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Abstract
In this paper, a chiral metamaterial (MM) structure composed of bilayer twisted split-ring resonator (SRR)
arrays is proposed and demonstrated to realize polarization-controlled, dual-directional, and
multifunctional polarization conversion for terahertz (THz) waves. Simulated results show that the
converter can selectively achieve linear-to-linear, or linear to left-handed circular, or linear to right-handed
circular’s polarization conversion according to the polarization state and propagating direction of the
incident THz wave. Stokes parameters, ellipticity, and polarized rotation angle are introduced to determine
the polarization states of the output waves. The circular polarization transmission coe�cients and
surface current distributions at the resonance frequency points are simulated to explain and demonstrate
the physical origin of polarization conversion. The proposed multifunctional converter can �nd potential
applications in THz sensing, imaging and communication areas. 

Introduction
Electromagnetic waves (EMWs) with controllable polarization state have shown excellent performance in
the �elds of antennas, communications, and sensing [1–3]. Polarization is one of the fundamental
characteristics of EMWs. Polarization conversion is to transfer polarization state of the EMW to a
prede�ned one, which is generally achieved by gratings, birefringent materials, and liquid crystals [4–6].
However, due to the inherent defects such as large size, low e�ciency, and narrow bandwidth with these
methods, their practical applications are severely limited.

MMs are arti�cially fabricated microstructural materials, which offer promising approaches for the
control of polarization state [7, 8] because they enable abrupt changes to the amplitude [9, 10] and phase
[10] of the scattered EMWs. Since Pendry predicted that a chiral route can be used to obtain negative
refraction [11], the chirality concept in MMs has attracted signi�cant attention. Chirality means that the
structure cannot be brought into congruence with its mirror image unless lifted off the substrate. Thus,
the optical response of the chiral MM is different for right-handed circularly polarized (RCP) and left-
handed circularly polarized (LCP) incident waves [12]. It means that besides negative refraction, chiral
MMs still possess optical activity [13, 14], circular dichroism [12, 15], and giant gyrotropy [16].
Accordingly, chiral MMs are of great interest for customized polarization state and have potential
applications in polarization control devices, such as lens [17], polarization converter [18], and isolators
[19]. So far, various chiral MMs based polarization converters have been proposed to obtain single-band
[20, 21] or dual-band [22, 23] linear-to-linear polarization conversions, single-frequency [24] or dual-
frequency [25, 26] linear-to-circular polarization conversion, etc. However, the above mentioned
polarization converters can only achieve a single prede�ned polarization state. In some applications,
such as smart radar and quantum communications [27, 28], we need that a specially designed chiral MM
can realize multifunctional polarization conversion, that is, convert the incident polarization to two or
more different output polarizations, such as linear, circular (RCP or LCP), or elliptical polarization. For
example, based on circular dichroism and giant optical activity possessed in a double-layer twisted Y-
shaped chiral MM structure, Ma et al. simultaneously realized linear-to-circular and linear-to-linear
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polarization conversions at 12.28 GHz and 12.70 GHz, respectively [29]. Cheng et al. proposed an
asymmetric chiral MM composed of bi-layer twisted split-ring structure to achieve circular polarized
waves at 5.32 and 6.6 GHz, respectively, and cross-polarized wave at 10.52 GHz [30]. Actually, chiral MM
based polarization converters are particularly attractive in THz frequency regime due to the lack of
naturally responding THz materials. Till now, single-functional linear-to-linear [31, 32] or linear-to-circular
[33, 34] THz polarization converters have been discussed a lot. However, reports on multifunctional
polarization converters in THz regime are relatively few, in addition, most reported ones are based on
dynamically modulated materials. For instance, by inserting temperature-controlled phase-change
material vanadium dioxide (VO2) into chiral MMs, Wu et al. [35] and Yan et al. [36] respectively proposed
a switchable linear-to-linear and linear-to-circular polarization conversions in THz regime by adjusting the
temperature. Obviously, to realize the switch from one type polarization conversion to another type, the
adjustable parameter needs to be precisely controlled. However, due to the defects in manufacture,
accordingly, the mismatch between simulation and experiment, it is not easy to determine this parameter
accurately.

In this paper, we propose a polarization-controlled multifunctional polarization converter in THz regime.
The converter is based on a chiral MM structure composed of bi-layered SRR arrays. Simulated results
show that the polarization converter can switch from linear-to-linear to linear-to-circular polarization
conversion by adjusting the polarization state of the normally incident wave. When a y-polarized wave
incidents on the chiral MM along –z-axis, narrowband linear polarization conversion with the polarization
conversion ratio (PCR) over 90% and bandwidth 0.15 THz is realized. However, for an incident x-polarized
wave, linear-to-RCP and linear-to-LCP conversion with ellipticity e ≈ ±1 occur at different frequency
points. Moreover, the multifunctional polarization conversion is dual-directional.

Structure Design, Theory And Simulation

1.1. Design and theory of multifunctional polarization
conversion
Figure 1a, b show the schematic diagram of the proposed chiral MM structure and its working theory as a
multifunctional polarization converter along two opposite propagating directions. The MM structure
consists of bi-layered metallic SRR arrays separated by a polyimide dielectric layer. The schematic of one
unit cell and its structural parameters are shown in Fig. 1c, in which the front SRR is rotated 90° clockwise
with respect to the back one. To realize multifunctional polarization conversion, the optimized structural
parameters are as follows: the outer and inner radii of the SRRs are R = 35 µm and r = 25 µm, respectively.
Gap angle relative to the center of the SRR is θ = 20°. The lattice constants of one unit cell along x and y
axis are Px = Py = 100 µm. The �exible t = 20 µm thick polyimide �lm is treated as the dielectric spacer

with dielectric constant ε = 3.5. All metallic SRRs are made of gold with conductivity σ = 4.561 × 107 S/m
and thickness 200 nm.
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In order to study the polarization conversion property of the designed MM structure, we adopt full three-
dimensional �nite-difference time-domain solver of CST Microwave Studio for numerical simulations.
Periodic boundary conditions are applied in the x- and y-directions, and the perfect match layer (PML)
boundary conditions are imposed at the boundaries in z-direction. To ensure the accuracy, the length
scale of the mesh is set to be less than or equal to λ0 / 10 throughout the simulation domain, where λ0 is
the central wavelength of the incident THz radiation. In simulation, the THz waves are normally incident
on the chiral MM structure.

Theories of the proposed MM structure for dual-directional and multifunctional polarization conversion is
shown in Fig. 1a, b. For forward propagation (along -z-axis), a normally incident x-polarized wave is
converted to transmitted LCP and RCP waves by the MM structure at resonant frequency points 0.49 THz
and 0.59 THz, respectively; while a normally incident y-polarized wave along this propagating direction is
converted to a transmitted x-polarized wave in a narrow-band with bandwidth 0.15 THz and central
frequency 1.28 THz. On the other hand, for backward propagation (along + z-axis), due to chirality of the
MM structure, a y-polarized incident wave is converted to RCP and LCP transmitted waves at 0.49 THz
and 0.59 THz, respectively; while a x-polarized incident wave is converted to y-polarized transmitted wave
at 1.28 THz. Therefore, by choosing appropriate polarization state and propagating direction of the
incident wave, the MM structure can selectively realize linear-to-circular or linear-to-linear polarization
conversion.

In the following, we will thoroughly characterize the polarization conversion performances of the chiral
MM structure.

2.2 Linear-to-circular polarization conversion
In order to understand the linear-to-circular conversion performance of the chiral MM, we �rst simulate
amplitude transmission spectra for co- and cross-polarized components and phase change between two
orthogonally polarized components in the frequency range of 0.35 ∼ 0.70 THz when incident x- and y-
polarized waves respectively propagate along forward and backward directions, as shown in Fig. 2a, b,
where the subscripts m and n represent n-polarized incident wave and m-polarized transmitted wave.
Obviously, the transmission spectra for two co-polarized components coincide with each other, and so do
two cross-polarized components, meanwhile, the phase changes along two propagation directions are
equal in size but opposite in sign, indicating that the MM can realize dual-directional linear-to-circular
polarization conversion. However, the handedness of the circular polarization along two opposite
directions are contrary to each other because the phase difference is always de�ned as the phase of y-
polarized component minus to that of x-polarized component of the transmitted waves. In the following,
we will take the incident x-polarized wave propagating along the forward direction as an example to
discuss the linear-to-circular polarization conversion performance.

Assuming electric �eld of the incident x-polarized wave is represented by
→Ei = Exi

→ex. After the MM
structure, the electric �eld of the transmitted wave can be expressed as
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→Et = Exi(txxejφxx→ex + tyxejφyx→ey), where txx, tyx and ϕxx, ϕyx represent amplitudes and phases of
transmission coe�cients for x-to-x and x-to-y polarization conversion, respectively. It has been
demonstrated that when two conditions, amplitudes txx = tyx and phase difference δ = ϕyx - ϕxx = 2nπ ±
0.5π are satis�ed simultaneously, the perfect linear-to-circular polarization conversion can be achieved
[37].

As shown in Fig. 2a-b, at resonant frequency points 0.49 THz and 0.59 THz, the transmission amplitudes
tyx and txx are almost the same and equal to 0.54 and 0.60, respectively. In addition, the phase differences
δ are about 270° and 90°, respectively. Combining these results with the above mentioned conditions for
linear-to-circular polarization conversion, it is proved that the transmitted waves are nearly perfect circular
polarization. As the transmission amplitudes at two frequencies are larger than 0.5, the conversion
e�ciencies are high, indicating that the electromagnetic coupling between two metallic layers are strong.

To verify the above results and to characterize the handedness of the transmitted waves under x-
polarization incidence, Stokes parameters are introduced [38, 39]:

S0 = t2
xx + t2

yx,

S1 = t2
xx − t2

yx,
S2 = 2t

xx
t
yx

cosδ,
S3 = 2t

xx
t
yx

sinδ.

1
Correspondingly, the normalized ellipticity e and elliptical angle χ are determined:

e =
S3
S0

, sin2χ =
S3
S0

.

2
where e (or χ ) can be used to characterize the ellipticity and handedness of the transmitted CP waves. e =
-1 (or χ = -45°) and e = + 1 (or χ = 45°) indicate that the transmitted waves are perfectly LCP wave and RCP
wave, respectively [40].

Figure 2c and 2d depict the frequency responses of the ellipticity and elliptical angle for x-polarization
incidence. In Fig. 2c, e is approximately equal to -1 at frequency 0.49 THz and + 1 at 0.59 THz, implying
that the transmitted waves behave as LCP at 0.49 THz and RCP at 0.59 THz, respectively. Figure 2d
further shows the elliptical angles χ at above two resonant frequency points, which are − 42.3° and 42.8°,
respectively, close to ±45°. e ≈ ±1 or χ ≈ ±45° further demonstrate that the proposed chiral MM structure
has an excellent linear-to-circular polarization conversion performance at two resonant frequency points
0.49 THz and 0.59 THz.
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For y-polarization incidence along backward direction, due to the chirality of the proposed MM structure,
the transmitted waves at 0.49 THz and 0.59 THz are RCP wave and LCP wave, respectively, the
handedness of which are contrary to those along forward direction.

2.3 Linear-to-linear polarization conversion
To realize linear-to-linear polarization conversion, polarization state of the incident wave is y-polarization
for forward direction, and x-polarization for backward direction, which are contrary to those in linear-to-
circular polarization conversion. Figure 3a shows the amplitude transmission spectra for cross- and co-
polarized components when y- and x-polarized wave incident from two opposite directions. Obviously,
two co-polarized components coincide with each other, so do two cross-polarized components. It means
that the designed MM structure can also realize dual-directional linear-to-linear polarization conversion,
and the conversion performances along two opposite directions are exactly the same. Taking the incident
y-polarized wave along forward direction as an example, we discuss the performance of linear-to-linear
polarization conversion.

Assuming electric �elds of the incident wave and transmitted wave are 
→Ei = Eyi

→ey and
→Et = Eyj(tyyejφyy→ey + txyejφxy→ex), respectively, where tyy, txy and ϕyy, ϕxy are amplitudes and phases of
the transmission coe�cients for y-to-y and y-to-x polarization conversion, respectively. The performance
of the linear-to-linear polarization conversion is often evaluated by PCR and polarization rotation angle ψ.
The PCR is de�ned as [39, 41]:

PCR =
t2
xy

t2
yy + t2

xy
.

3
Introducing the similar Stokes parameters as Eq. 1, the polarization rotation angle ψ is acquired [39]:

tg2ψ =
S2
S1

4
As illustrated in Fig. 3a, at resonant frequency 1.28 THz, the designed MM structure exhibits quite
different transmissions for the cross- and co-polarizations. The transmission of cross-polarization is
nearly up to 0.80, while that of the co-polarization is less than 0.10. The remarkable difference in
transmissions between two orthogonally polarized components suggests that the MM structure can
realize linear-to-linear polarization conversion, that is, the incident y-polarized wave is converted to
transmitted x-polarized wave for forward direction and the incident x-polarized wave is converted to
transmitted y-polarized wave for backward direction. Figure 3b shows the frequency responses of PCR
and polarization rotation angle ψ. It is found that in the range of 1.22∼1.37 THz, the PCR is close to 90%
and ψ reaches + 90° or -90°, revealing that an incident linearly polarized wave transmitting through the
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MM structure can perfectly convert to its cross-polarized direction. In addition, the linear-to-linear
polarization conversion can occur at a narrow-band with bandwidth 0.15 THz and central frequency 1.28
THz.

Based on former discussions, we can conclude that the proposed chiral MM structure can not only realize
dual-directional linear-to-circular polarization conversion, but also realize dual-directional linear-to-linear
polarization conversion. The polarization states of the output waves depend on propagating direction
and polarization state of the incident waves.

2.4 Electric �eld vector evolution in polarization conversion
To visually elucidate the polarization conversion process of the proposed MM structure, we simulate the
evolutions of electric �eld in the y–z plane at polarization conversion frequency points 0.49 THz, 0.59
THz, and 1.28 THz, shown as Fig. 4. In Fig. 4a and b, when an x-polarized wave (the electric �eld is along
–x-axis) transmits through the MM structure along forward direction, electric �eld vectors of the
transmitted waves gradually rotate clockwise to right upper and counterclockwise to right down,
respectively. Obviously, the output waves are LCP and RCP waves, as the electric �elds satisfy left-handed
and right-handed helix properties at frequencies 0.49 THz and 0.59 THz, respectively. In Fig. 4c, at 1.28
THz, when a y-polarized wave transmits through the MM structure along forward direction, the electric
�eld vector of the transmitted wave is converted to + x-axis direction and linear-to-linear polarization
conversion realizes. Obviously, electric �eld evolutions of the output waves are consistent well with
elliptical angle and polarization rotation angle in Fig. 2 and Fig. 3.

Discussions
To understand the physical origin of linear-to-circular polarization conversions at resonant frequency
points 0.49 THz and 0.59 THz, we simulate the circular polarization transmission coe�cients and surface
current distributions at two frequency points, shown as Fig. 5. For an incident x-polarized wave, the
circular polarization transmission coe�cients ⎢C+⎟ (RCP) and ⎜C−⎟ (LCP) of the MM structure are
de�ned as: C ± = txxejφxx ± jtyxejφxy [42], numerical results for which are presented in Fig. 5a. It can be
seen that at frequency points 0.49 THz and 0.59 THz, the minimum transmission coe�cients for LCP and
RCP waves are about 0.046 and 0.048, respectively. Meanwhile, the maximum transmission coe�cients
are up to 0.75 and 0.79, respectively. It indicates that one of the circular polarizations is almost
eliminated at a speci�c resonant frequency, while the other is transmitted with a small loss. Thus, at 0.49
THz, the transmitted wave is LCP wave; at 0.59 THz, the RCP wave is transmitted. It proves that the linear-
to-circular polarization conversion in chiral MM structure originates from the different circular
polarization transmission coe�cients for the LCP and RCP components at resonant frequencies[42].

In order to understand the nature of the resonances occurring at 0.49 and 0.59 THz, Fig. 5b simulates the
surface current distributions at two resonant frequency points for x-polarization incidence, in which the
real and dotted arrows represent the instantaneous current �ows on the front and back SRRs in one unit
cell, respectively. It is seen that at 0.49 THz, the surface currents on the twisted SRR pairs are in parallel,
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while at 0.59 THz, the surface currents are anti-parallel. The surface current distribution or resonant
modes at these two frequency points can be explained by hybridized coupling. For the 90° twisted SRR
pairs MM, the back SRR is directly excited by the incident wave due to its orientation with respect to the
incident electric �eld, then by near-�eld coupling between two SRRs the front SRR is excited. Hybridization
coupling between two excited SRRs can lead to the formation of two new plasmonic modes, the
symmetric mode and antisymmetric mode at 0.49 and 0.59 THz, respectively. As the electric �elds in the
slit gaps of two SRRs are perpendicular to one another, the electric dipole-dipole interaction equals zero.
As a consequence, the new plasmonic modes are determined by the longitudinal magnetic dipole-dipole
coupling [42, 43]. At 0.49 THz, the surface currents on the twisted SRR pairs are in parallel, leading to
parallel magnetic dipole moments for the twisted SRR pairs. In contrast, at 0.59 THz, the surface currents
on the twisted SRR pairs are anti-parallel, which results in antiparallel magnetic dipole moments. The two
different magnetic dipole moments excited at 0.49 THz and 0.59 THz correspond to linear to LCP and
linear to RCP conversion, respectively. Thus, from the surface current distribution, we can conclude that
the reason for the transmitted RCP and LCP wave is the hybridization coupling between magnetic dipoles
induced on two twisted SRRs.

To understand the linear-to-linear polarization conversion, we simulate the distributions of surface current
and induced magnetic �eld for a y-polarized incident wave propagating along forward direction at
resonant frequency 1.28 THz, shown as Fig. 6a. It can be seen that the front SRR generates higher-order
resonant mode, while the back SRR corresponds to dipole resonant mode. The antiparallel currents
between the front and back layers excite three current loops and result in magnetic dipole moments m1-
m3. Each magnetic dipole moment contributes a magnetic �eld that can be decomposed into two
components, parallel and perpendicular to the incident electric �eld Ein, among which Hy1- Hy3 are along
the y axis and are parallel to the incident electric �eld Ein, while Hx1- Hx3 are along the x axis and are
perpendicular to Ein, depicted in Fig. 6b. The cross coupling between Ein and parallel magnetic �eld Hy1-
Hy3 leads to polarization rotation, which causes the incident y-polarized wave convert to the x-polarized
wave. On the other hand, no cross coupling exits between Ein and perpendicular magnetic �elds, which
means Hx1- Hx3 make no contribution to polarization conversion. Thus, the cross-coupling between the
incident electric �eld and induced magnetic �eld is the physical origin of linear-to-linear polarization
conversion [44] .

In addition, the effects of oblique incidence on the polarization conversion performance are investigated.
Simulated results show that the linear-to-circular polarization converter can only work at normal incidence
due to the phase difference between two polarized components at resonance frequency is very sensitive
to incident angle (not show here), while the linear-to-linear polarization conversion is robust to the
incident angle. Figure 7 plots PCRs of the linear-to-linear polarization conversion as a function of incident
angle and frequency. As incident angle varies from 0° to 60°, the PCR keeps at a higher and constant
value, while the conversion bandwidth for y-polarized incident wave is broadened and the bandwidth for
x-polarized incident wave is narrowed, shown as Fig. 7a and b, respectively. However, in the range of 0° to
30°, the linear-to-linear polarization converter is insensitive to the incident angle.
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Conclusion
In conclusion, we designed a chiral MM composed of two twisted SRR array layers for realizing dual-
directional and multifunctional polarization conversion in THz regime. Along forward (backward)
direction, the incident x(y)-polarized THz wave is converted to transmitted LCP (RCP) and RCP (LCP)
waves at resonant frequency points 0.49 THz and 0.59 THz, respectively, while the incident y(x)-polarized
wave is converted to x(y)-polarized wave in the frequency range of 1.22–1.37 THz with central frequency
1.28 THz. By analyzing the surface current distributions, we conclude that linear-to-circular polarization
conversion originates from hybrid coupling between two magnetic dipoles, which results in different
circular polarization transmission coe�cients for LCP and RCP waves; and the linear-to-linear
polarization conversion originates from the cross coupling between the incident electric �eld and induced
magnetic �eld. The designed MM structure can be utilized as a dual-directional, multifunctional, and
polarization-controlled circular and linear polarization converter in THz imaging, sensing, and
communications.
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Figures

Figure 1

a, b The proposed chiral MM structure and its polarization conversion theories along two opposite
propagating directions; c One unit cell and its structural parameters: R = 34 mm, r = 20 mm, θ = 20°, t = 20
mm, Px = Py = 100 μm.
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Figure 2

Simulated results for linear-to-circular polarization conversion. a Amplitude transmission spectra for
cross- and co-polarized components when x-polarized wave propagates along forward direction and y-
polarized wave propagates along backward direction, respectively; b Phase difference (in degree)
between y- and x-polarized components along two propagating directions; The frequency responses of c
ellipticity e, and d elliptical angle c (in degree) for x-polarization incidence along forward direction.
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Figure 3

Simulated results for linear-to-linear polarization conversion. a Amplitude transmission spectra for cross-
and co-polarized components when y-polarized wave propagates along forward direction and x-polarized
wave propagates along backward direction, respectively; b The PCR and polarization rotation angle Ψ (in
degree) for y-polarized wave propagating along forward direction.

Figure 4
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Evolutions of the electric �eld vector at three resonant frequency points.

Figure 5

a Numerical results for the circular polarization transmission coe�cients of the chiral MM; b Surface
current distributions of one unit cell on two resonant frequency points.

Figure 6
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a The surface current distributions for two SRRs in one unit cell and the induced magnetic dipole
moments between two layers at resonant frequency 1.28 THz, b decomposition of the induced magnetic
�elds on x- and y-axis.

Figure 7

In linear-to-linear polarization conversion, the frequency response of PCR with respect to incident angles
for a y-polarized incident wave along forward direction and b x-polarized incident wave along backward
direction, respectively.


