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This paper presents a broadband circular polarizer with a ring/disk cavity structure, which is a broadband application of plasmon
hybridizations. The proposed design can convert a linearly polarized wave to a circularly polarized wave from 12.66GHz to
17.43GHz within a bandwidth of 30%. The broadband polarization conversion characterization results from the different plasmon
hybridization modes induced in the ring/disk cavity.The proposed broadband circular polarizer is demonstrated by both full-wave
simulation and measurement.

1. Introduction

Metamaterials are artificial materials with properties which
do not exist in natural material. They have been broadly
used to control properties of the electromagnetic wave [1–3],
especially the polarization [4–7]. Numerous metamaterial-
inspired polarizers have been designed to change the polar-
ization properties of antennas [8–12].

Plasmon resonances and plasmon hybridizations have
been observed in metallic metamaterial structures [13, 14].
Plasmon hybridizations, including Fano resonances, can be
induced within complex structures supporting multiple plas-
mon resonances even at microwave wavelengths. Fedotov
et al. observed Fano resonance in a planarmetallicmetamate-
rial structure by introducing symmetry breaking [15]. These
interesting phenomena have been applied for electromag-
netic waves control, such as polarization converter [16, 17],
absorber [18], and wave guiding and negative refraction [19,
20].

Metallic rings are highly tunable structures which can
support multipolar plasmon modes at different frequencies
under oblique incidence, retardation effects, or coupling with
a disk [21]. Even and odd cavity resonant modes have been

observed in elliptical plasmonic nanoantennas by azimuthal
symmetry breaking, and these resonant modes have been
applied to realize polarization conversion and absorption
with a relatively low efficiency [22]. Using symmetry break-
ings, Fano resonance can also be raised in nonconcentric
ring/disk cavities by the interaction between higher multipo-
lar modes [23, 24]. Recently, various plasmon hybridization
modes have been observed in highly tunable concentric
ring/disk cavities at microwave band [25].

Khanikaev et al. designed an efficient ultra-thin circular
polarizer using plasmon hybridizations in a unit cell with two
topologically distinct structures. However, it only works at a
single frequency [26]. Zhu et al. proposed a circular polarizer
using electromagnetically induced transparency like (EIT-
like) effect raised by two pairs of cut wires in the microwave
band. However, the bandwidth of this design is only about
5.5% (from9GHz to 9.5GHz) [27]. In this paper, a broadband
circular polarizer is proposed using plasmon hybridizations
in a ring/disk cavity. Different polarization selective plasmon
hybridizations can be generated in the ring/disk cavity and
cause a broadband circular polarization conversion from
12.66GHz to 17.43GHz within a bandwidth of about 30%.
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Figure 1: Schematic of the simulation.
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Figure 2: The amplitudes of the reflectance under the illumination of (a) major axis and (b) minor axis polarized waves.

2. Polarization Selected Plasmon
Hybridizations in the Ring/Disk Cavity

Theproposed ring/disk cavity is composed of an elliptical disk
and a circular ring. The elliptical disk introduces anisotropic
properties to the structure and makes the ring/disk cavity
support different plasmon hybridization modes for different
polarized incident waves at different frequencies. These plas-
monhybridizationmodes can be observed through the distri-
butions of the electric field Ez within the ring/disk cavity. We
build a model in a commercial software CST MICROWAVE
STUDIO as shown in Figure 1. In the simulation, the unit
cell boundary condition is used along the 𝑥 and 𝑦 directions,
and the absorbing boundary condition is applied in the 𝑧
direction.Themodel is excited by Floquet port with a normal
incidence of linearly polarized waves in a frequency range of
10GHz–18GHz.

Figure 2 shows the amplitudes of the reflectance under
the illumination of waves polarized along the major axis and
the minor axis of the elliptical disk. There is a dip at 17.5 GHz
under major axis polarized incidence and a dip at 17.4GHz
underminor axis polarized incidence. Because of themetallic
back sheet, the transmission is zero; thus, these reflectance

dips are totally caused by the absorption. Both reflectances
are bigger than 0.8 from 12GHz to 17.43GHz.

The excited plasmon hybridizationmodes at different fre-
quencies under major axis and minor axis polarized inci-
dences are shown in Figure 3. In the ring/disk cavity, the
different ringmodes and diskmodes couple to each other and
generate different plasmon hybridizations.

Figure 3(a) shows the plasmon hybridizations excited
under the major axis polarized incidence. At 12GHz, the
dipolar ring mode is out phase with the e11 cavity mode
[22] of the disk which causes a dark mode in the ring/disk
cavity. At 15GHz, the mimicking gap surface plasmons are
generated [22] and in phase with the dipolar ring mode. The
ring is excited in hexapole ring mode and is out of phase with
the e11 disk mode at 16.5 GHz. At 17.5 GHz, the mimicking
gap surface plasmons are stronger and in phase with the
hexapole ring mode. The disk resonates in e12 mode [22] at
17.5 GHz.The hexapole ring mode, the e11 disk mode, and the
mimicking gap surface plasmons are in phase with each other
at 18GHz.

Under minor axis polarized incidence, the resonances
are shown in Figure 3(b). The dipolar ring mode is in phase
with the o11 disk mode [22] at 12GHz, 15GHz, and 16GHz.
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Figure 3: The resonances in the ring/disk cavity: (a) under major axis polarized incidence; (b) under minor axis polarized incidence.
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Figure 4: The phase of the reflectance under major axis polarized incidence and minor axis polarized incidence, respectively.
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Figure 5: The structure of the ring/disk cavity.

Themimicking gap surface plasmons generated from 16GHz
are in phase with the ring modes and stronger at higher
frequency. The hexapole ring mode is out phase and in
phase with the o11 disk mode at 17GHz and 18GHz, respec-
tively.

Because of the metallic back sheet, the reflectance ampli-
tude of major axis and minor axis polarized components are
proximate to each other as shown in Figure 2. However, due
to the anisotropic of the ring/disk cavity, the polarization
selective plasmon hybridization modes have a strong influ-
ence on the reflection phase. As shown in Figure 4, a broad-
band reflection phase difference is raised between the major
axis and minor axis polarized incidences from 12.66GHz to
17.43GHz. Thus, the polarization of the total reflected wave
can be controlled by tuning the phase difference. If the phase
difference is 90 deg, the total reflective wave will be converted
to a circularly polarized wave within a bandwidth of about
30%.

3. Design of the Circular Polarizer

The proposed C2-symmetric ring/disk cavity can be used to
realize a broadband circular polarizer as shown in Figure 5.
The included angle between 𝑦-axis and the major axis of the
elliptical disk 𝜑 is 45 deg. The structures are printed on a
TACONIC RF-35 slab with a thickness of ℎ = 3.18mm and a
permittivity of 3.5. The loss tangent of the substrate is 0.003.
The designed circular polarizers are etched from 0.035mm
flat copper on the substrate. A metallic sheet is on the other
side of the substrate to confirm the reflection of the incident
power.

As shown in the Figure 5, under 𝑥- or 𝑦-polarized inci-
dence, the incident wave can be decomposed into waves
polarized along the major axis and the minor axis with
the same amplitude and phase. Due to the anisotropy, the
ring/disk cavity has different responses for major axis and
minor axis polarized components. And the phase of these
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Figure 6: Reflection phase for various values of 𝑎: (a) under major axis polarized incidence; (b) under minor axis polarized incidence.
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Figure 7: Reflection phase for various values of 𝑏: (a) under major axis polarized incidence; (b) under minor axis polarized incidence.

two components can be controlled independently by the geo-
metrical parameters “𝑎” and “𝑏.” Thus, if the major axis and
minor axis polarized components have similar amplitudes
and a 90 deg phase difference, the total reflective wave will
be circularly polarized.

Figure 6 shows the reflection phase for various values of
𝑎. As shown in Figure 6(a), the reflection phase under major
axis polarized incidence is larger with a smaller 𝑎. However,
the parameter 𝑎 has a negligible impact on the reflection
phase under minor axis polarized incidence, as shown in
Figure 6(b).

As shown in Figure 7(a), the reflection phase can be
hardly controlled by the values of 𝑏 under major axis polar-
ized incidence. However, parameter 𝑏 has a strong impact on

the reflection phase under minor axis polarized incidence, as
shown in Figure 7(b). With a bigger 𝑏, the reflection phase
under major axis polarized incidence is smaller. Both 𝑎 and 𝑏
have a slight influence on the reflection phase at frequencies
above 17.3 GHz.

As shown in Figure 8, 𝑟1 has a strong impact on the
reflection phase at higher frequencies under both major
and minor axis polarized incidences. With bigger 𝑟1, the
reflection phase is smaller. Below 16.7GHz, 𝑟1 have little
influence on the reflection phase, especially under major axis
polarized incidence.

As shown in Figure 9, 𝑟2 only has a negligible impact
on the reflection phase under both major and minor axis
polarized incidences.
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Figure 8: Reflection phase for various values of 𝑟1: (a) under major axis polarized incidence; (b) under minor axis polarized incidence.
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Figure 9: Reflection phase for various values of 𝑟2: (a) under major axis polarized incidence; (b) under minor axis polarized incidence.

With careful investigation, the geometrical parameters of
the unit cell are chosen as 𝑝 = 10.7mm, 𝑟1 = 4.2mm, 𝑟2 =
3.92mm, 𝑎 = 2.6mm, and 𝑏 = 2mm to obtain a 90 deg phase
difference between major and minor axis polarized inci-
dence.

4. The Simulation and Measurement Results

Due to theC2-symmetry of the structure, the copolarized and
cross-polarized reflected wave are of the same amplitude but
with an opposite phase difference under 𝑥- or 𝑦-polarized

incidence. Thus, the helicity of the reflective wave is opposite
with 𝑥- and 𝑦-polarized illumination.

The simulated amplitude of the reflection coefficient is
shown in Figure 10. |𝑅𝑖𝑗| refers to the amplitude of the
𝑖-polarized component of the reflective wave when 𝑗-
polarized wave incidents with unit power, where the sub-
scripts 𝑖 and 𝑗 could be 𝑥 or 𝑦. From 12.66GHz to 17.43GHz,
the amplitude of the 𝑦- and 𝑥-component of the reflective
wave fluctuates around 0.7 within a limited range, under 𝑦-
polarized incidence. The central frequency is about 15GHz,
and the relative bandwidth is about 30%. Figure 11 shows the
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Figure 10: The simulated reflectance of the broadband circular
polarizer.
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total reflection amplitude calculated by √𝑅2𝑦𝑦 + 𝑅2𝑥𝑦. From
12.66GHz to 17.43GHz, the total reflection amplitude is above
0.8.

The phase difference of the 𝑥- and 𝑦-component of the
reflective wave under 𝑦-polarized incidence is shown in
Figure 12. From 12GHz to 17.43GHz, the phase difference of
the𝑥- and𝑦-component of the reflectivewave is about 90 deg.
Thus, from 12.6GHz to 17.43GHz, the reflective wave is left-
handed circularly polarized.

For a further insight of the reflective wave, the
ellipticity of the reflective wave is calculated by 𝜂 =
(1/2)sin−1{2𝑅 sin(𝛿)/(1 + 𝑅2)}, where 𝛿 and 𝑅 = |𝑅𝑥𝑦|/|𝑅𝑦𝑦|
are the phase difference and amplitude ratio of the 𝑥- and
𝑦-component of the reflective wave, respectively. When
the ellipticity is negative, the reflective wave is left-handed
circularly or elliptically polarized. The reflective wave is
pure left-handed circularly wave if the ellipticity is −45 deg.
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Figure 12: The phase (a) and the phase difference (b) of the 𝑦-
polarized and 𝑥-polarized reflectance.

Figure 13 shows the calculated ellipticity which fluctuates
around −40 deg and equals −45 deg at 13.1 GHz, 15.07GHz,
and 16.9GHz.

To further evaluate the circular polarization property of
the reflective wave, the axial ratio is calculated by |AR|dB =
20 lg|tan 𝜂| and shown in Figure 14, which indicates that
the axial ratio is below 3 dB from 12.66GHz to 17.43GHz.
Thus, the reflected wave can be considered as a left-handed
circularly polarized wave.

A sample is fabricated and measured to demonstrate the
properties of the circular polarizer as shown in Figure 15.
As shown in Figure 15(b), an 𝑥-polarized horn is used as a
source; the 𝑥- and 𝑦-components of the reflective wave are
received by the 𝑥- and 𝑦-polarized horns, respectively, with
a vector network analyzer (Agilent E8363b). The amplitude
and phase of the measured reflectance are shown in Figures
16 and 17. The axial ratio calculated from the measurement
results is shown in Figure 18. The measurement results
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Figure 15: (a) Photo of the fabricated sample; (b) schematic of the measurement.
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Figure 16: The measured reflectance.
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Figure 17:Themeasured reflectance: (a) phase; (b) phase difference.
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Figure 18: The measured axial ratio.

confirm the simulation results, and the differences in the
simulation results are caused by the machining error and the
measurement error.

5. Conclusion

In this paper, a broadband circular polarizer is designed
using a ring/disk cavity. Different plasmon hybridizations are
excited in the ring/disk cavity at different frequencies, which
cause a broadband 90 deg phase difference between themajor
axis andminor axis polarized reflectivewaves from 12.66GHz
to 17.43GHz. Thus, a linearly polarized incident wave can be
converted to a circularly polarized wave within a bandwidth
of about 30%.
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