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Abstract: In this work, a metasurface with the symmetrical double C-shaped narrow
ring connected with the central cross structure is investigated by simulation, theory and
experiment, which can near-perfectly convert linearly polarized electromagnetic waves
into their orthogonal components in the frequency ranges from 9.38 to 13.36 GHz and
14.84 to 20.36 GHz. And the corresponding fractional bandwidths within the two bands
are 35.00% and 31.36%, respectively. The influences of structural parameters on the
polarization conversion performance are studied. The results show that the central frequen-
cies and bandwidths of the two bands can be easily modulated by varying the structural
parameters of r and θ . The high-efficiency and dual-broadband characteristics can also
be well maintained in the oblique incidence range of 0–45°. Meanwhile, the mechanisms
of polarization conversion are analysed, and several formulas are used to calculate the
reflection coefficients of the co- and cross-polarization under the normal incident y-polarized
electromagnetic waves based on the phase difference of the reflection coefficients of the u-
and v-polarized conversions. The experiment results are in good agreement with those of
simulations and theoretical analysis. The proposed metasurface has important applications
in novel polarization control devices.

Index Terms: Anisotropic metasurface, polarization conversion, dual-wideband, high-
efficiency.

1. Introduction
Metasurface is a sort of artificial two-dimensional material containing periodic or aperiodic sub-
wavelength units, possessing unique characteristics of manipulating electromagnetic (EM) waves
[1]–[5]. Compared with traditional metamaterial, metasurface has advantages of low loss, low pro-
file and easy processing [6], [7]. Recently, artificial metasurface structures have been extensively
used to manipulate EM waves, particularly in control polarization [8]–[12]. Metasurface provides an
encouraging method for polarization control because it can make the EM amplitude and phase of
scattered light change abruptly within the sub-wavelength space region [13]–[18].
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Numerous reflective and transmissive polarization converters based upon chiral or anisotropic
metasurfaces have been designed from microwave to optical frequencies [19]–[25]. For example,
Hao et al. [26] designed a linear polarization converter using anisotropic metamaterial with I-shaped
structure. However, there exists an obvious shortcoming of narrow bandwidth. Subsequently, a
variety of methods such as small-scale design [27], multi-layer [28] and multi-resonance design
[29], [30] have been introduced to improve the polarization conversion bandwidth. Lin et al.
proposed a wideband polarization converter with multilayered structure to achieve linear-to-circular
polarization conversion from 12.21 to 18.39 GHz [31]. Grady et al. described a broadband ul-
trathin metamaterial with a multilayered structure for linear polarization conversion in the range
of 0.52 to 1.82 THz [32]. Although great advances have been made in polarization conversion
bandwidth, low efficiency is a serious obstacle hindering potential applications. Therefore, many
efforts are required for structure designs of metasurface with high efficiency, broadband and
easy-to-manufacture cell structure. In particular, the total reflection coefficients closely related to
polarization converter need to be further explored and explained.

Herein, a perfect and dual-broadband linear polarization converter is theoretically proposed
and experimentally demonstrated. The converter consists of the symmetrical double C-shaped
narrow ring connected with the central cross structure, a dielectric layer and a metal plate. Four
resonances occur within the 9.38–13.36 GHz and 14.84–20.36 GHz frequency ranges. In these
dual-band ranges, x-polarized or y-polarized incident waves can almost be completely converted
into corresponding cross-polarized waves. The polarization conversion ratios (PCR) for the dual
bands are more than 98.21% and 99.32%, respectively. The physical mechanisms of polarization
converter are discussed in detail. In addition, the high-efficiency and dual-broadband character-
istics can be maintained when the incident angle increases to 45°. The proposed metasurface
has advantages of simple geometric structure, high efficiency and wide bandwidth comparing with
the previous designs [33], [34], hence exhibiting great application potential in polarization control
devices.

2. Metasurface Design and Experiment
The proposed reflective polarization converter with dual band consists of three layers sandwiched
structure, including the bottom full metallic layer, the intermediate dielectric layer, and the top
electric resonator structure. To generate the orthotropic wave for the x- or y-polarization incident
wave, the electric resonator structure should be asymmetrical about x- and y-axis. However, the
electric resonator structure should also have a symmetric axis marked by u(v)-axis along 45°
direction respect to x- or y-axis, so that the 90° polarization conversion can be achieved when
the x- or y-polarized waves illuminate the metasurface structure.

Based on the above design guidelines, we propose a metasurface structure with reflective
polarization conversion as shown in Fig. 1. The unit cell is composed of three layers, and the
symmetrical double C-shaped narrow ring connected with the central cross structure on the
top level. The intermediate layer is F4B (εr = 2.65 − 0.001 j ) with a thickness d of 3 mm. The
bottom layer is an all-metal plate. Two metal parts are formed by copper films with electrical
conductivity of 5.8 × 107 S/m and thickness of 35 μm. The optimized geometric parameters are
listed in Table 1. To understand the principle of multiple resonances, we model the structure as
an anisotropic structure with two symmetrical axes, u- and v-axes, as shown in Fig. 1(b). Under
normal incidence, it is possible for the central cross structure to excite individual resonances by
selecting the polarization angle of the incident linear polarization wave to be 0° or 90° relative
to the u-axis. For the intermediate angles, both resonances are excited, so multiple resonances
can be excited by properly selecting the incident polarization angle and the length of cross arm.
On the other hand, the ring structure is a highly adjustable, which supports multipole modes
excited by delay effects, oblique incidence or coupling with other structures, hence exciting the
multiple resonances. The ring structure can adjust the bandwidth of the low frequency band
and the high frequency band, so the center cross structure has a great influence on the high
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Fig. 1. (a) Schematic diagram of the unit cell structure and polarization converter under linear polarized
light incidence, (b) definitions of the u- and v-axes (front view), (c) photograph of the prepared sample.

TABLE 1

Optimized Parameters of Metasurface Polarization Converter (mm)

band. The frequency ratio of dual-operation frequency can be realized by changing the structural
parameters.

The design, simulation and optimization of the proposed converter are carried out by Comsol
Multiphysics based on finite element method (FEM). The periodic boundary conditions are used
in the x and y directions in the simulation. Because of geometric symmetry, the cross- and co-
polarization reflection coefficients of y-polarized incident waves are similar to those of x-polarized
incident waves. Consequently, the reflection coefficients of y-polarized incident wave are discussed.

In addition, the wave vector
→
k is negative along the z axis. The experiments are used to verify the

polarization conversion behavior of the prepared samples. The sample with 10 × 10 mm2 unit cells
is prepared by the printed circuit board (PCB) technology. Fig. 1(c) shows the photograph of the
prepared sample. An Agilent N5230A network analyzer and two of the same linear polarization
standard gain horn antennas are applied to measure the cross- and co-polarization reflection
coefficients of the samples in the anechoic chamber. Horn antenna 1 is fastened by horizontal
polarization to transmit y-polarized incoming waves. Then y-polarized incoming waves will be
reflected by the metasurface. Horn antenna 2 is put in the direction of vertical and horizontal
polarization respectively in order to obtain reflection coefficients which are composed of cross-
and co-polarized components.

3. Results and Discussion
3.1 Experiment and Simulation Results

The reflection coefficients of the co-polarization ryy = |Eyr/Eyi | and the cross-polarization rxy =
|Exr/Eyi | under the y-polarized incidence are used to better understand the polarization conversion

Vol. 12, No. 2, April 2020 4600511



IEEE Photonics Journal Dual-Bandwidth Linear Polarization Converter

Fig. 2. Results of the simulation and experiment for y-polarized incidence, (a) cross- and co-polarized
reflectance coefficients (ryy and ryy ), (b) polarization conversion ratio (PCR).

response of the designed polarization converter. The subscript x and y signify the polarization di-
rection of EM wave, respectively. And the subscript i and r denote the incident and reflected waves,
respectively. PCR is described for characterizing the performance of polarization converters, and it
is expressed as:

PCR = rxy
2/

(
rxy

2 + ryy
2) (1)

Fig. 2 shows the simulation and experiment results of the cross- and co-polarized reflection
coefficients as well as PCR for y-polarized incidence in the frequency range from 6.5 to 20.8 GHz. It
is seen from Fig. 2(a) that the simulated co-polarized reflectance of ryy is less than −10 dB over the
frequency ranges of 9.38–13.36 GHz and 14.84–20.36 GHz, while the simulated cross-polarized
reflectance of rxy is greater than −1 dB in the corresponding frequency ranges. The experi-
ment results indicate that the measured ryy is below −10 dB in the frequency ranges from 9.67 to
13.47 GHz and 14.96 to 20.45 GHz, whereas rxy is more than −1dB in the same frequency ranges.
Therefore, the designed polarization converter has the characteristics of dual-band. According
to the simulation results, the four resonant frequencies are located at 10.67, 12.22, 16.18 and
19.51 GHz within the two frequency bands. The experiment results show that there are also four
resonant frequencies locating at 11.16, 12.41, 16.49 and 19.26 GHz in two frequency bands. The
simulation results in Fig. 2(b) indicate that the PCR is almost 98.21% within the frequency range
9.38 to 13.36 GHz. That is, on the bandwidth of 3.98 GHz, it is about 35.00% compared with
the central frequency of 11.37 GHz. In the second frequency band (14.84–20.36 GHz), the PCR is
higher than 99.32%, and the bandwidth is 5.29 GHz. The center frequency is situated at 17.61 GHz
and the relative bandwidth of 31.36% is also obtained.

Furthermore, the corresponding frequencies of PCR almost closing to 1 are the same as those of
the four frequencies with the minimum co-polarization reflection coefficient, as illustrated in Fig. 2.
The experiment results are highly consistent with the simulation results, demonstrating that the y-
polarized incident waves are almost converted into x-polarized reflected waves in the two frequency
bands. However, there is a slight difference between simulation and experiment results, which is
mainly attributed to the following two reasons. Firstly, periodic boundary conditions are adopted
in the simulation and the structures along the x- and y-directions are considered to be infinite,
whereas the prepared samples have a finite size. Secondly, a perfect normally-incident EM wave is
used in the simulation, while the device uses a quasi-plane wave which can not be realized in the
experiments. Based on the analysis above, the designed metasurface linear polarization converter
has good characteristics of dual-band and high-efficiency.

3.2 Polarization State Analysis

To better understand the polarization state of reflected waves, elliptical angle χ and polarization
angle ψ are defined. Fig. 3(a) shows the polarized ellipsoid of incident wave reflected by polariza-
tion converter. According to Fig. 3(a), the formulas of χ and ψ within the frequency range studied
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Fig. 3. (a) Polarized ellipsoid of incident wave reflected by polarization converter, (b) elliptical angle χ
and polarization angle ψ of incident wave reflected by polarization converter.

are as follows [35], [36]:

sin(2χ ) = 2qr sin(ξ )

1 + |qr |2
(2)

tan(2ψ ) = 2qr cos(ξ )

1 − |qr |2
(3)

ξ = Phaserxy − Phaseryy (4)

where qr = |rxy |/|ryy | and ξ denotes the phase difference between rxy and ryy . The polarization angle
ψ ≈ 0◦ and the elliptical angle χ < 5◦ at four resonant frequencies, illustrating that the reflected
wave is approximately linear polarized wave perpendicular to the incident wave with relative high
polarization purity, as shown in Fig. 3(b).

3.3 Theoretical Analysis

To study the mechanism of the dual broadband polarization converter, we define a pair of mutually
perpendicular symmetry axis of the proposed metasurface by u- and v-axis. They have an angle
of ±45° with the positive direction of y-axis, respectively, as shown in Fig. 1(b). Therefore, the de-
signed structure can be considered as an anisotropic homogeneous metamaterial layer installed on

a perfect metallic ground plate with a dispersive relative permeability tensor
↔
μ and a relative permit-

tivity εr . The
↔
μ can be represented by diagonal elements μuu, μvv and μzz in the orthogonal coordi-

nate system constituted of u-, v- and z- axis. Accordingly, there only consists of co-polarized compo-
nents in the reflected waves when u- and v- polarization waves are illuminated. Supposing that the
loss tangent of the dielectric layer can be neglected, the magnitude of reflections ruu and rvv would
be both close to 1. However, the reflection phases(�φuv) of ruu and rvv would have different owing to
the anisotropic metasurface, so the polarization conversion of the reflection wave can be realized.
Generally speaking, when the y-polarized wave is illuminated, �φuv = 0◦ means that there is no
polarization conversion, that is, the reflected wave remains the y-polarized wave. When�φuv = ±π

2 ,
circular polarization conversion would be achieved. And if �φuv = ±π , 90° linear polarization
conversion would be achieved, that is to say, there is only x polarization in the reflected waves.

The analysis is also based on the normal incident y-polarized EM wave. In the direction of u- and

v-axes, the electric field vectors of incident (
→
E i) and reflected (

→
E r ) waves can be decomposed into

two mutually perpendicular components with the same magnitudes, as depicted in Fig. 1(b). Their
expressions are as follows:

→
E i = Eyi

→
e y = Eui

→
e u + Evi

→
e v =

√
2

2
Eyi

(→
e u + →

e v

)
(5)

→
E r = Exr

→
e x = Eur

→
e u + Evr

→
e v = ruEui

→
e u + rvEvi

→
e v =

√
2

2
Eyi

(
ru

→
e u + rv

→
e v

)
(6)
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where
→
e u and

→
e v denote the unit vectors in the direction of u- and v-axes directions, ru and

rv represent the amplitudes of the reflection coefficients of the u- and v-polarized conversions,
respectively. ru and rv are independent of each other, resulting from the anisotropy of structural
element. Moreover, the value of the dielectric layer loss tangent is so small that it can be ignored.
This leads to the magnitude of the co-polarized reflection coefficients of ru and rv closing to 1, while
the cross-polarized reflection coefficients in u- and v-polarized directions are equal to zero.

�φuv = arg(ru ) − arg(rv ) denotes the phase difference between ru and rv. Therefore,
→
E r can be

described using the following expression:

→
E r =

√
2

2
ruEyi

(→
e u + e− j�φuv

→
e v

)
(7)

Eq. (8) indicates that motion trajectory of reflected electric field vector
→
E r on any regular plane

parallel to the u-v plane is perpendicular to the propagation direction. The above mentioned
situation satisfies the following equation:

Eu
2 − 2EvEu cos�φuv + Ev

2 = 0.5
∣∣Eyi

∣∣2sin2(�φuv ) (8)

As shown in Fig. 1(b), in the x-y frame of axes, using the equations Ex =
√

2
2 · (Eu − Ev ) and

Ey =
√

2
2 · (Eu + Ev ), Eq. (8) can be expressed as:

2Ex
2

∣
∣Eyi

∣
∣2(1 − cos�φuv )

+ 2Ey
2

∣
∣Eyi

∣
∣2(1 + cos�φuv )

= 1 (9)

Eq. (9) denotes the amplitudes of the x-polarization component and the y-polarization component
in the reflected wave as follows:

⎧
⎨

⎩

Exr = |Ex |
∣∣
Ey=0 =

√
2

2

∣∣Eyi
∣∣
√

1 − cos�φuv

Eyr = ∣∣Ey
∣∣ ∣∣

Ex=0 =
√

2
2

∣∣Eyi
∣∣
√

1 + cos�φuv

(10)

Therefore, reflection coefficients of the co-polarization (y-to-y) and the cross-polarization (y-to-x)
can be defined as:

ryy =
∣
∣Eyr

∣
∣

∣∣Eyi
∣∣ =

√
2

2

√
1 + cos�φuv (11)

rxy = |Exr |∣
∣Eyi

∣
∣ =

√
2

2

√
1 − cos�φuv (12)

According to Eqs. (11) and (12), ryy and rxy are calculated on base of the value of �φuv.
In order to verify the performance of the designed linear polarization converter by Eqs. (11)

and (12), numerical simulations are carried out under u- and v-polarized incoming, respectively.
Fig. 4(a) shows that the simulation values of reflected amplitudes of the cross-polarization (ruv

and rvu) are approximately zero and the co-polarization (ruu and rvv) are both close to unity over
the frequency ranges of 9.38–13.36 GHz and 14.84–20.36 GHz, which demonstrates that there
is no cross-polarized refection and the reflected EM wave can only be expressed using the
same reflectance and phase in u- and v-polarized directions. Fig. 4(b) shows the phase and
phase difference of the co-polarization in the u- and v-axis directions. In the first frequency band
(9.38–13.36 GHz), the phase difference �φuv is closed to −180°, while in the second frequency
band (14.84–20.36 GHz), the phase difference �φuv is to 180°. Moreover, �φuv is exactly −180° at
the two frequencies of 10.67 and 12.23 GHz, respectively. �φuv is just 180°, and the corresponding
two frequencies are 16.19 and 19.67 GHz. These four frequencies are almost identical to the
four resonance frequencies (10.67, 12.22, 16.18 and 19.51 GHz) in Fig. 2a. In addition, �φuv is
exactly equal to 0° at the frequency of 14.03 GHz, where is hardly any cross-polarized refection,
as indicated in Fig. 2(b). The reflection coefficients of cross- and co-polarization (rxy and ryy ) can be
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Fig. 4. (a) Simulated reflected amplitudes of the cross-polarization (ruv and rvu) and the co-polarization
(ruu and rvv), and (b) phase and phase difference of the co-polarization in the u- and v-axis directions.

Fig. 5. Comparison of experiment, calculation, and simulation results.

Fig. 6. The induced magnetic field distributions at the different resonance frequencies: (a) 10.67 GHz;
(b) 12.22 GHz; (c) 16.18 GHz; (d) 19.51 GHz.

calculated by using Eqs. (11) and (12) and combining the phase difference �φuv in Fig. 4(b). Fig. 5
shows the results of calculation, simulation and experiment. The three results agree well with each
other in the case of y-polarized incident waves.

On the basis of the above analysis, it can be seen that the anisotropic structure makes ru and rv
independent of each other, which determines the total reflection characteristics of the metasurface.
The phase difference between ru and rv affects the reflection coefficients of the cross-polarization
and the co-polarization under arbitrary polarization incidence. When the phase difference �φuv is
±π , x(y) polarization is converted to y(x) polarization in the two broad frequency bands.

To further understand the mechanism of the proposed polarization conversion, the induced
magnetic field distributions at the different resonance frequencies under the y-polarized normal

incidence are shown in Fig. 6. In Fig. 6(b), the induced magnetic field
→
H is along the lower right
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Fig. 7. (a) and (c) PCRs with various values of r and θ , respectively, (b) and (d) the central frequencies
and bandwidths of the two bands corresponding to different values of r and θ , respectively.

direction at the resonance frequency of 12.22 GHz. The magnetic field
→
H can be decomposed into

two mutually perpendicular components
→
H x and

→
H y , respectively. The component

→
H x is perpendic-

ular to the incident electric field
→
E inc. Then

→
H x can not generate any cross polarization conversion.

The component
→
H y , being aligned with the direction of the incident electric field

→
E inc, can induce

electric field that is perpendicular to
→
E inc. Therefore, cross polarization conversion gets induced.

The same physical mechanism is applicable for the resonant frequencies of 10.67, 16.18 and
19.51 GHz. The magnetic field component aligned with the incident electric field contributes to the
polarization conversion.

4. Polarization Conversion Properties for Various Parameters
4.1 Influence of Structural Parameters

Fig. 7 shows the relationship between the structure parameters r and θ and the performance of the
proposed polarization converter. As shown in Fig. 7(b), the central frequencies reduce gradually
and the bandwidths increase with increasing r in the two bands. The central frequencies of the two
bands red-shift and the bandwidth in the first band increases at earlier stage and decreases at
latter stage, while the bandwidth in the second band increases gradually with increasing θ value,
as shown in Fig. 7(d). Hence, it can be concluded that the structure parameters can adjust the
performance of the designed polarization converter. As shown in Fig. 7(b), when r increases from
3.1 to 3.7 mm, the central frequency in the first band can be adjusted between 12.69 and 10.68 GHz
and the corresponding relative bandwidth is 17.42–40.45%. Moreover, in the second band, the
adjustment range of the central frequency is from 18.42 to 17.2 GHz and the relative bandwidth
in the corresponding band is 24.54–33.02%. When θ increases from 100° to 130°, the control
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Fig. 8. PCR with different values of (a) w1, (b) a, (c) b and (d) g1 and g2.

range of central frequency in the first band is 12.41 to 9.78 GHz and the related relative bandwidth
is 28.87–37.14%. The central frequency in the second band ranges from 18.27 to 15.11 GHz
and the relative bandwidth is 25.29–38.12%. The PCR maintains more than 95% in the whole
regulation range. Therefore, the proposed polarization converter with high polarization conversion
efficiency can be achieved in a wide range, implying high flexibility and selectivity of controlling the
polarization state of electromagnetic waves.

In order to obtain better polarization conversion performance, the structural parameters w1, a, b,
g1 and g2 of the metasurface are also studied, as depicted in Fig. 8. For determining the optimal
parameters, both high PCR and wide bandwidth are considered. It is seen from Fig. 8(a) that
the bandwidth redshifts and become wide slightly in the first band, and the working bandwidth of
the second band is narrowed gradually as w1 increases. The PCR in the two bands decreases
with increasing w1. The bandwidth in the first band is the narrowest for w1 = 0.08 mm, while
the bandwidth in the second band is the widest, and the PCR is higher. For w1 = 0.38 mm, the
opposite result can be obtained. Therefore, w1 = 0.19 mm is the best parameter simultaneously
considering high PCR and wide bandwidth. Fig. 8(b) shows the PCR curves for various a values
increasing from 0.75 to 1.5 mm. The bandwidths and PCR in the first band are almost unchanged.
In the second band, the bandwidths and PCR gradually decrease with increasing a, and the optimal
value is 1.0 mm. In addition, the value of structural parameter b varies from 1.3 to 2.5 mm and the
step length is 0.2 mm. As shown in Fig. 8(c), the PCR and bandwidths decrease gradually in the
first band, while the PCR and bandwidth decrease remarkably in the second band, exhibiting that
the optimal value of b is 1.5 mm. However, compared with the results shown Fig. 8(b), bandwidth
tends to become narrow significantly, and the decline rate of PCR is very fast, which means that b
is a critical ingredient in PCR. Furthermore, the PCR as a function of the gap between two arcs is
simulated, as shown in Fig. 8(d). It can be seen that the PCR and bandwidth increase remarkably
as the value of g1 decreases and g2 increases. For g1 = g2 = 5.28 mm, the PCR is close to 1 and
the bandwidth is widest in the two working bands. From the above analysis, it can be seen that the
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Fig. 9. Simulation results of PCRs with different incident angles.

structural parameters r, θ , w1 g1 and g2 have a great impact on both low-band and high-band PCR.
In addition, the structural parameters a and b have little effect on low-frequency, but have a great
influence on the high-frequency band PCR. The results show that the polarization converter can
be dynamically adjusted by optimizing the structure parameters.

4.2 Dependence of PCR on Incident Angle

It is expected that the reflective polarization converter possesses excellent performances at var-
ious incident angles rather than only at normal incidence. The relationship between polarization
conversion efficiency and incident angle is important to polarization converter. When incident
angle varies from 0° to 60°, the PCR amplitudes and resonance frequencies of the designed
polarization converter are shown in Fig. 9. The simulation results show that there is almost no
significant change in the PCR and working bandwidth when the incident angle increases from 0°
to 45°, indicating that the polarization converter possesses good robustness and is not affected
by oblique incidence. In addition, when the incident angle is 60°, the PCR reduces obviously.
The reduction of PCR in the second band (14.84–20.36 GHz) is larger than that in the first band
(9.38–13.36 GHz), indicating that high frequency band is more sensitive to the change of incident
angle.

5. Conclusion
In summary, a broadband and high-efficient linearly polarized converter based on anisotropic
metasurface is theoretically proposed and experimentally verified. Simulation results indicate that
the designed metasurface can transform x- or y-polarized incident waves into their mutually per-
pendicular counterparts in the frequency ranges of 9.38–13.36 GHz and 14.84–20.36 GHz, and the
corresponding PCR values are greater than 98.21% and 99.32%, respectively. The high-efficiency
and dual-broadband characteristics are well maintained when the oblique incidence angle is up
to 45°. The simulation results are consistent with the theoretical and measured results. The
dual-broadband polarization conversion can also be realized by varying the geometric parameters
of the structure unit in the microwave bands, exhibiting a great potential in high-efficient polarization
control devices.
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