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Abstract We propose to realize a broadband and wide-
angle reflective polarization converter in microwave
regions. The proposed converter can convert a linearly
polarized (LP) wave to its cross-polarized wave at three
resonant frequencies. It can also convert the LP wave to a
circularly polarized wave at other two resonant frequencies.
Furthermore, the proposed converter can achieve broad
bandwidth with incident angle up to 45°. The simulated and
measured results are in agreement in the entire frequency
regions, and the bandwidth of polarization conversion over
75 % can be obtained from 7.6 to 15.5 GHz under normal
incidence and from 7.8 to 13.0 GHz under incident angle
of 45°. The surface current distributions of the proposed
converter are discussed to analyze the physical mechanism.
The converter tolerance to wide angle of incidence and the
broad bandwidth could be useful in the range of applica-
tions in the microwave regions.

1 Introduction

Metamaterials (MMs), as a rapidly developing cutting-
edge research field, have drawn much attention due to their
unprecedented electromagnetic (EM) properties discovered
[1]. Many special functional devices based on these exotic
properties can be developed, such as perfect absorbers [2],
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high-impedance surfaces (HIS) [3], and EM cloaks [4].
Polarization conveys valuable information for EM signal
processing [5, 6]. It has been widely used in many EM
applications, including microwave communications, man-
ufacture of antennas, and astronavigation. Conventional
polarization converters employing the Brewster effects or
birefringence [7] usually require quite long propagation
distance to obtain the phase accumulation. Expanding the
limited bandwidth of the conventional polarization convert-
ers requires complex designs using multilayered films or
Fresnel rhombs [8]. Therefore, it is important to develop
simple broadband polarization control devices with small
thickness.

Recently, MMs have been used to manipulate EM prop-
erties by chiral and anisotropic MMs [9, 10]. Many MMs
structures such as metal split-ring resonators (SRRs) pre-
sent polarization conversion [11, 12]. However, the disad-
vantage of these polarization converters based on MMs is
its narrow operating bandwidth, which impedes their appli-
cation in practice [13, 14]. Many methods and designs have
been proposed to extend the polarization conversion band-
width. Feng et al. [15] proposed a reflective polarization
rotator based on HIS, which can generate multiorder plas-
mon resonances. Despite its relatively small thickness, the
rotator has only 1.5 GHz bandwidth. Huang et al. [16] pro-
posed a multiband reflective polarization converter using
U-shaped MMs, which can convert the linearly polarized
(LP) wave to its cross-polarized wave. However, the polari-
zation conversion only occurs at three resonant frequencies.
Grady et al. [6] have designed a linear polarization con-
verter operating in reflection using metallo-dielectric MMs
in terahertz frequency region, and the bandwidth could
be extended in some degree with a relative thinner thick-
ness, which gives us some new ideas to design broadband
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polarizer with small thickness in the microwave frequency
regions.

In this paper, a broadband and wide-angle polarization
converter can be realized based on metasurface in micro-
wave regions. A triple-band, cross-reflective polarization
conversion can be obtained when it is illuminated by a LP
wave. Meanwhile, the LP wave can be converted to a cir-
cularly polarized (CP) wave at other two resonant frequen-
cies. Moreover, the broadband properties can be sustained
at the incident angle up to 45°. The measured polarization
conversion bandwidth of reflectance over 0.75 is achieved
from 7.6 to 15.5 GHz under normal incidence and from 7.8
to 13.0 GHz under incident angle of 45°. Compared with
the previous designs, the proposed reflective polarization
converter has simple geometry and broad bandwidth and
tolerance to wide incident angles.

2 Design and simulation

Figure la shows the photograph of the proposed converter
used in the experiment and the schematic diagram of one
unit cell. The converter can rotate polarization state com-
pletely to its orthogonal counterpart. The structure consists
of three layers, with resonant metallic patterns arranged
on the top layer periodically. The middle layer is dielec-
tric substrate, and the bottom layer is a full metallic sheet,
as shown in Fig. 1b, c. Figure 1b gives the front view of
individual unit cell. The geometrical parameters of the
converter are as follows: p = 9.0 mm, /;, = 5.5 mm, w; =
1.5 mm, /, = 1.5 mm, w, = 0.25 mm, /; = 3.0 mm, w; =
0.5 mm, and ¢ = 3.0 mm.

The numerical simulation is carried out to analyze the
reflection characteristics of the polarization converter with
a commercial program, CST MICROWAVE STUDIO

2013. In the simulations, the periodic boundary conditions
are used in unit cell and the metal material is copper (with
a conductivity of 5.8 x 107 S/m), and the substrate is FR4
(with a dielectric constant 4.3 and a loss tangent 0.025).

To better understand the polarization conversion of the
designed structure, we suppose the incident wave is y-polar-
ized, Ein = éiy“ei(_ki"'7+‘”‘), and the reflected wave can be

written as E" = (ryyey +rxyé;)ei(_k"7+Wt), where éiy“, e,
el are the unit E vectors in different directions, I;in, /Z, are
the wave vectors, Tyy and ry, represent the reflection coef-
ficient of y-to-y and y-to-x polarization conversion, respec-
tively. We define a polarization conversion ratio (PCR) as
PCR = r)%y/ (r)%y + r§y>. And  rg/ryy = |rxy/ryy|eiA‘/’xy,
Ag,, is the phase difference between the y and x compo-
nents of the reflected EM waves. Ag,, can take arbitrary
values with [—180°, 180°] depending on the frequency,
indicating that all possible polarization states are realizable
for the reflected waves. The linearly polarized wave con-
verts to its cross-polarization wave as Ag,, = 0° (or Ag,,
= £180°). The linearly polarized wave converts to a CP
wave as |r | = Ir, | and Ag,, = £90°. Others are elliptically
polarized waves. Also, 7 is the angle between its polariza-

tion direction and the y-axis, and then n = tan_l(lEer/IEyrl).

3 Experiment results and discussion
3.1 Sample fabrication and measurement results

Figure la shows the photograph of the fabricated broad-
band polarization converter, which was fabricated into
a 20 by 20 unit sample (180 x 180 mm?) by the conven-
tional printed circuit board (PCB) process with the sample
structural parameter as the simulated model. A double-side
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Fig. 1 The unit cell of the proposed structure: a a part of photography of the measured sample, b front, and ¢ lateral view of the unit cell
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Fig. 2 Simulated and measured results of LP conversion pattern under y-polarized incident wave. a Reflectance of Irxvl2 and Irxvlz, b PCR and ¢
polarization azimuth rotation angle 7, d simulated relative phase Ag,, versus frequency between r,, and r,,

copper-cladding PCB board is etched with resonator pat-
terns on the one side, while the copper cladding is kept on
the other side.

The simulated and measured results of LP incident
waves are shown in Fig. 2a. The measured reflectance is
very similar to the simulated ones except that there is a dif-
ference at high frequencies, due to the major reason of the
finite number of unit cells in the experiments. From Fig. 2a,
it can be obtained clearly that the bandwidth of simulated
reflectance Irxyl2 is over 0.75 in 7.6-15.5 GHz, and Irxyl2 is
0.88, 0.89, and 0.76 at three neighboring frequencies of
8.37, 11.06, and 15.44 GHz. The measured reflection Irxyl2
is 0.89, 0.90, and 0.72 at three frequencies of 9.0, 10.7, and
15.6 GHz, respectively. PCR at three frequencies are 1.0,
1.0, and 95.7 % for simulations and 1.0, 1.0, and 92.3 %
for measurement, respectively, as shown in Fig. 2b. At the
three frequencies, PCR nearly achieves 1.0, which means
nearly all energy of y-polarized incident wave is converted
to x-polarized ones. Figure 2c employs the polarization
azimuth rotation angle n to describe the angle between
the major polarization axis and y-axis. It is more intuitive
that the polarization conversion changes versus frequency.

We can see that the values of 1 for measurement are 87.3°,
89.0°, and 74.5° at 9.0, 10.7, and 15.6 GHz for y-polarized
incident wave. It is further confirmed that the y-polarized
wave is almost converted to x-polarized wave at the three
frequencies. The simulated relative phase difference of
Ag,, under y-polarized illumination is shown in Fig. 2d. It
can be seen that the value of Ag,, is close to the vicinity
of zero or +180° at three frequencies of 8.37, 11.06, and
15.44 GHz, respectively, which means the polarization
states are converted. We name the three frequencies as res-
onant frequencies. At the frequency of 6.97 GHz, the Irxyl2
= Iryyl2 =0.44, and Ag,, = 90°, indicating a pure CP wave.
At the frequency of 16.65 GHz, Ir, > = Ir, I* = 0.36, and
Ag,, = 111° little larger than 90°, indicating a non-pure
CP wave. At other frequencies, elliptically polarized waves
are obtained.

3.2 Surface current distribution for normal incidence
From the simulated and measured results, it can be seen

that the converter has a broadband property. This is due to
the structure’s multiple resonances. At the three resonance
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Fig. 3 Surface current distributions of the proposed converter.
a, b, and c represent surface current distributions of the front (leff)
and bottom layer (right) at resonant frequencies of 8.64, 10.88, and
15.44 GHz, respectively

frequencies, the function of the converter can be aniso-
tropic high-impedance surface (HIS) [17, 18]. The reflected
waves along x- and y-axis have different reflection phases,
respectively, and then the polarization state of reflected
waves is converted.

To understand the physical mechanism of the polariza-
tion converter, the surface current distributions for the top
layer and the bottom metal ground at the resonant fre-
quencies are presented. Figure 3 shows the instantaneous
induced surface current distributions of the front and back
layers in the converter at resonant frequencies of 8.37,
11.06, and 15.44 GHz, respectively. When the incident
wave is y-polarized, the antiparallel current at the top and
bottom metallic layers excites at 8.37 GHz, which results in
the magnetic dipole moments m; (blue color). The y com-
ponent (H;y) of the induced magnetic field Hy paralleled
to the incident electric field E; then, the cross-coupling
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between the incident electric field E, and Hy, of the
induced magnetic field leads to a cross-polarization with
an y-to-x polarization conversion [6]. The similar physi-
cal mechanism occurs at resonant frequencies of 11.06
and 15.44 GHz, depicted in Fig. 3b, c. The cross-coupling
effect between incident electric field Ey and sz, Ey and
H3y, leads to the y-to-x polarization conversion, respec-
tively. In summary, the x components (H,,, H,,, and Hj,)
of the induced magnetic field are perpendicular to the inci-
dent field E,, which cannot excite the cross-polarization
due to the same direction of the incident magnetic field.
The induced magnetic field (Hyy, H,,, and Hj) is parallel
to the incident electric field E, and thus can induce an elec-
tronic field (E,) perpendicular to the incident electric field
(Ey). The induced electric field E, results in the polariza-
tion conversion.

3.3 Polarization conversion dependent on incident
angle

As is indicated by the above discussions, further numeri-
cal simulations and experiments revealed that the broad-
band and high-efficient conversion properties are sustained
over a wide incident angle (6) range. Figure 4a, b illustrates
the simulated reflectance of Irxyl2 and Iryyl2 under different
0, respectively. It is shown that the polarization conver-
sion efficiency can be sustained as incident angle increases.
Even though the bandwidth is decreased, the polarization
conversion bandwidth over 75 % can be achieved from 7.8
to 13.0 GHz at incident angle of 45°. For the oblique inci-
dent measurement, horn antennas are rotated keeping the
rotator at fixed position. The incident angle is kept for 45°.
Figure 4c shows the measured data of Irxyl2 and Iryylz. Here,
the converter exhibits a broadband polarization conversion
over 75 % from 8.2 to 13.6 GHz. However, there is a minor
shift for the measured resonant frequencies, owing to the
fabrication precision as well as the dielectric board material
whose actual dielectric constant is slightly different from
the value used in the simulations. Meanwhile, the edge dif-
fraction of the finite unit cells for oblique incident measure-
ment is the major factor that affects experimental precision.

3.4 Polarization state dependent on thickness ¢

To further broaden the application range of interest, we
investigate the effect of the thickness on polarization states
at desired frequencies. In Fig. 5a, the results reveal insen-
sitivity to the variation of thickness, suggesting good toler-
ance to the broadband property. In Fig. 5b, it is obtained
that the variation of thickness does not affect the polari-
zation states at resonant frequencies of nearly 8.37 and
15.44 GHz. However, between the above two resonant
frequencies, the LP wave can be excited, and the resonant
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Fig. 4 Simulated results of a Irxyl2 and b Iryyl2 under different incident
angle from 0° to 45°. ¢ Simulated and measured magnitudes of Irxyl2
and Iryyl2 for incident angle of 45°

frequency corresponding to the linear polarization state
shifts toward low frequencies as thickness increases.
Hence, it is demonstrated that we can tweak the structural
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Fig. 5 Simulated results of the converter: a simulated reflectance of
Irwl2 and b simulated relative phase between r,, and r,, versus fre-
quency with different thickness ¢

thickness at the unit cell level to customize requirements at
desired frequencies, thus enhancing the practicality of the
proposed converter.

In the end, the improvement in high-efficient and broad-
band polarization conversion based on metasurface is a
commonly designed method. However, most designed con-
verter mainly analyzes the polarization conversion under
the unchangeable frequencies. The polarization states of the
proposed converter here can be changed easily by adjusting
the geometrical parameters. Therefore, we will be able to
further study the active polarization control based on the
proposed converter.

4 Conclusion
In conclusion, we have numerically and experimentally

proposed a broadband and wide-angle reflective polariza-
tion converter. The converter can convert a LP wave to its
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cross-polarized wave at three neighboring frequencies. It
can also convert the LP wave to a CP wave at other two
resonant frequencies. The polarization states can be eas-
ily adjusted by tweaking the structural thickness. Moreo-
ver, the proposed converter can achieve broad bandwidth
at incident angle up to 45°. And the measured polarization
conversion is over 75 % from 7.6 to 15.5 GHz under nor-
mal incidence and from 7.8 to 13.0 GHz under incident
angle up to 45°. The physical mechanism is illustrated by
the surface current distributions. The converter tolerance
to wide angles of incidence, the adjustment of polarization
conversion at desired frequencies, and the broadband prop-
erty could be widespread applications in the microwave
regions.
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