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Design of a Transparent Metamaterial Cross
Polarization Converter With Large

Incident Angle Range
Senfeng Lai , Yanghui Wu , and Wenhua Gu

Abstract—In recent years, the metamaterial has become a pop-
ular and powerful tool in the electromagnetic polarization conver-
sion design. In this paper, a flexible and transparent broadband
cross-polarization-converter (CPC) was designed, fabricated and
tested. ANSYS HFSS was used for the cross-polarization-converter
simulation, and the Floquet port and master-slave boundary con-
dition were set in the software. The multi-layer split-ring-resonator
(SRR) structure was used to form the metamaterial for the CPC. As
a result, >77% polarization conversion ratio (PCR) was achieved
in the range of (7.8-18.2) GHz, with little change within 45° incident
angle. The experimental results were consistent with the simulation
data.

Index Terms—Reflective polarization converter, flexible,
transparent.

I. INTRODUCTION

THE cross-polarization-converter (CPC) is one of the key
members in the family of electromagnetic (EM) wave

manipulation devices [1]–[4], and has a wide range of applica-
tions in areas including anti-interference, analytical chemistry,
biology, communication, imaging, and so on. Although natu-
ral anisotropic materials can be used to manipulate EM wave
polarization, it is difficult to achieve polarization conversion in
the microwave frequency due to the small difference of EM
parameters in two orthogonal directions [5]. The metamaterial
polarization converters can easily tweak the EM parameters in
two orthogonal directions in a large amount, especially effective
in the microwave band. However, most of the metamaterial-
based CPCs have the drawback of narrow bandwidth [6]–[7].
To extend the bandwidth, stacking multiple layers of comple-
mentary structures are generally required [8]–[10]. Another con-
cern is how to maintain excellent polarization conversion ratio
(PCR) with large incident angle range [11]. Other limitations of
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Fig. 1. (a) The 3-D schematic diagram and (b) top view of the structure of the
designed CPC.

traditional polarization converters include lacking mechanical
flexibility and optical transparency, which are required in many
novel application scenes. Researches aiming at solving the above
limitations of CPC are emerging in recent years [1]–[2].

Nowadays, different types of polarization converters based
on anisotropic [12], [13] or chiral [14] metasurfaces have been
proposed. In addition, different design solutions have been pro-
posed in order to extend the bandwidth. In fact, metasurfaces
have been widely used in the design of polarization converters
[15]. Recently, more efforts have focused on miniaturized polar-
ization converters with higher conversion efficiency and wider
bandwidth or multiband and also more efforts have focused
on miniaturized polarization converters with higher conversion
efficiency and wider bandwidth or multi-band [16]–[18]. This
has become an urgent need for practical applications.

In this paper, a broadband polarization converter with
PCR>77% in the range of (7.8-18.2) GHz was designed and
fabricated. The experimental results were consistent with the
simulation data. The designed device is insensitive to oblique
incidence within 45° range. What is more, the CPC has high
optical transparency and good mechanical flexibility.

II. DESIGN OF THE TRANSPARENT METAMATERIAL

ANSYS HFSS 15.0 was used for the cross-polarization-
converter spectrum simulation, and the Floquet port, master-
slave boundary condition and adaptive meshing were set in the
software. [19], [20]. The reflective CPC was designed using a
three-layer SRR structure [21], as shown in Fig. 1. The SRR
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Fig. 2. Reflection and transmission coefficient curves of co-polarization and
cross-polarization.

structures are of different sizes for each layer, and used indium
tin oxide (ITO) as the conductor, polyethylene terephthalate
(PET) as the dielectric. An ITO conductive layer was used as
the backplane to assure zero EM wave transmission. Both ITO
and PET are optically transparent. The period of the optimized
unit structure is p = 10 mm, the arm width of the bottom SRR
is W1 = 0.8 mm, the arm length L1 = 7 mm, a = 0.5 mm, the
thickness of the bottom dielectric layer is h1 = 1.5 mm; the arm
width of the middle SRR is W2 = 0.7 mm, the arm length L2 =
4.7 mm, b = 2 mm, the thickness of the middle dielectric layer
is h2 = 1.2 mm; the arm width of the top SRR is W3 = 0.4 mm,
the arm length L3 = 2.4 mm, c = 3.2 mm, the thickness of the
top dielectric layer is h3 = 1 mm. The dielectric constant of the
PET dielectric layer is εr = 3. ITO thin films used in both FSS
layers and backplane with a thickness of h = 185± 5nmwere
coated on the PET films by magnetron sputtering. The surface
resistance of the ITO material is 8 Ω/sq. The unit structures are
periodically repeated to cover the entire sample surface, and the
size of the fabricated sample was 310 mm ∗ 290 mm with the
total thickness of 3.7 mm.

All simulations in this work were performed by the software
High Frequency Structure Simulator (HFSS). The backplane of
the multilayer structure is covered by the transparent and con-
ductive material ITO, so that the power transmittance through
the structure T can be ignored. The transmittance curves in
both x and y directions, S21(xx) and S21(yx), are also shown
in Fig. 2. It can be seen from Fig. 2 that the transmittance
in both directions are negligible, i.e., less than −28 dB in the
whole band, and mostly less than −30 dB. So the equation
for calculating the power absorption ratio A can be simpli-
fied as:A = 1−R− T ≈ 1− |S11|2 − 0, where R is the power
reflection ratio, and S11 is the first element of the S param-
eter matrix. The co-polarization reflection coefficient can be
expressed as:S11(xx) = rxx = |Erx|/|Eix|, S11(yy) = ryy =
|Ery|/|Eiy|; while the cross-polarization reflection coefficient
can be expressed as:S11(yx) = ryx = |Ery|/|Eix|, S11(xy) =
rxy = |Erx|/|Eiy|. Since the designed SRR is axisymmetric
along the diagonal of the square period, the simulation results
obtained with x-polarized incident field are the same as the
results obtained with y- polarized incident field. Therefore,

Fig. 3. PCR curve of the designed broadband polarization converter.

only the case of the x-polarization incident field is discussed
and analyzed. The reflection coefficients of co-polarization and
cross-polarization are shown as in Fig. 2, showing excellent
polarization conversion effects in the range of (7.8–18.2) GHz.

The PCR of the CPC designed in this paper was calculated us-
ing PCR = |Ryx|/(|Ryx|+ |Rxx|), where cross-polarization
reflectivity is Ryx = |S11(yx)|2 , and co-polarization reflectivity
is Rxx = |S11(xx)|2 . The variable-control method was used to
optimize the parameters in the full-wave simulation and to finally
determine the optimal parameters. Because of the large number
of parameters, the optimization process was not described in
detail in the paper. Among them, the parameter that has the
greatest influence on the result is the arm length of the resonant
ring. The length of the three arm lengths will greatly affect the
value and bandwidth of PCR. The PCR spectrum is shown in
Fig. 3. It can be seen that PCR> 77% in the (7.8-18.2) GHz range
(the red region), and PCR > 85% in the range of (10-17.8) GHz.
The curve shows three peak resonant frequency points, which
are 8.2 GHz, 11.8 GHz and 16.4 GHz, respectively.

The key to realize polarization conversion is to build up a
180° phase difference between the two orthogonal components
of the reflected field. As shown in Fig. 4. (a), the incident
field Ei polarized in x-direction can be decomposed into two
components: Eiv, Eiu in the uv coordinates, which is a common
practice in similar researches and has been proven to be correct
and helpful [22], [23]: Eiv, Eiu in the uv coordinates. Then Ei

can be described as
→
Ei =

∧
uEiue

jφ +
∧
v Eive

jφ. Similarly, the
reflection field Er can also be decomposed into two components
in the uv coordinates: Erv, Eru, and then Er can be described as→
Er =

∧
uEiue

(jφ+φu) +
∧
v Eive

(jφ+φv). When complete cross-
polarization occurs, the reflection field Er must be perpendicular
to the x direction, and the Erv and Eiv are equal in magnitude but
opposite in direction, while the magnitude and direction of Eru

and Eiu are the same. Then the phase difference Δϕ=|φu − φv|
between Erv and Eru is about 180°. In Fig. 4. (b), the phase
difference between Erv and Eru in the (7.8-18.2) GHz band is
shown to be close to 180°, thus achieving wideband polarization
conversion.

The co-polarization and cross-polarization reflection coeffi-
cients at different incident angles were simulated, as shown
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Fig. 4. (a) Illustration of the electric field decomposition for cross-
polarization; (b) reflection phase difference between two orthogonal electric
field components.

in Fig. 5. It can be seen that the co-polarization reflection
coefficients of the designed CPC change little when the obliquely
incident angle is within 30°. For the cross-polarization, the
reflection coefficient changes little when the obliquely incident
angle is within 45°. Therefore, the CPC designed in this work
has the merit of wide incident angle.

III. FABRICATION, TESTING AND ANALYSIS OF THE

DESIGNED CPC

The flexible, transparent and broadband CPC designed above
was fabricated and tested, as shown in Fig. 6. (d). The ITO
was sputtered onto PET substrate, followed with wet-etching
to obtain the proposed structure shown in Fig. 1. The whole
fabrication process was very straightforward and used mature
industrial techniques, with high potential of mass production.
Thanks to the carefully selected materials, the polarization con-
verter is optically transparent and mechanically flexible. These
characteristics render the CPC more application freedom.

The Agilent N5232A vector network analyzer was used to
measure the co-polarization and cross-polarization reflection co-
efficients of the metamaterial CPC sample. Two broadband horn
antennas covering (1–18) GHz were used, one as the transmitter
and the other as the receiver. For the co-polarized reflection
(Rxx) test, both antennas were placed in the horizontal direction
(x-polarization); while for the cross-polarized reflection (Ryx)

Fig. 5. The reflection coefficient spectrum of (a) co-polarization, (b) cross-
polarization at different incident angles, and (c) analytically calculated profile
of absorption versus frequency and incident angle for TE polarization.

test, the transmitting antenna was in the horizontal direction
(x-polarization) and the receiving antenna was in the vertical
direction (y polarization).The comparison between the simula-
tion and measurement results of the co-polarization reflection
coefficient, cross-polarization reflection coefficient, as well as
PCR, were shown in Fig. 6. It can be clearly seen from Fig. 6 that
the measurement results are consistent with the simulation data.

To better explain the working mechanism of the CPC, the
surface current density distribution at the SRR plane and the
backplane at three peak frequencies (8.2 GHz//11.8 GHz//16.4
GHz) were simulated, as shown in Fig. 7. Figures in the top row
of Fig. 7 show the current density distribution on the surface of
the unit resonance structure, and figures in the second row show
the current density distribution on the surface of the backplane.
By comparing the current density direction on the SRR structure
to that on the backplane, the resonance type can be determined
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Fig. 6. (a) The photo shows optical transparency and mechanical flexibility of
the fabricated sample. Comparison of the experimental and simulated spectra of
(b) co-polarization S11; (c) cross-polarization S11; (d) PCR.

[24]–[27]. It can be seen from Fig. 7 that at 8.2 GHz and
16.4 GHz, the largest surface current density appears on the
arm in the y-direction of the middle SRR structure, which is
opposite to the backplane current density direction, effectively
forming a magnetic dipole. This means that magnetic resonance
is generated at 8.2 GHz and 16.4 GHz. While at 11.8 GHz,
the largest surface current density appears on the arm in the
x-direction of the middle SRR structure, which is the same as
the backplane current density direction, effectively forming an
electric dipole. This means that electrical resonance is generated
at 11.8 GHz.

In addition, as can be seen in the figure, most of the current
on the ring is along the y direction, which also indicates that

Fig. 7. The surface current density distribution of the SRR and the backplane
at three peak frequencies (8.2 GHz//11.8 GHz//16.4 GHz).

the x-direction polarization incident electromagnetic wave has
been successfully conversed into y- direction polarization after
passing through the structure [28]–[29]. Through optimization
of the geometric parameters of the resonance structure on the
surface, the phase difference between the x and y components
of the reflected EM waves can be adjusted to 180°, resulting in
the generation of polarization transformation [14]–[15].

IV. CONCLUSION

In this work, a multilayer SRR-structure CPC was simulated,
designed by ANSYS HFSS and fabricated by laser etching,
showing a polarization conversion ratio greater than 77% in the
range of (7.8-18.2) GHz. The experimental results are consistent
with the software simulation data. In addition, the designed CPC
is insensitive to oblique incidence within 45°, and has the ad-
vantages of broadband, optically transparent and mechanically
flexible.
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