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Abstract. We presented the investigation of broadband
metamaterial reflector for polarization manipulation based
on cross/ring resonators. It is demonstrated that the meta-
material reflector can convert the linearly polarized inci-
dent wave to its cross polarized wave or circularly polar-
ized wave. Due to the multiple resonances at neighboring
frequencies, the proposed reflector presents broadband
property and high efficiency. The measured fraction band-
width of cross polarization conversion is 55.5% with effi-
ciency higher than 80%. Furthermore, a broadband circu-
lar polarizer is designed by adjusting the dimension para-
meters and the measured fraction bandwidth exceeds 30%.
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1. Introduction

Polarization plays an important role among all the
properties of electromagnetic wave, and great efforts have
been made to realize the polarization manipulation. In
recent years, metamaterials have provided various choices
for polarization manipulation [1-5]. Based on anisotropy
or optical activity, the linearly polarized incident wave can
be converted to its cross polarized or circularly polarized
wave by metamaterials [6-9]. For instance, cross polariza-
tion converters have been designed by the anisotropic high
impedance surfaces which could cause different phase
delays for different polarization waves [8], [9]. Further-
more, by controlling the amplitude and phase delay of
reflected or transmitted orthogonally polarized wave, the
circular polarizers are proposed [10—15]. Chiral meta-
materials have also been utilized to manipulate the polari-
zation and obtain asymmetric transmission [16—19].

Broadband metamaterial reflector is always a hot re-
search area in polarization manipulation. Due to the intrin-
sic resonance modes of metamaterial structure, broadband
metamaterial reflector can be designed using multiple reso-
nances or resonance hybridizations. Feng et al. proposed
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across polarization rotator based on multi-order reso-
nances [20]. The polarization conversion bandwidth
reaches 54.5%, while the cross polarization conversion
efficiency is just above 56%. Shi et al. proposed a cross
polarization converter using resonance hybridizations [21].
Conversion efficiency is higher than 80%, while the band-
width is only 38%. Till now, the bandwidth expansion with
high efficiency for polarization manipulation, especially
the linear to circular polarization conversion, is still one of
the main research interests.

In this work, we propose a metamaterial reflector to
realize the broadband polarization manipulation, including
cross polarization conversion and linear to circular polari-
zation conversion. The proposed reflector consists of the
cross and square ring resonators. The resonances of cross
couples with the resonances of square ring, which gener-
ates multiple resonances and broadband polarization
manipulation. The designed cross polarization convertor
operates in 11.2~19.8 GHz with a fraction bandwidth of
55.5% and an efficiency higher than 80%. Furthermore,
adjusting the dimensions of the resonator will change the
amplitude and phase of reflected orthogonally polarized
wave. Then, a broadband circular polarizer is designed and
the fraction bandwidth of axis ratio (AR) less than 3 dB
exceeds 30%.

2. Design and Analysis

Figure 1(a) shows the geometry of a unit cell for the
proposed metamaterial reflector. The proposed reflector
consists of the top layer of a cross/square-ring resonator
and the bottom layer of a perfect electric conductor sepa-
rated by a dielectric layer. On the top layer, the cross is
placed at the center of the square ring, and its two arms
with different lengths point toward the diagonal direction.
The bottom conductive layer ensures that most of the inci-
dent power is reflected. The metamaterial reflector is de-
signed, simulated and optimized using High Frequency
Structure Simulator (HFSS) based on finite-element analy-
sis. The periodic boundary conditions and Floquet port are
utilized to simulate the infinite periodic cells as shown in
Fig. 1(b).

ELECTROMAGNETICS
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Geometry of the reflector: (a) Top view; (b) Simulation
model; (c) Fabricated sample and measurement setup.

To understand the principle of multiple resonances,
we model the structure as an anisotropic structure with two
symmetrical axis, u-axis and v-axis, as shown in Fig. 1(a).
Under normal incidence, it is possible for the cross arms to
excite individual resonances by choosing the polarization
angle of the incident linearly polarized wave to be 0° or
90° with respect to u-axis. For intermediate angles, both
resonances are excited, so multiple resonances can be
excited by properly choosing the incidence polarization
angle and arm length of the cross. On the other hand, the
ring is a highly tunable structure and supports multipolar
modes excited by oblique incidence, retardation effects or
coupling with other structure. By placing the cross inside
the square ring, the symmetry of ring is broke, and the
resonances of the ring will couple with modes of the cross,
which excites the multiple resonances.

The polarization manipulation is realized by control-
ling the amplitude and phase of the two orthogonal compo-
nents of the reflected wave. The normal incident x polar-
ized or y polarized electric fields can be decomposed into
two orthogonal components along the u-axis and v-axis
with the same amplitude, respectively. Then, different
resonant modes are excited, and a phase difference be-
tween the reflected orthogonal components along the u-
axis and v-axis is generated. If the phase difference is 180°,
the reflected wave is linearly polarized and the incident x

or y polarized wave is converted to its cross polarized wave.

In another case, if the phase difference is designed to be
+90° and reflected orthogonal components have the same
amplitude, the incident linearly polarized wave is con-
verted to a circularly polarized wave.

3. Simulation and Discussion

3.1 Broadband Cross Polarization Convertor

As a cross polarization convertor, the thickness and
relative dielectric constant are designed as 4 mm and 2.2,
respectively. The fabricated sample consists of 28 x 28 unit
cells with a total area of 294 mm X 294 mm as shown in
Fig. 1(c). Due to the symmetry along u-axis, we take the
incident x polarized wave for the analysis and discussion.
Because the bottom layer is perfect electric conductor, the
transmission of the proposed reflector is zero. Define
R = |En/Ey| and Ry = |E,/E;| to represent the reflection
ratio of x-to-x and x-to-y polarization conversions under the
x polarized normal incidence.
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Fig. 2. Simulated and measured results of the broadband cross

polarization convertor: (a) [Ry/* and Ry’ (b) ¢; (c)
PCR. The corresponding geometrical parameters are
designed as: p=10.5mm, ¢=7.5mm, b=3.6 mm,
and ¢ = 9.6 mm.
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Fig. 3. The reflection phase for the incident wave polarized

along u-axis and v-axis.
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Fig. 4. The induced surface magnetic field distributions: (a)
12.4 GHz; (b) 16.0 GHz; (c) 19.3 GHz.

CI:OSS, Fraction .
polarization bandwidth PCR Period
convertor
In [20] 54.5% 56% 0.19A
In [21] 38% 80% 0.51
In [22] 70% 68.6% 0.43A
Our work 55.5% 80% 0.54\

Tab. 1. Performance comparison.

Figure 2(a) shows the simulated and measured nor-
malized amplitude of the reflected power. According to the
law of energy conservation, the equation |Ry,§|2 +|Rul*=11s
true for this lossless case. We can find that there exist three
peak values of |Ry,(|2 that are close to 1.0. Namely, at the
three resonant frequencies, 12.4, 16.0 and 19.3 GHz, al-
most all the power of the incident wave is converted to its
cross-polarized wave. From 11.7 to 19.8 GHz, the power
of the reflected cross-polarized wave is larger than 0.8,
while the one of the reflected co-polarized wave is lower
than 0.1. So, the incident wave is converted to its cross
polarized wave with a fraction bandwidth of 51.4% and
an efficiency higher than 80%. Figure 2(b) shows the re-
flection phase of Ry, and Ry. At 11.3 GHz and 20.1 GHz,

phase difference Ap between Ry, and R, is £90° and |Ryx|2
is equal to |Ry|’, which indicates a circularly polarized
reflected wave. In other frequency band, Ag has little sig-
nificance because |Ry,|* is insignificant compared to |Ryx|2,
which means the wave is linearly polarized. Polarization
conversion ratio (PCR) is introduced to demonstrate the
polarization conversion efficiency. It is defined as
PCR :Ryxz/(RXXZ + Ryxz). The simulated PCR is shown in
Fig. 2(c). It can be seen PCR is higher than 80% from 11.7
to 19.8 GHz and achieves 1.0 at the three resonant frequen-
cies which means nearly all energy of the incident x polar-
ized wave is converted to y polarized one at the three reso-
nant frequencies.

To understand the mechanism of broadband polariza-
tion conversion, the reflection phase for the incident wave
polarization along u-axis and v-axis is shown in Fig. 3. We
can see the incident wu-polarized and v-polarized waves
have different reflection phase. From 12 to 19 GHz, the
phase difference is about 180°. In other words, under the x
or y polarized normal incidences, the reflected orthogonal
components along u-axis and v-axis have the same ampli-
tude but a 180° phase difference. Thus, the total reflected
wave has a 90° rotation angle to the total incident wave,
and the incident wave is converted to its cross polarized
wave. Meanwhile, at 11.3 and 20.1 GHz, the phase differ-
ences of the reflected waves are £90°, respectively. Thus,
the linearly polarized incident wave is converted to a circu-
larly polarized reflected wave at 11.3 and 20.1 GHz. How-
ever, the conversion from linear to circular polarization just
at two frequency points has little significance. The later
section will demonstrate a broadband circular polarizer
based on the above structure.

To better understand the physical mechanism of the
polarization conversion, the induced surface magnetic field
distributions under the x polarized incidence are depicted
in Fig. 4. At the resonance frequency of 12.4 GHz, the
induced magnetic field H is along the up-right direction, as
shown in Fig. 4(a). Decompose H into two orthogonal
components Hy and H, along x-axis and y-axis, respec-
tively. The component Hy is perpendicular to the incident
electric field Ej,.. Then H, does not contribute to the
polarization conversion because there is no cross-coupling
between Hyand Ej,.. On the other hand, the component Hy
is parallel to the incident electric field Ej,.. It will induce
an electric field that is perpendicular to Ej,., which results
in the polarization conversion. The same physical mecha-
nism occurred at the resonant frequency of 16.0 and
19.3 GHz, which are shown in Fig. 4(b) and 4(c). The
magnetic field component parallel to the incident electric
field contributes to the polarization conversion.

Table 1 lists the performance comparison between
several cross polarization convertors. Compared with the
other three convertors, the proposed convertor has a wide
operation band and high efficiency at the same time. Mean-
while, the period is 0.544 at the center frequency and 0.694
at 19.8 GHz, which are smaller than the wavelength. Thus,
there is no grating lobe problem.
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3.2 Broadband Circular Polarizer

In this section, a broadband circular polarizer is de-
signed to demonstrate the application of the proposed
reflector in the liner-to-circular polarization conversion.
The dimensions of the structure in Fig. 1(a) is optimized
aiming at controlling the two orthogonal components of the
reflected wave to have the same amplitude and a 90° phase
difference in a broadband frequency range. The thickness
and relative dielectric constant are 3.5 mm and 2.65, re-
spectively. Other parameters are also optimized.

To evaluate the performance of the proposed circular
polarizer, the polarization azimuth angle 7 with respect to
x-axis and ellipticity y are calculated as [23]

T= larc‘[an(ZRLS(zA@)j 5 (D
2 1-R
_1 . (2Rsin(Agp) 2
x= 5 arcsin (—+ 2 2)

where R = |Ry,|/|Rx| and Ap = arg(Ryx) — arg(Rxx). Then, the
axis ratio is calculated as
1

tan y

AR = . 3)

For the circularly polarized wave, y should be £45° and AR
should be 1. If y = 45°, it means the reflected wave is a left
handed circularly polarized wave. If y =-45° then the
reflected wave is a right handed circularly polarized wave.

The simulated results under the x polarized incidence
are shown in Fig. 5. From Fig. 5(a) and 5(b) we can see the
reflected orthogonal components almost have the same
amplitude and their phase difference is about 90°. This
result accords with the features of circularly polarized
wave. Furthermore, as shown in Fig. 5(d), the ellipticity y
is about —45° from 12 to 15 GHz, which indicates a right
handed circularly polarized wave. Namely, the proposed
structure converts the linearly polarized incident wave to
the circularly polarized wave in a broad band. Figure 5(e)
shows that the bandwidth of AR <3 dB covers from 11.5 to
15.6 GHz with a fraction bandwidth of 30.3%. What’s
more, at 9.6 and 18.6 GHz, the ellipticity y is 45°, which
means a left handed circularly polarized wave.

To illustrate the polarization state of reflected wave,
the polarization ellipses at different frequencies are shown
in Fig. 6. The polarization azimuth angle is obtained from
Fig. 5(c). At 11.5 and 15.7 GHz, the upper and lower side
frequency of working band, the reflected waves are right
handed elliptical and the major axes of ellipse are close to
y-axis and x-axis, respectively. At 12.6, 13.8 and 15 GHz,
AR reaches minimal values close to 0 dB. So the reflected
waves are right handed circular and the major axis of
ellipse is tilted on 22.3°, 40.2° and 69.6° with respect to x-
axis, respectively. It should be pointed out that, the left
handed or right handed polarization state of the reflected
circularly polarized wave is depend on the polarization
state of the incident wave. If the incident wave is changed
to be y polarized wave, the reflected wave will be left
handed circularly polarized wave.

Fig. 5.
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Simulated and measured results of the broadband
circular polarizer: (a) |RyX|2 and [Ry; (b) ¢; (¢) 73 (d) y;
(e) AR. The corresponding geometrical parameters are
designed as: p=13.2 mm, ¢ =7.8 mm, b =4 mm, and
c=7.4 mm.
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4. Fabrication and Measurement

To verify the simulation results, the proposed cross
polarization convertor has been fabricated and measured in
a microwave anechoic chamber as shown in Fig. 1(c).
A vector network analyzer and two broadband linearly
polarized horn antennas were used to constitute the test
system. The time-domain gating strategy was used to elimi-
nate the undesirable signals. The sample was placed at
a distance of 50 cm away from the horn antennas. The horn
antenna is capable of receiving both vertical and horizontal
polarizations by rotating the receiving horn antenna 0° and
90°, respectively. In this way, if one of the antennas is
perpendicular to the other one with the center at the same
height, the cross-polarization reflection can be measured.
A metal sheet with the same size as the sample was also
measured for the sake of normalization. The measured
results are compared with the simulation results as shown
in Fig.2 and Fig. 5. The reasonable agreement between
simulation and measurement validates the application of
the proposed reflector in broadband polarization
conversion.

5. Conclusion

A metamaterial reflector, composed of cross and
square ring structure has been investigated for broadband
polarization manipulation by simulation and experiment.
The combination of cross and square ring breaks the azi-
muthal symmetry and leads to multiple resonances. Polari-
zation manipulation is realized by controlling the amplitude
and phase of the two orthogonal components of the re-
flected wave. Measured results show that the proposed
reflector not only can be used to realize the cross polariza-
tion conversion with fraction bandwidth of 55.5% and
efficiency higher than 80%, but also can be used to convert
liner polarization to circular polarization with a 30.3% AR
bandwidth. Measured results are in good agreement with
the simulated ones. Theoretically and experimentally, the

proposed reflector has the function of broadband polariza-
tion manipulation.
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