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Abstract

A linear polarization converter based on metasurface operating in reflection mode was demonstrated. Simulated results
indicate that the polarization conversion ratio (PCR) of the polarization converter is more than 90% in the range of 4.73-10.93
GHz. The experiment results are well consistent with the simulated results. Moreover, the bandwidth of linear polarization
converter can be tuned by metal patch length and T-shaped slot width. The converter has angular stability below 36° and
polarization insensitivity under the x- and y-polarized incidence waves, which makes it promising for applications in orbital
angular momentum beam generators and beam steering systems.
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1. Introduction

Metasurfaces, as two-dimensional counterparts of
metamaterials, have achieved many exotic properties and have
been employed in many different applications, such as
absorbers, filters, phase shifters, temperature sensors,
superlens, and polarization converters from microwave band
to optical fields.[*1 Among these applications, metasurface
polarization converters (MPCs) in controlling the polarization
states of electromagnetic (EM) waves have attracted extensive
attention.l'12 In contrast to traditional devices, including
optical active crystals and liquid crystals,*315 MPCs are thin
in volume and easy to fabricate.

MPCs tailor phase delays along two orthogonal axes to
manipulate the polarization of incident EM waves.[*6171 High
polarization conversion ratio (PCR) and wide bandwidth are
important for the practical applications of MPCs. In order to
obtain wideband characteristics, research efforts have been
made to design and optimize MPCs.[18221 The commonly used
technique is by placing one or more resonators to excite
multiple resonance modes in the horizontal direction. By using
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the superposition of multiple metal-dielectric structures in the
vertical direction is another main method to enhance the
bandwidth of the MPCs. In contrast, the first method has
crucial merits of thinner thickness. For instance, Song et al.
presented a wideband and wide-angle polarization converter
based on metallic-dielectric grating structure.[?! Zhou et al.
proposed a wideband polarization converter with metal
gratings embedded in the dielectric layer to obtain optical
feedback effect for broadband enhancement.?) However, the
PCR is not high at some frequency ranges, or processing is
complex.

In this work, we proposed a linear polarization converter
based on reflective metasurface at microwave frequencies.
The unit cell of the proposed metasurface consists of a
rectangular patch with two T-shaped slots. This structure can
simultaneously generate three resonance modes, and the EM
coupling between them results in wide bandwidth of the
converter. Both the simulations and experiments demonstrated
that the converter can effectively convert the linearly polarized
incident waves into orthogonal ones.

2. Structure design and principle

Fig. 1(a) depicts the schematic diagram of MPC formed by
the periodic arrangement of the unit cell in the xoy plane. The
MPC is illuminated by y-polarized incident EM waves. As
shown in Fig. 1(b), the metasurface unit cell is comprised of a
copper ground plate, an F4B substrate, and a rectangular
metallic structure with two identical T-shaped slots which can
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Fig. 1 Schematic diagram of (a) the reflective metasurface-based linear polarization converter and (b) unit cell of the metasurface.
(c) Photograph of the fabricated reflective metasurface-based linear polarization converter.

be considered as the overlap of two split-ring resonator
analogues. The split-ring resonator is used to generate a
certain phase accumulation to realize polarization
conversion.! The two split-ring resonator analogues are
equivalent to the introduction of multiple capacitances and
inductances in the structure, and the desired frequencies are
obtained by selecting appropriate parameter values. The
period of the metasurface structure is p = 10 mm. The
metasurface is manufactured on the dielectric substrate with a
permittivity of 3.5, a loss tangent tano of 0.002, and a
thickness of 4.0 mm. The thickness of the metallic pattern and
copper ground plane is 0.035 mm. Two T-shaped slots with
the same structure parameters are etched on the rectangular
patch. In this work, w; = 0.6 mm, wz = 1.5 mm, |1 = 2.4 mm,
I, =1.0mm, d = 3.8 mm, widthw =5.0 mm, and length 1 =9.0
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mm are selected. As shown in Fig. 1(c), a polarization
converter sample with a size of 230 mm x 200 mm x 4.0 mm
is fabricated.

Commercial time-domain package CST Microwave Studio
is used to characterize the reflection spectra of the polarization
converter. The boundary conditions are set as periodic along
x and y axes, and open along z axis.?621 And the proposed
MPC is illuminated by a plane wave with the electric field
polarized along y axis. In Fig. 2(a), the numerical simulations
of the reflection coefficients for co-polarization (ryy) and
cross-polarization (ryy) are displayed, where ryy = |Ey|/|Eyi| and
Iy = |Exi|/|Eyil.2® Eyi and Eyr denote the electric field of the y-
polarized incident and reflected EM waves, respectively. Ex
denotes the electric field of x-polarized reflected EM waves.
The simulated results show that co-polarized reflection
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Fig. 2 Simulated (a) reflection coefficients and (b) polarization conversion ratio (PCR) of the reflective metasurface-based linear

polarization converter.
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Fig. 3 (a) Schematic diagram of the metasurface unit cell. (b) Reflected amplitudes and phase difference of the metasurface unit cell

in the u-v coordinate system.

coefficient is smaller than -10 dB and cross-polarized
reflection coefficient is larger than -1 dB from 4.73 GHz to
10.93 GHz under normal incidence of y-polarized waves. The
polarization conversion ratio of the proposed structure can be
calculated as PCR = ry2/(rx? + 1yy?). If ryy is closer to 0 and ryy
is closer to 1, the purity of PCR will be larger. Fig. 2(b) shows
that the PCR is higher than 90% within the frequency range of
4.73-10.93 GHz. In particular, three polarization conversion
peaks respectively appear at 4.98 GHz, 7.15 GHz, and 10.36
GHz, which manifests y-polarized waves can be nearly
completely converted into x-polarized ones at resonance
frequencies.

To theoretically analyze the operating principle of the
proposed polarization converter, we define a new set of
coordinate system, namely the u-v coordinate system, where u
and v axes are rotated 45° around y axis as shown in Fig. 3(a).
When EM waves illuminate the planar structure, they are split
into two components Ej, and Ei. It can be described as

following:
E= () ®

= (&) @

Here, Eiy = |Ei|e’, Eiv = |Enle’?. En and Er represent the
components of reflected waves along u and v directions.
According to the Jones matrix, 23! the relationship between
incident waves and reflected waves can be described as:

Eru) Twu  Tuw <Eiu>

= 3
(Eru (rvu Tvv) Eiv ( )
Here, co-polarized reflection coefficients are 1, =

|t lef®me | 1y, = |ry |/ | cross-polarized reflection
coefficients are ry, = |ryyle/®uw, 7, = |1, |e/Pr.

Fig. 3(b) shows that the amplitudes of ry, and rn are
approximately 1. Hence, based on conversion law, we
conclude that the values of ry, and ry are close to 0. In Fig.
3(b), phase difference is expressed as A@= @ - @w, Where guy
= arg(rw), ow = arg(rw) and Ag < [0, 2x]. It is shown that
phase difference is about 180° within 4.73-10.93 GHz.
Ultimately, the reflected waves (E, = E;,e/®uu(i-E;,e/%uu®) are
perpendicular to incident waves (E; = E;,0 + E;,¥) at these
frequency ranges, which demonstrates that the metasurface

E;, has the capability of polarization conversion over a wide band.
Similarly, the reflected EM waves are depicted as:
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Fig. 4 Surface current distributions of the metasurface unit cell at different resonance frequencies.
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Fig. 5 Simulated polarization conversion ratio of reflective metasurface-based linear polarization converter with a series of (a) I, (b)

w, and (C) ws.

3. Results and discussion

To further analyze the underlying mechanism of the proposed
MPC, the surface current distributions of metasurface unit cell
at resonance frequencies of 4.98 GHz, 7.15 GHz, and 10.36
GHz are displayed in Fig. 4. The little blue arrow represents
local current and the large blue arrow represents net current,
which is the vector sum of the local currents. By identifying
net current directions, we find that there are different
resonance modes at different resonance frequencies. At 4.98
GHz and 7.15 GHz, the unit cell can be regarded as a magnetic
dipole due to the opposite current flow directions on the top
and bottom. 3 On the contrary, electric resonance is formed at
10.36 GHz due to the same current flow directions on the top
and bottom layers. Therefore, the combination of these

(a
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rer (D)

magnetic resonances and electric resonance stimulated at
different frequencies can result in wide polarization
conversion bandwidth.

Furthermore, the dependence of polarization conversion
performance on different structure parameters under normal
y-polarized incidence is investigated. The controlling variable
method is adopted during the research process. From Fig. 5(a),
when metal patch length | increases from 7.4 mm to 9.0 mm,
the first resonance frequency redshifts from 6.31 GHz to 4.98
GHz, and the others remain barely changed. The redshift
enhances the polarization conversion bandwidth (PCR > 80%),
but reduces the conversion efficiency. The simulated PCR
curves of the proposed structure with various metal patch
width w are illustrated in Fig. 5(b). It can be clearly seen that

~12 ” ~12
08 N 0.8
= =
S 10 S 10
> 0.6 > 0.6
g8 s 8
0.4 0.4
g6 e 56
3 z
I |
2 2
0 10 20 30 40 1] 10 20 30 40

Incidence angle (Degree)

Incidence angle (Degree)

Fig. 6 Polarization conversion ratio as a function of incidence angle and frequency under (a) y-polarized and (b) x-polarized incidence.
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the second resonance frequency is mainly affected by the
parameter w. As the metal patch width increases, the second
frequency moves to the lower frequency. Although the
increase in w does not affect bandwidth, the PCR between the
second resonance frequency and the third one decreases. It is
found that as T-shaped slot width w; increases, only the third
resonance frequency is influenced and shifts to the higher
frequency as shown in Fig. 5(c). When wy varies from 0.6 mm
to 1.4 mm, the corresponding bandwidth changes from 6.4
GHz to 7.4 GHz. However, the conversion efficiency is
reduced accordingly. In consequence, the structural
parameters can be tuned to obtain appropriate polarization
conversion bandwidth and efficiency.

Except for geometrical parameters, external conditions,
such as incident EM wave, can also affect the PCR. Therefore,
it is necessary to investigate the influence of different
polarization states and oblique angles of the incident EM
waves on polarization conversion performance, as depicted in
Fig. 6. In this figure, PCRy and PCRy respectively represent
the polarization conversion ratio under the incident waves
with x polarization and y polarization. And their expressions
are PCRy = ry,@/(ry® + o), PCRy = I/ (Irxy? + 1yy?). According
to Figs. 6(a) and 6(b), it is observed that the two polarization
conversion spectra are almost identical, which arises from the
central symmetry of the structure. When the incidence angle
is greater than 15°, PCRy and PCRy drop greatly around 10.1
GHz due to the partial absorption.32%1 This absorption may
result from an extra excited resonance between the ground
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plane and metallic pattern.343 Excluding this frequency point,
when the incidence angle is up to 36°, the PCRs are more than
80% in the frequency range (4.7-10.9 GHz). The above results
show that the MPC can provide good performance in a wide
angle of incidence.

To validate the simulation results, an experimental
platform is built, as shown in Fig. 7(a). The measuring
equipments including vector network analyzer (VNA) and a
pair of 2-18 GHz broadband horn antennas are surrounded by
absorbing materials. The metasurface sample is fabricated by
using printed circuit board technology and measured by using
free-space method.[*%-3%1 Two double ridged horn antennas are
used to transmit and receive linearly polarized EM waves
respectively. To ensure normal incident plane wave excitation,
the two horn antennas have a small angle of about 5<relative
to the normal of MPC and satisfy the far field condition. The
center of horn antennas is at the same height as the center of
the sample. The test system is calibrated by a metal sheet with
the same dimension of the sample. When the emitting horn
antenna and receiving horn antenna are both horizontally
placed, the measured co-polarization reflection result is shown
in Fig. 7(b). When the emitting horn antenna is placed
horizontally and the receiving horn antenna is vertically
placed, the measured cross-polarization result is shown in Fig.
7(c). The placement of two horn antennas is shown in the
illustrations. The measured reflection coefficients show that
three resonances occur at frequencies of 5.08 GHz, 7.64 GHz,
and 10.71 GHz. Based on the measured results, the PCR is
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Fig. 7 (a) Measurement setup. Simulated and measured results of (b) co-polarization reflection, (c) cross-polarization reflection

and (d) PCR.
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computed and shown as the black solid line in Fig. 7(d). It is
observed that the PCR is above 0.8 within 4.68-11.29 GHz in
measurement and above 0.9 within 4.73-10.93 GHz in
simulation. Figs. 7(b)-(d) show that the experimental results
are roughly in agreement with the simulated results. There are
some discrepancies between the simulated and measured
results. For example, these measured resonance frequencies
have a little blueshift compared with the simulated results, and
the measured value of PCR is lower than 90% at lower
frequencies. These are mainly caused by processing errors and
size limitation of the sample.

Table. 1 demonstrates the comparison of the proposed
MPC with the polarization converters reported in previous
literatures. It is obvious that the proposed structure has
wideband and high polarization conversion performance.

Table 1 The comparison table of this work with other wideband
polarization converters reported in literatures.

Operating Relative
Structure bandwidth bandwidth PCR
(GHz) (%)

Proposed 4.73-10.93 79.2 >0.9
[23] 4.9-10.4 71.9 >0.71
[31] 5.7-10.3 57.5 >0.9
[41] 8.6-13.9 47.1 >0.9
[42] 9.24-17.64 62.5 >0.9

4. Conclusions

In summary, a broadband linear polarization converter with
high polarization conversion efficiency was presented. It is
composed of a periodic array of metallic patches with T-
shaped slots, a dielectric substrate, and a metal ground plate.
Both the simulated and measured results demonstrated that the
polarization converter has a wide bandwidth of 4.73-10.93
GHz while maintaining high conversion efficiency. The
bandwidth of the metasurface is expanded by the coupling of
three resonance frequencies. The center frequency of each
resonance peak is mainly affected by metal patch length, metal
patch width, and T-shaped slot width, which can be adjusted
independently. In addition, the proposed converter keeps high
efficiency with a great incidence angle of x and y polarization
waves, which provides a potential way to manipulate the
electromagnetic waves’ polarization state and obtains wide
applications in novel polarization-control devices.
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