
facture. The polymethacrylimide (PMI) foam material has 
a dielectric constant �r of 1.05, which meets �r ≈ 1 , and its 
relative permeability �r ≈ 1 ; its properties are very similar 
to air [21]. Therefore, it can be selected as the supporting 
dielectric material without affecting the electromagnetic 
characteristics of the structure. The size of the top metal 
resonator is continuously optimized by simulation, and the 
metal corner point is tangent to the boundary of the device 
element. After optimization, detailed geometric parameters 
of the unit structure are shown in Fig. 1b. Specific structural 
parameters are as follows: p = 30 µm, l = 24.5 µm, d = 11 µm, 
w = 4.75 µm, t1 = 1 µm.

Taking the y-polarized wave as an example, the definition 
equation of the co-polarized reflection coefficient is expressed 
as ryy =

|||Eyr
|||
/|||Eyi

||| , where |||Eyr
||| represents the component of 

the reflected electric field in the y-direction, and |||Eyi
||| repre-

sents the component of the reflected electric field in the 
x-direction. The definition equation of cross-polarized reflec-
tion coefficient is expressed as rxy = ||Exr

||
/|||Eyi

||| , where ||Exr
|| 

represents the amplitude of the reflected electric field in the 
x-direction.

PCR is usually used to evaluate the efficiency of polariza-
tion convertors, defined by the formula PCR =

|||rxy
|||
2

/(|||rxy
|||
2

+
|||ryy

|||
2

)
 . 

Metamaterials are synthetic materials with periodic or aperi-
odic structures arranged in subwavelength units. The 

Fig. 1  Structure: a 3D view, b front view and side view
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metamaterials proposed in this paper are periodic structures. 
Therefore, in the simulation of commercial software CST Stu-
dio Suite, it is necessary to set the structure to form periodic 
arrangement structure in the way of unit cell in the x-axis and 
y-axis directions, and then set open (add space) in the z-axis 
direction to achieve normal or oblique incidence at a certain 
distance, and finally start the numerical simulation.

The simulation results of the structure are shown in 
Fig. 2. From Fig. 2b, it can be seen that the PCR results 
are above 90% in the frequency range of 2.75–10.35THz. 
We define the bandwidth Δf = fH − fL and center frequency 
f
0
=
(
fH + fL

)/
2 , where fh and fl represent the upper and 

lower cutoff frequencies of the operating bandwidth respec-
tively. Therefore, the calculation formula of relative band-
width is RB = Δf∕f

0
.

The calculation results show that the structure can obtain 
a relative bandwidth of 116% (PCR > 90%), which is higher 
than the previous structure. In addition, compared with other 
existing polarization converters, the structure has higher 
relative bandwidth and simpler geometry. Table 1 shows 
comparisons between other reported reflective polarization 
converters. It can be seen from the table that the proposed 
structure realizes high-efficiency polarization conversion in 
broadband.

In addition, it can be observed from Fig. 2a and c that 
in the range of 2.28–2.65THz, the difference between the 
magnitude of the cross-polarized reflection coefficient and 
the co-polarized reflection coefficient is less than 3 dB, 
and the phase difference between the cross-polarized 
reflection coefficient and the co-polarized reflection coef-
ficient is about 90° within this frequency range. Figure 2c 
shows the area shaded. Therefore, the conversion from 
linear-polarized to circular-polarized is achieved in the 
frequency range of 2.28–2.65THz.

Fig. 2  a The reflection coeffi-
cient of the incident y-polarized 
wave, b PCR, c the phase of the 
co-polarized reflection coef-
ficient and the cross-polarized 
reflection coefficient and the 
phase difference between them. 
The shaded areas in (a) and 
(c) indicate that the amplitude 
and phase characteristics of 
the current reflected wave in 
this frequency band meet the 
conditions for forming circular-
polarized waves respectively

Table 1  Comparison with other broadband terahertz band polariza-
tion converters

a Operating bandwidth (PCR > 90%)
b relative bandwidth (PCR > 90%)

Works OBa (THz) RBb (%)

Ref. [23] 0.91–1.67 58.9
Ref. [22] 2.10–5.03 82.2
Ref. [24] 0.55–1.37 85.4
Ref. [18] 2.04–5.33 89
Ref. [25] 0.65–1.92 103
This paper 2.75–10.35 116
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Discussion

In order to analyze the polarization conversion perfor-
mance of the structure, the finite element method is used 
to simulate the structure. Since the structure is distributed 
symmetrically after rotating 45°, the same polarization 
conversion effect can be obtained if the direction of the 
electric field of the incident wave is in the x-direction or 
the y-direction. From basic electromagnetic theory, it is 
known that the phase difference between two orthogonal 
components of a linear-polarized wave is 0° or 180°. If the 
electric field vector of the electromagnetic wave which is 
incident vertically along the metasurface is decomposed 
along the direction of the orthogonal coordinate axis, and 
if the reflection amplitude of the same polarization of the 
two orthogonal components is the same and the phase dif-
ference is 180°, then the phase mutation of 90° can be 
realized in the synthetic wave. The working principle of 
the polarization converter is shown in Fig. 3a. The coor-
dinate axis uOv is rotated by 45° from the coordinate axis 
xOy. As mentioned above, the same polarization conver-
sion effect is obtained regardless of whether the electric 
field direction of the incident wave is in the x-direction or 
the y-direction. Therefore, taking the incident y-polarized 
wave as an example, the incident wave is expressed as

Reflected waves are represented by reflected waves 
along the u and v axes

In this formula, ruu , ruv , rvv , and rvu represent respec-
tively the co-polarized and cross-polarized reflection coef-
ficients in the coordinate system and �uu , �uv , �vv , and 

(1)��⃗Ei = Eie
jkzŷ =

√
2

2

�
Eiuû + Eivv̂

�
ejkz

(2)���⃗Er =

√
2

2

��
ruuEiue

(−jkz+𝜙uu) + ru𝜐Ei𝜐e
(−jkz+𝜙uv)

�
û +

�
r𝜐𝜐Eiue

(−jkz+𝜙vv) + r𝜐uEiue
(−jkz+𝜙vu)

�
�𝜐
�

�vu represent respectively the phase of co-polarized and 
cross-polarized reflection in the coordinate system.

According to the electric field vector operation rule, when 
the conditions are satisfied,

The reflection wave is expressed as

Therefore, the incident y-polarized wave can be rotated 
into x-polarized wave after reflection, so the structure of the 
resonant layer needs to be linear symmetric with respect to 
u and v axes.

As can be seen from Fig. 3a and b, within the frequency range 
from 2.75 to 10.35THz, the reflected amplitude of the electric 
field component in the u direction ruu and the electric field com-
ponent in the v direction rvv are both close to 1, and their phase 
difference is about 180°. Therefore, the ultra-wideband efficient 
polarization conversion is realized. At some frequency points, 
especially at 3.013THz, 4.344THz, 7.974THz, and 10.273THz, 
the phase difference is close to 180°.

In order to understand the physical mechanism of the 
polarization converter, the surface current distribution 
at the four resonant frequencies of 3.013THz, 4.344THz, 
7.974THz, and 10.273THz is obtained by simulation, as 
shown in Fig. 4. When electromagnetic wave is incident to 

(3)

⎧
⎪⎨⎪⎩

ruu = rvv = r

rvu − ruv = 0

Δ� = �vv − �uu = � + 2k�

(4)

���⃗Er =

√
2

2

�
ruuEiue

j(−kz+𝜙uu)û + r𝜐𝜐Ei𝜐e
j(−kz+𝜙uu+𝜋)�𝜐

�
= rEie

j(−kz+𝜙uu)x̂

Fig. 3  a The principle of 
polarization conversion. b The 
reflection coefficient and phase 
difference of the incident wave 
along the u-axis and v-axis in 
the direction of the electric field

the metal boundary, the metal surface free electrons oscil-
late. If the electron oscillates at a frequency consistent with 
that of the incident wave, it resonates, then the resonance 
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state of the electric field transforms the free energy of the 
metal surface into vibration. This is plasma resonance 
on a metal surface. It can be seen that at 3.013THz and 
4.344THz, the resonator surface current is anti-parallel to 
the current on the metal plate. Therefore, the single current 
loop formed in the middle layer is the first-order magnetic 
resonance, and at 7.974THz and 10.273THz, the resonator 
surface current is parallel to the current on the metal plate, 
corresponding to the first-order electric resonance. This is 
because magnetic dipoles produce circular currents, while 
electrical dipoles produce directional currents. It is precisely 
because the combination of four resonances with overlap-
ping regions guarantees the broadband performance of the 
designed polarization converter.

In addition, it can also be analyzed from u and v polariza-
tion decomposition [26]. Through detailed observation, it is 
found that ruu and rvv each have minor values at two frequen-
cies near the resonant frequencies of these four PCR peaks, 

which are 5.02THz, 10.11THz, 2.73THz, and 6.88THz 
respectively, as shown in Fig. 3b. Simulation results show 
that they are excited by u- and v-polarized waves respec-
tively in Fig. 5. Dielectric losses occur at these four fre-
quencies. Since the structure is symmetric for both u-axis 
and v-axis, the surface current distribution of the eigenmode 
excited by the u-polarized wave and v-polarized wave is 
completely symmetric with respect to the u-axis and v-axis, 
and cross-polarization does not occur. As shown in Fig. 5a, 
at frequency 2.73THz, when incident with v-polarized wave, 
it can excite the middle part of “I”-shaped resonator parallel 
to the v-axis direction, and the current mostly concentrates 
on the metal surface. This frequency is also the first eigen-
frequency of v-polarized wave resonance on this structure. 
However, compared with the situation of that v-polarized 
incident wave, in the direction parallel to the u-axis, it can-
not be excited by u-polarized incident wave. The reason 
is that at 2.73THz, the reflection of v-polarized wave has 

Fig. 4  Surface current dis-
tribution of the structure at 
different resonant frequencies: 
a 3.013THz, b 4.344THz, c 
7.974THz, d 10.273THz

Fig. 5  Surface current distribu-
tion of the structure with u- and 
v-polarized wave at differ-
ent frequencies: a 2.73THz, 
b 5.02THz, c 6.88THz, d 
10.11THz

1383Plasmonics (2022) 17:1379–1386
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a minimum value, while that of u-polarized wave has no 
minimum value, which indicates that at this frequency, the 
main resonance is caused by v-polarized wave. When the 
frequency is 5.02 THz, v-polarized incident wave cannot 
excite the part of “I”-shaped resonance parallel to the v-axis 
in Fig. 5(b). When a u-polarized wave is incident, a reso-
nance effect occurs in the direction parallel to the u-axis. 
This method of analysis can be used to explain the similar 
cases at 6.88THz and 10.11THz frequencies. However, these 
frequency points are not the frequency points where the PCR 
reaches maximum. The reason is that these circumstances do 
not satisfy the phase condition in Eq. (3). The phase of these 
frequency points is shown in Fig. 3b. As shown in Fig. 6, 
the surface currents at 3.013THz, 4.344THz, 7.974THz, and 
10.273THz are simulated respectively. It can be seen that the 
PCR peak at each resonant frequency point is the result of 
u-polarized wave, v-polarized wave, and phase interaction.

It is very important to study the angle dependence of 
reflective polarization converters. Figure 7 shows the effect 
of PCR with the change of frequency and incident angle. It 
can be seen that the bandwidth of the polarization converter 
decreases with the increase of incident angle. This is usually 
attributed to surface destructive interference at oblique inci-
dence. At higher frequencies, the influence of the incident 
angle on the destructive interference increases.

When the operating frequency is in the range of 
2.28–2.65THz, this structure can convert the linear-polarized 
incident wave into the circular-polarized reflected wave.

The conditions for the realization of linear-to-circular– 
polarized electromagnetic waves are Δ� = �x − �y = ±

�

2
 and 

Exm = Eym = Em . As can be seen from Fig. 2a and c, the dif-
ference between the magnitudes of the cross-polarized reflec-
tion coefficient and the co-polarized reflection coefficient is 
less than 3 dB, and within this frequency range, the phase 

difference between the cross-polarized reflection coefficient 
and the co-polarized reflection coefficient is about 90°, which 
satisfies the conditions for the transformation of linearly polar-
ized wave into circularly polarized wave.

In order to verify the performance of converting linear-
to-circular polarization wave and intuitively represent that 
circular-polarized wave can be generated, AR is used to 
indicate the degree of circular polarization of circular-
polarized wave. AR is usually obtained by Eq. (5) [27].

Here, rxy is Ex in the reflected wave, and ryy is Ey in the 
reflected wave. After calculation, AR = 1, AR(dB) = 0 [10]. 

(5)AR =

√√√√√√
r2
xy
+ r2

yy
+
√

r4
xy
+ r4

yy
+ 2r2

xy
r2
yy
cos (2Δ�)

r2
xy
+ r2

yy
−
√

r4
xy
+ r4

yy
+ 2r2

xy
r2
yy
cos (2Δ�)

Fig. 6  Surface current distribu-
tion of the structure with u- and 
v-polarized wave at different 
frequencies: a 3.013THz, b 
4.344THz, c 7.974THz, d 
10.273THz

Fig. 7  Effects of different incidence angles and frequencies on PCR
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When AR = 1, the reflected wave is a circular-polarized wave. 
When AR = ∞, the reflected wave is a linear-polarized wave. 
In other cases, the reflected wave is an elliptical-polarized 
wave. However, unfortunately, no matter the numerical sim-
ulation or actual production, sometimes, we are limited by  
the simulation accuracy, the precision of adaptive mesh, and 
the process and production tolerance during production, so 
we cannot get very perfect circular-polarized wave stably. 
Sometimes, extreme cases including manufacture error may 
lead to AR more than 3 dB and formation of elliptically polar-
ized reflection wave. Generally, when the AR value is less 
than 3 dB, the circular-polarized wave effect with better per-
formance can be obtained. In this structure, in the frequency 
range of 2.28–2.65 THz, it is approximately satisfied the condi-
tions rxy = ryy and Δ� = 90

◦ through simulation and calcula-
tion of the structure in the working frequency range. As shown 
in Fig. 8, it can be seen in 2.28–2.65THz working frequency 
that the magnitude of AR is always less than 3 dB; therefore, a 
better circular-polarized wave has been achieved, which means 
that it is generally considered that when the calculated axial 
ratio AR is less than 3 dB, the error from perfect circularly 
polarized wave is considered to be almost negligible.

Summary

In conclusion, we propose an UWB multifunctional metama-
terial structure, composed of the top “I”-shaped resonator, 
the middle air layer, and the bottom continuous metal plate. 
The wide bandwidth is attributed to the four electromagnetic 
resonances generated at the four resonant frequency points 
of the structure. It is found that the PCR of the proposed the 
structure reached more than 90% and its relative bandwidth 

reached 116% within the frequency range of 2.75–10.35THz. 
In addition, this structure achieves linear-to-circular polari-
zation conversion with below 3 dB of AR in the frequency 
range of 2.28–2.65THz. The polarization converter proposed 
in this paper has a simpler geometric structure than the meta-
materials proposed in the previous references, but achieves 
a relatively large relative bandwidth, so this work has many 
potential applications in radar antenna, metamaterial lens, 
and other electromagnetic wave and optical fields.
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