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We report a wideband and wide-angle insensitive linear cross-polarization converter based on an anisotropic
metamaterial. The converter structure consists of a periodic array of a top metallic crescent-shaped resonator
and a bottom metallic ground plane separated by a dielectric layer of FR-4. Both simulation and experiment
methods have performed to evaluate the proposed polarization converter performance. The results show a
good agreement between the simulation and experimental results. The polarization converter efficiency above

90% is obtained for a wide bandwidth of 6 GHz covering the entire Ku-band (12-18 GHz) at normal incidence.
Furthermore, the wideband polarization conversion properties are maintained with a large incident angle up
to 45° for both transverse electric (TE) and transverse magnetic (TM) modes. Hence, the designed structure
can be used for Ku-band applications.

1. Introduction

The manipulation of polarization state of the electromagnetic wave
(EM) has attracted considerable interest due to its promising appli-
cations such as communications, imaging, and remote sensing [1].
Among polarization manipulation devices, polarization converters have
been studied extensively for circularly polarized antennas [2,3] and
radar cross section (RCS) reduction [4-6]. Recently, metamaterials are
periodic or quasi-periodic planar arrays of sub-wavelength structures
that exhibit extraordinary electromagnetic properties, have also been
utilized in various applications such as perfect lens [7], invisible cloak
[8], perfect absorber [9,10] and polarization converter [2,11]. Until
now, polarization converters based on metamaterials have realized in
the microwave [2,11], infrared [12,13] and visible [14-16] regimes
because of their light weight and low profile.

Generally, the polarization converters can be designed to work
in transmission and/or reflection modes. The polarization converters
based on transmission mode demand multilayer structures, therefore,
their fabrication is quite difficult, time-consuming, and costly. Mean-
while, the reflective polarization converters can be realized in a single-
layer of metallic—dielectric-metallic configuration. In particular, the
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controllable design of reflective polarization converters based on single-
layer that acts as linear-to-linear [17-26], linear-to-circular [27-30],
circular-to-circular [31-34], and multifunctional [35-38] polarization
conversion has been of great interest. Another desirable aspect of a
reflective polarization converter design is that it can enlarge band-
width to suitable for practical applications. The common method to
extend the bandwidth of cross-polarization reflection is based on the
anisotropic metamaterial that creates multiple resonances by electric
and magnetic resonances [19,24,25]. The different dimensions of po-
larization converter structure formed by meandering line on resonator
structure to various shapes such as split-ring with center disk [18],
head arrow [19], V shape [20], L shape [21], U shape [22], H shape
[25], and W shape [23,26] can create the different resonant peaks
and the superposition of these multiple resonant peaks can expand
the operation bandwidth. For example, Zhao et al. proposed a reflec-
tive linear polarization rotator based on split-ring with center disk
resonator which achieves polarization conversion ratio (PCR) above
90% from 5.7 to 10.3 GHz with the relative bandwidth of 57.5% [18].
Xu. et al. reported an ultra-broadband reflective cross-polarization
converter using the compact H-shaped metasurface, which achieves
a relative bandwidth up to 94% in the frequency ranging from 7 to
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Fig. 2. (a) Magnitude and (b) phase difference of the reflection coefficients of co- and
cross-polarizations, and (c) PCR of the proposed polarization converter at the normal
incidence.

Fig. 3. Working principle of the proposed polarization converter.

19.5 GHz and the PCR higher than 90% [25]. Recently, Zhao et al.
designed an ultra-wideband polarization rotator based on double W-
shaped metasurface that can convert linearly polarized incident waves
into its cross polarized reflective counterparts in the frequency range
from 8.44 GHz to 24.96 GHz, and the relative bandwidth can be up to
99% [26]. Even though, these polarization converters revealed the wide
bandwidth and high efficiency, however, the great limiting factor of
meandering line based structures is the narrow angular tolerance due to
the occurring of a dip in the operating frequency band with increasing
of incident angle [18,20,25,26]. Therefore, the design of metamaterials
for resolving this problem is well worth studying.

Herein, we propose a wideband and wide-angle insensitive reflec-
tive linear polarization converter based on single layer of anisotropic
metamaterial for Ku-band applications. The proposed converter struc-
ture consists of a periodic array of a metallic crescent-shaped resonator
and a bottom metallic ground plane separated by a dielectric substrate.
The performance of the proposed structure is investigated by both
simulation and experiment. The designed converter achieves a linear
cross-polarization with the polarization converter ratio (PCR) greater
than 90% in the whole Ku-band (12-18 GHz) with a relative bandwidth
of 40% at normal incidence. Moreover, the high conversion efficiency
is retained with a wide incident angle up to 45°. Thus, this designed
structure can be applied for Ku-band applications.

2. Structure design and principle

In previously design, wideband linear polarization converters were
used to design based on an anisotropic structure using meandering
line such as L and V shapes. These polarization converter structures
only efficiently convert the polarization of EM wave with narrow angle
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Fig. 4. (a) Magnitude and (b) phase difference of the reflection coefficients of u- and v-components for the proposed polarization converter at the normal incidence.
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Fig. 5. Distributions of surface current on (a), (b) the top layer and (c), (d) the bottom
layer of the proposed converter at the resonant frequencies of 12.8 GHz and 16.2 GHz,
respectively.

tolerance due to the fact that the meandering line based structure can
create absorption peak that leading to form the dip in their operating
bandwidth with increasing of incident angle. Furthermore, the sharp
corner features within these structures could also be difficult to fab-
ricate with existing techniques such as photolithography. Therefore,
in this study, we proposed the gradient structure based on crescent-
shaped resonator to design a wideband linear polarization converter as
presented in Fig. 1. Fig. 1 depicts a schematic of the unit cell of the
proposed polarization converter. It is composed of a metallic crescent-
sharped resonator and a metallic ground plane dielectric substrate
spaced by a dielectric substrate, as shown in Fig. 1(a). The top and
bottom layers are made of copper with a thickness of 0.035 mm and
an electric conductivity of 5.96 x 10’ S/m. The dielectric substrate is
made by FR-4 with a thickness (k) of 1.6 mm and a relative dielectric
constant of 4.3. The aim of the converter design is to work in the
frequency range of 12-18 GHz. To reach this design purpose, we have
optimized structural parameters by analyzing the effect of geometrical
parameters of P in the range of 2.5-3.5 mm, R, in the range of
2.19-2.63 mm, R, in the range of 2.31-2.91 mm, and d in the range
of 1.84-2.41 mm on the performance of the proposed polarization
converter. The structural parameters are determined while considering
both operating bandwidth and performance. Based on this analysis, the
geometrical parameters of the unit cell are optimized as follows P =
6 mm, R, = 2.41 mm, R, = 3.61 mm, and d = 2.12 mm, as presented
in Fig. 1(b). The centers of circles with radius R, and R, are O, (0 mm,
0 mm) and O, (1.5 mm and 1.5 mm).
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Fig. 6. (a) Magnitude of co- and cross-polarized reflection coefficients and (b) PCRs
of the proposed polarization converter under TE mode for various incident angles.

To aid the design and analyze the performance of the polarization
converter, the commercial computer simulation technology (CST) Mi-
crowave Studio software is used based on a frequency-domain solver
[39]. In the simulation setup, the periodic boundary conditions are
assigned to unit cell in the x and y directions, and the boundary con-
dition is fixed to open in the z-direction. The simulation is performed
in free space. Due to the symmetric of the unit cell along the diagonal
direction, the co-and cross-polarized reflection coefficients for the x-
axis are similar to those for y-axis. Therefore, we have just simulated
for the y-polarized incident wave.
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Fig. 7. PCR map as a function of the incident angle and of frequency for (a) TE and (b) TM modes.

3. Results and discussion

Fig. 2(a) shows the magnitude of co- and cross-reflection coefficients
for the y-polarized incident wave under normal incidence. It can see
that the magnitude of the co-reflection coefficient (ryy) is below 0.19,
while that of the cross-reflection coefficient (ryy) is kept above 0.85 in
a wide frequency range from 12 GHz to 18 GHz. Furthermore, the two
distinct resonance peaks can be observed at 12.8 GHz and 16.2 GHz
with the corresponding co- and cross-reflection coefficients of 0.05 and
0.92, and 0.03 and 0.94, respectively. The phase difference between
the phase of the co- and the cross-polarization coefficient is depicted in
Fig. 2(b). The phase difference (4¢) is 90° or —90° in the whole band.
It means that the perfect cross-polarization conversion can be revealed
in the proposed converter for a wide frequency range.

To evaluate the polarization conversion performance of a linear
polarization converter, the polarization converter ratio (PCR) is used
that given by Eq. (1) [29,40].

2

"xy

PCR = (@]
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+ )ryy)

ny

where, r., = |E,|/ |E,-y‘ and r,, are cross-polarization

iy
and co-polarization reflection coefficients, respectively. E indicates the
electric field while the subscripts x and y refer to the polarization
directions and subscripts i and r represent the incident and reflected
waves, respectively.

Fig. 2(c) presents the PCR curve of the proposed converter. At two
resonance peaks of 12.8 GHz and 16.2 GHz, the PCR is approximately
100%. Moreover, the converter reveals the PCR above 90% in the
frequency range from 12 GHz to 18 GHz with a relative bandwidth of
40%. This indicating that the designed converter can operate efficiently
as a wideband linear polarization converter. The broadband response
is due to the superposition of multiple resonance modes at 12.8 GHz
and 16.2 GHz.

To demonstrate the working principle of the proposed polarization
converter, we decompose the incident EM wave (E;) into two orthog-
onal u- and v-directions as shown in Fig. 3. The u- and v-axes are
inclined 45° and —45° to y-axis, respectively. Due to the asymmetric
structure, the proposed converter obeys anisotropic characteristics with
dispersive relative permittivity and permeability [24]. Therefore, the
magnitudes and phases of reflection waves are different in u- and
v-components. Given that r,, and r,, are magnitude of co- and cross-
reflection coefficients for u-to-u and u-to-v polarization conversion, r,,
and r,,, are magnitude of co- and cross-reflection coefficients for u-to-u
and v-to-u polarization conversion, and @,, and @, are the phases for
u-to-u and v-to-v polarization conversion, respectively. If r,, =r,, = 1,
w = To ® 0,and 4¢ = |®, — @, | ~ 180°, the synthetic fields of
E,, and E,, will be along the x-axis, as illustrated in Fig. 3. It implies
that the incident polarized wave is rotated 90° and a cross-polarization
conversion will be obtained.
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Fig. 8. The fabricated prototype of the converter consisting of 20 x 20 unit cells with
a total dimension of 120 x 120 mm.

Fig. 4 represents the simulated magnitude of reflection coefficients
and phase difference (4¢) as a function of frequency when the EM
incident wave is polarized along the u- and v-components. As shown
in Fig. 4(a), the magnitude of the co-polarized reflection coefficient is
close to 1 while magnitude of cross-polarized reflection coefficient is
approximately O for almost frequencies. The phase difference between
the u- and v-components is shown in Fig. 4(b). It can be seen that
at two resonant frequencies of 12.8 GHz and 16.2 GHz, the phase
difference is just exactly 180° and it is close to 180° in the frequency
range from 12 GHz to 18 GHz. These obtained results prove that the de-
signed converter achieves the wideband cross-polarization conversion
performance.

To investigate the physical mechanism, the surface current distribu-
tions on the top and bottom metallic layer of the proposed converter
are simulated at the resonant frequencies of 12.8 GHz and 16.2 GHz,
as presented in Fig. 5. It can be seen from Figs. 5(a) and (c), at the
resonant frequency of 12.8 GHz, the top and bottom surface current are
anti-parallel to each other, resulting in the occurring of the circulating
current in the dielectric layer. Therefore, this resonant frequency is
considered as magnetic resonance. Meanwhile, at the higher resonant
frequency of 16.2 GHz, the top surface current is divided into two
regions where the currents on these regions are anti-parallel, as shown
in Fig. 5(b). The bottom surface current is kept in the same direction
(Fig. 5(d)). It means that the top surface current on one of regions is
parallel and the top surface current of the other region is anti-parallel
to the bottom surface currents, which generates both electric reso-
nance and magnetic resonance, respectively. Thus, the higher resonant
frequency is caused by both electric and magnetic resonances.
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Fig. 9. (a), (b) Reflection coefficients and (c), (d) PCRs from simulation and experiment for normal incidence and oblique 45° incidence, respectively.

We also investigate the effect of incident angles on the performance
of the proposed polarization converter. Figs. 6(a) and (b) show the
magnitude of reflection coefficients and PCR curves of the proposed
polarization converter with various incident angle under TE mode,
respectively. It can be seen from Fig. 6(a), both the co- and cross-
reflection coefficients have a small change with increasing the incident
angle from 0° to 30° and a large change of these coefficients is observed
with further increasing the incident up to 45°. Meanwhile, the band-
width of the reflection coefficient seems unchanged with increasing
the incident angle. Resulting, the PCR can keep higher than 90% in
the operating frequency range from 12 GHz to 18 GHz when incident
angle changes from 0° to 30°, as shown in Fig. 6(b). Even though,
further increasing incident angle up to 45°, the PCR remains as high
as 80%. Furthermore, the PCR map as a function of the incident angle
and of frequency is simulated for both TE and TM modes, as represented
in Fig. 7. The converter gives the PCR above 80% in the frequency
range from 12 GHz to 18 GHz for both TE and TM modes. It means
that the proposed polarization converter reveals a stable polarization
conversion against changes the incident angle up to 45°.

Finally, to verify the design of the proposed polarization converter,
we have fabricated the square sample with an oversize of 120 mm X
120 mm (20 x 20 unit cells) using the conventional printed circuit
board process. The fabricated sample has the structural parameters
the same as the simulated model. The image of the fabricated sample
is shown in Fig. 8. The Rohde and Schwarz ZNB20 vector network
analyzer together with two identical linearly polarized standard-gain
horn antennas as transmitter and receiver is performed to character-
ize the reflection coefficients as a function of frequency. One horn
antenna is used to emitx- or y-polarized waves, and the other horn
antenna is used to receive x- and y-polarized waves. The separation
angle between two antennas is set to be 10°, corresponding to the
normal incidence measurement in the experimental. The co- and cross-
polarized reflection coefficients are measured through the rotation of
receive antenna by 0° and 90°, respectively. Figs. 9(a) and (b) show the
measured magnitude of co- and cross-reflection coefficients at normal
and 45° incidence, respectively, and the corresponding calculated PCRs
are presented in Figs. 9(c) and (d). It indicates that the experimental
results are in good agreement with the simulation results.

4. Conclusion

We have proposed a wideband and wide-angle insensitive linear
polarization converter based on a single-layer of metal-dielectric—metal
configuration. The proposed converter structure consists of a periodic
array of a metallic crescent-shaped resonator and a bottom metallic
ground plane separated by a dielectric spacer layer. The performance
of the proposed converter has investigated by both simulation and
experiment. The experimental and simulation result comparison was
showed to be in good agreement. An investigation of the surface current
distribution was simulated to explain the physical mechanism of the
proposed polarization converter. The polarization converter exhibited
a wideband linear cross-polarization in the entire X-band from 12—
18 GHz with a relative bandwidth of 40% and a PCR above 90% at nor-
mal incidence. The high conversion efficiency can be maintained when
the incident angle up to 45° for both TE and TM modes. Therefore, the
designed structure can be suitable for Ku-band applications.
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