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A chiral metasurface is proposed to realize a tri-band polarization angle insensitive cross-polarization converter. The
unit cell of the chiral metamaterial is composed by four twisted anisotropic structure pairs in four-fold rotation symmetry.
The simulation results show that this device can work at 9.824 GHz, 11.39 GHz, and 13.37 GHz with low loss and a
high polarization conversion ratio (PCR) of more than 99%. The proposed design can transmit the co-polarization wave at
14.215 GHz, like a frequency selective surface. The study of the current and electric fields distributions indicates that the
cross-polarization transmission is due to electric dipole coupling.
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1. Introduction

Controlling the propagation characteristics, including
the polarization states, of electromagnetic waves has long
been of concern.'3] Metamaterials can be used to real-
ize cloaks,* lens, absorbers,[! polarizers,!!%!!! and sur-
sI127141 to effectively manip-
ulate the propagation of microwaves.

face plasmon polariton coupler
Polarization is one
of the most important properties of microwaves, which has
aroused the interest of researchers.[15-17] Nowadays, much at-
tention has been paid to the polarization rotation or optical
[18-211 and different types of cross-polarization con-
verters have been designed.[*>-2>! To avoid interference effects

activity,

between the incident and reflected waves, great efforts have
been made to design transparent cross-polarization converters.
Anisotropic and chiral metamaterials have been used to ma-
nipulate the propagation of the microwaves in different ways.
Anisotropic metamaterials can cause a phase or amplitude
difference between two crossed polarization waves, which
can be used to manipulate the polarization of the incident
waves. Pfeiffer et al. reported a 4-layered anisotropic struc-
ture to convert the polarization.*! However, most transpar-
ent low-loss polarizers or cross-polarization converters that are
based on anisotropic metamaterials are multi-layered struc-
tures, which cause a large thickness. Metasurfaces are single-
layer metamaterials with scatters judiciously placed in a two-
dimensional (2D) pattern at the surface or the interface. Chiral
metasurfaces are also used to rotate the polarization angle of
the microwaves by transverse magnetic dipole coupling. Liu
et al. presented a chiral nanostructure to obtain huge opti-

[18
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band have also been reported to convert polarization. >’ Al-
though these chiral metasurfaces are thin, they usually work
in single frequency or have a polarization sensitive response.
Thus, it is desirable to research multi-band polarization angle-
independent cross-polarization converters with high perfor-
mance.

In this paper, we propose a tri-band cross-polarization
converter using a chiral metasurface. The proposed cross-
polarization converter has a polarization angle-independent re-
sponse with a high polarization conversion ratio of more than
99%. The cross-polarization transmissions are caused by elec-
tric dipole coupling. The unit cell of the chiral metasurface is
composed by four twisted anisotropic structure pairs, which is
chiral, as shown in Fig. 1. The four anisotropic structure pairs
are arranged in C4 rotation symmetry to obtain a polarization-
independent response.>*! The measured results coincide with
the simulation results and demonstrate that the proposed cross-
polarization converter can work at 9.82 GHz, 11.39 GHz, and
13.37 GHz. Furthermore, the proposed chiral metasurface has
a co-polarization transmission at 14.215 GHz, like a frequency
selective surface.

2. Design of the cross-polarization converter
2.1. Structure of the chiral metasurface

Chiral structures have the potential to realize a cross-
polarization converter.[**l It is assumed that the chiral meta-
surface is illuminated by a plane wave propagating along z
direction

E,-(r,t) _ (lx) ei(kz—wt)’ (1

Ly
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with @ being its frequency, k being its wave number, and the
complex amplitudes i, and i, describing the state of linear po-
larization. Thus, the transmitted fields is

E/(r,1) = (;) elllemen, )
y

After that, the transmission matrix (T matrix), which connects

the incident fields and transmitted fields, is given by

Ix _ Exﬂcy)(ix) 3
()-GE2)G) o

For those chiral structures exhibiting C4 symmetry but with-
out any additional reflection symmetry, their T matrix in the

linear base is
(T Ty
Tiine = (Ty ) 4)

where the entries 7;; are complex amplitudes, and Ty, = Ty,
and T,y = —T,,.3!! Thus, the structure in C4 symmetry is in-
sensitive to the polarization state of the linear wave. Then, the
eigenbasis in matrix form is

1 1
Ki —Tox K2 — Ty :(1 ! )7

A= s
Ty Ty J —J

1
k2= 1 [(Tm Ty) 41/ (T Ty +4TxyTyx] ®)

Thus, the eigenpolarizations of the chiral structures in C4 sym-
metry are a left- and right-handed circular polarization. In the
circular base, the T matrix is

T 0
Tcirc = ( J(r)+ T ) ’ (6)

where the entries T, and 7__ are complex amplitudes of the
co-polarization transmission. Assuming that the incident wave
is linearly polarized in any states, in order to realize a cross-
polarization converter, the 7'y y and 7__ should satisfy the con-
ditionof Ty . = —T__, and if T, = T__ then the chiral meta-
surface responses without any polarization transformation.
Considering the above analysis, in this paper we pro-
pose a chiral metasurface in C4 symmetry to realize a tri-
band cross-polarization converter. The structure of the pro-
posed chiral metasurface is shown in Fig. 1(a). The unit cell of
the chiral metasurface is composed of four twisted anisotropic
structure pairs which are arranged in C4 symmetry. The top
layer and bottom layer structures in each anisotropic struc-
ture pair are mutually twisted by an angle of 45°, as shown
in Figs. 1(b) and 1(c). The geometrical parameters of the
structure are given by / = 3.5 mm, s = 0.9 mm, g = 0.1 mm,
w=0.5mm, wl =0.1 mm, r = 3.1 mm, 2~ =3.18 mm, and
@ =45°. The periodic of the chiral metasurface unit cell struc-
ture is p = 14 mm, which avoids diffraction at the normal inci-
dence for frequencies below 21 GHz. The dielectric constant

and loss tangent of the substrate are 6.18 and 0.002, respec-
tively.

(a

N

™ w

anisotropic
structure pair

Fig. 1. (color online) (a) Geometry of the chiral metasurface unit cell; (b)
the top layer of the structure; (c) the bottom layer of the structure.

2.2. Simulation results

In our simulations, we used the commercial software CST
MICROWAVE STUDIO. The unit cell boundary condition is
used along x and y directions, and the absorbing boundary con-
dition is applied for the z direction. The model is excited by
Folquet port with the normal incidence of circularly polarized
and linearly polarized waves in a frequency range of 9 GHz—
15 GHz.
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Fig. 2. (color online) (a) The transmission of the waves in the eigenpolar-
izations; (b) the phase difference of the transmitted waves in eigenpolar-
izations.
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When illuminated by the waves of the eigenpolariza-
tions (circular polarization), the designed chiral metasurface
exhibits four transmission bands at 9.824 GHz, 11.39 GHz,
13.37 GHz, and 14.215 GHz, as shown in Fig. 2(a). Fur-
thermore, the phase differences of the waves of the two cross
eigenpolarizations at these four frequencies are 172.2°, 171°,
171.7° and 31.8°, as shown in Fig. 2(b). Thus, according to the
theory in Section 2.1, the designed chiral metasurface will act
as a cross-polarization converter at frequencies near 9.82 GHz,
11.39 GHz, and 13.37 GHz. Near 14.215 GHz, the proposed
chiral metasurface will respond like a frequency selective sur-
face.

To evaluate the characteristics of the designed cross-
polarization converter, the situation at the illumination of lin-
early polarized waves is also simulated. Because the chiral
metasurface is insensitive to the polarization state of the linear
wave, only results at y-polarized wave illumination are plot-
ted for simplicity. The simulated co-polarization transmission
|Tyy| and cross-polarization transmission |T,| are plotted in
Fig. 3(a). At 9.82 GHz, 11.39 GHz, and 13.37 GHz, the val-
ues of |T,| are all larger than 0.9, and the values of |T;,| are
all lower than 0.06.

The polarization conversion ratio (PCR), the polarization
rotation azimuth angle y, and the ellipticity 7] are used to eval-
uate the performances of the proposed cross-polarization con-
verter. The PCR is defined as

PCR = |Txy|2/ <|Tyy|2+ ‘Txyyz)’ 7

and the y and the 7 are

1y [2Rcos(9)

y = tan {1R2 , (®)
1 . | [2Rsin(e)

=g {1+R2 / ®

where R = |T,,|/|T;y| and @ = arg(Ty,) — arg(T;y). The PCR is
plotted in Fig. 3(b), which shows that at 9.82 GHz, 11.39 GHz,
and 13.37 GHz the PCRs are higher than 0.99, at 14.215 GHz,
the PCR is 0.076. The polarization rotation azimuth angle
v and the ellipticity n are shown in Figs. 4(a) and 4(b).
At 9.82 GHz, 11.39 GHz, and 13.37 GHz, the simulated y
are —86.95°, —86.62° and —89.56° and the simulated 1) are
0.265°, —0.063°, and —1.728°, respectively. The transmis-
sion, PCR, y and 7n) are summarized in Table 1.

From the above results it can be seen that the transmitted
wave is almost pure linearly polarized at the four transmis-
sion peaks, the polarization angles are rotated by nearly 90° at
9.82 GHz, 11.39 GHz, and 13.37 GHz. At 14.215 GHz, the
polarization angle is rotated by only 16°.

1.0
(a)

0.8

0.6

0.4

Transmission amplitude

0.2

Frequency/GHz

Conversion ratio

0 1 1 1 1

9 10 11 12 13 14 15
Frequency/GHz
Fig. 3. (color online) (a) The simulated transmission power of co-

polarization (|Tyy|) and cross-polarization (|Tyy|); (b) the polarization con-
version ratio.
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Fig. 4. (a) The polarization rotation angle; (b) the ellipticity.
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Table 1. Summary of the properties of the chiral metasurface.

Frequency/GHz ~ 9.824 11.39 13.37 14.215
[Ty 0.9 0.95 0.92 0.23
[Ty | 0.052 0.052 0.037 0.91
PCR 0.997 0.996 0.998 0.076
v/(°) —86.95 —86.62 —89.56 16
n/(°) 0265 —0.063 —1.728 —0.412

2.3. Discussion of the cross-polarization converter

In order to obtain a physical insight into the behavior of
the proposed design, we have observed the surface current dis-
tributions on both the top layer and the bottom layer of the
chiral metasurface, as well as the electric field in the substrate.
Because the unit cell of the chiral metasurface is C4 symmet-
ric, the current distributions and fields on the diagonal struc-
tures are the same. Therefore, only the currents on the two
anisotropic pairs in the first row of the unit cell are shown for
simplicity.

At 9.824 GHz, the cross-polarization transmission is due
to the electrical dipole coupling. Figures 5(a) and 5(b) show
the current distributions on the top layer and bottom layer of
the chiral metasurface, respectively. On the left or right side of
each anisotropic structure, the currents on the top layer
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Fig. 5. (color online) (a) and (b) The current distributions on the top layer
and the bottom layer of the chiral metasurface at 9.824 GHz. (c) The electric
field on the cut plane indicated by the dashed lines in panels (a) and (b).

(in Fig. 5(a)) and bottom layer (in Fig. 5(b)) are antiparal-
lel, which are induced by the incident magnetic fields along
x direction. However, these currents induce additional cur-
rents inside the metal loop, which cause the parallel electrical
dipoles along x direction, and then generate the cross polariza-
tion fields, as shown in Fig. 5(c).

The cross-polarization transmission at 11.39 GHz is also
due to the electrical dipole coupling, but in a different mode.
The current distributions on the top layer and bottom layer
of the chiral metasurface are plotted in Figs. 6(a) and 6(b),
respectively. On left or right side of each anisotropic struc-
ture, the currents on the top layer (Fig. 6(a)) and bottom layer
(Fig. 6(b)) are parallel, which are induced by the incident elec-
tric fields along y direction. By electromagnetic coupling, par-
allel electrical dipoles along x direction are induced, and these
electrical dipoles contribute to the cross-polarization transmis-
sion, as shown in Fig. 6(c).
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Fig. 6. (color online) (a) and (b) The current distributions on the top layer
and the bottom layer of the chiral metasurface at 11.39 GHz. (c) The electric
field on the cut plane indicated by the dashed lines in panels (a) and (b).

At 13.37 GHz, the cut wires inside the metal loop are
strongly excited by the incident wave, as shown in Figs. 7(a)
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and 7(b). However, transverse electrical dipoles along x direc-
tion are induced by these strong currents, and these electrical
dipoles strongly contribute to the cross-polarization transmis-
sion, as shown in Fig. 7(c). Notably, on the up or down side
of each anisotropic structure, parallel currents in x direction
are induced on the top layer (in Fig. 7(a)) and bottom layer (in
Fig. 7(b)). Although the currents on the up or down side of the
left structure and right structure are antiparallel, the currents
on the left structure are much stronger than those on the right
structure. Thus, there are net currents along x direction, which
also contribute to the cross-polarization transmission.

The current distribution and electrical field at 14.215 GHz
are plotted in Fig. 8. Antiparallel currents are induced on the
metal loop, so their effects are canceled. The currents in-
side the metal loop create electrical dipoles along x direction;
however, the electrical dipoles on left and right structures are
antiparallel. Thus, these electrical dipoles generate negligi-
ble electric fields along x direction, and the transmission at
14.215 GHz is co-polarized.
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Fig. 7. (color online) (a) and (b) The current distributions on the top layer
and the bottom layer of the chiral metasurface at 13.37 GHz. (c) The electric
field on the cut plane indicated by the dashed lines in panels (a) and (b).
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Fig. 8. (color online) (a) and (b) The current distributions on the top layer
and the bottom layer of the chiral metasurface at 14.215 GHz. (c) The elec-
tric field on the cut plane indicated by the dashed lines in panels (a) and

(b).

3. Experimental results

To further verify the designed chiral metasurface, a sam-
ple with outer dimensions of 280 mm x 280 mm is fabri-
cated, as shown in Fig. 9. The thickness / of the substrate is
3.18 mm and the dielectric constant and loss tangent are 6.15
and 0.002, respectively. The measurement results are shown
in Figs. 11 and 12, which conform to the simulation results.
Figures 10(a) and 10(b) show the amplitude of the transmis-
sion and the polarization conversion ratio, respectively. In
Fig. 11(a), the cross-polarization transmission peaks are at
9.76 GHz, 11.32 GHz, 13.02 GHz, and the co-polarization
transmission peak is at 13.92 GHz. The polarization rotation
angle and the ellipticity are shown in Figs. 12(a) and 12(b),
respectively. These data are summarized in Table 2
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Fig. 9. (color online) Photographs of the fabricated sample ((a) top layer
and (b) bottom layer).
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Fig. 10. (color online) (a) The measured transmission amplitude; (b) the
measured polarization conversion ratio.

It is concluded from the data in Table 2 that the presented
tri-band polarization angle-independent cross-polarization
converter obtains a good performance with a low loss and high
PCR. Therefore, the transmitted wave is almost purely lin-
early polarized and the polarization angel is rotated by nearly
90°. Furthermore, there is a co-polarization transmission at
13.92 GHz with a frequency selective effect, which gives the
proposed design the potential to realize polarization-agile an-
tennas. The difference between the simulation data in Table 1
and the measurement data in Table 2 are caused by machining

and measurement errors.

Table 2. Summary of the measurement results of the chiral metasurface.

Frequency/GHz 9.76 11.32 13.02 13.92

[Ty 0.857 0.881 0.862 0.307
T3y 0.15 0.17 0.188 0.844
PCR 0.97 0.964 0.955 0.117
v/(°) 80.02 79.09 77.69 20
n/(°) —0.01 0.126 -3.07 —0.55
90
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Fig. 11. (a) The polarization rotation angle; (b) the ellipticity.

4. Conclusion

In conclusion, we have proposed a bilayered chiral meta-
surface with C4 rotation symmetry to realize a tri-band polar-
ization angle-independent cross-polarization convertor. This
cross-polarization convertor exhibits strong cross-polarization
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transmission with a high efficiency (about 95%), a high PCR
(more than 99%), and low loss at three separated frequen-

cies. Furthermore, the proposed design transmits the co-

polarization wave at a different frequency, such as a fre-
quency selective surface. The analyses of the current distribu-
tions indicates that the strong cross-polarization transmission
is mainly due to the electric dipole coupling. With these prop-
erties, the proposed 90° polarization rotator can be employed
in polarization-agile antenna applications or in telecommuni-
cation applications.
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