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ABSTRACT

A broadband and lightweight polarization converter is
proposed for applications in the THz frequency region. The
proposed design has a metasurface structure with the dielectric
layer modified to a hollow structure to obtain a lightweight
design. The unit cell consists of two opposite arcs resonator
patches and a continuous metal patch separated by the
polyimide substrate layer. The simulated results indicate that
the proposed polarized converter achieves a polarization
conversion ratio above 93% in the frequency range from 1.6
THz to 5.8 THz with a relative bandwidth of 113.5%.
Keywords: Metasurfaces; broadband; cross polarization
converter; THz frequency; lightweight.

1. Introduction

In recent decades, Terahertz (THz) technology has
evolved rapidly and gained popularity owing to its
diversified potential applications in nondestructive
testing, imaging, communications, and spectroscopy [1-
4]. The manipulation of electromagnetic waves in this
frequency range results in a variety of applications such
as communication, astronomy, and medicine. One of the
important properties of electromagnetic waves (EM) is
their polarization state which specifies the direction of
oscillation of their electric components. To highly
effective control the polarization of the EM wave, the
polarization converter is used [5-9]. Conventional
polarization converters are currently constructed from
natural materials such as quartz or liquid crystal with the
birefringence effect. [10]. However, large sizes and
thicknesses, narrow operating frequency bands, and
incident angle responses are the drawbacks of these
devices, making them inconsistent for many real-world
applications. Consequently, various attempts have been
undertaken to overcome the shortcomings of conventional
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polarization converters [6, 11-20]. Among these methods, metamaterials (MMs), which
are artificial metamaterials composed of sub-wavelength structure, are a new solution to
miniaturize and expand the bandwidth of polarization converters [17, 18, 20].

Metasurface, as a sub-wavelength two-dimensional version of metamaterial, has
the advantages of simple structure, low loss, and easy processing that can provide an
effective strategy to manipulate the EM waves. Based on their prominent properties,
several THz polarization converters using metasurfaces have been proposed successively
for an efficient conversion. For example, Liu et al. recently proposed a linear reflective
polarization converter using cross-shape metasurfaces that can operate in the frequency
range of 0.8-1.6 THz [10]. Nevertheless, the polarization conversion ratio (PCR) and the
relative bandwidth (RBW) of the proposed devices were quite low (85% and 75%,
respectively) in the interesting band [10]. To enhance the polarization conversion
efficiency, Ding et al. reported a THz broadband polarization converter based on circular-
end graphene rectangles. The device could achieve an efficiency of over 94% from
approximately 2.5 to 5 THz. However, the RBW was only 66% [21]. To improve the RBW
of the polarization converter, Ako et al. demonstrated a broadband, wide-angle polarization
converter through a T-shape metasurface with a RBW of 101.54% in the range of 0.34-
1.04 THz. However, PCR was still low, less than 80% [22]. Therefore, designing a
polarization converter to achieve both a simple, lightweight structure and a high conversion
rate with a large RBW remains a major challenge.

In this paper, we propose a simple, lightweight structure, ultrawideband, and high-
efficiency cross-polarization converter (CPC) using two opposite arc-shape metasurfaces.
The proposed structure includes a metal resonator designed on a polyimide substrate and
a metal ground layer deposited on another polyimide substrate, separated by an air gap.
The air gap is used to achieve a lightweight structure with a wide bandwidth in a low
working frequency range. The simulation results indicated that our polarization converter
can operate in the frequency range from 1.6 to 5.8 THz with the RBW of 113.5%. In
addition, the PCR efficiency of the proposed device exceeded 93% in the operating band.
Moreover, its physical mechanism and insensitivity to the polarization angle were analyzed
by simulation.

2. Designing and modeling

Fig. 1 shows a schematic of the proposed polarization converter. The structure
consists of a periodic array of an anisotropic metasurface unit cell. The unit cell consists
of two identical polyimide substrate layers separated from each other by an air gap, as
shown in Fig. 1(a). The polyimide has a relative permittivity of 3.5 and a loss tangent of
0.0027. A metallic pattern designed on the upper polyimide substrate acts as a resonator.
Meanwhile, another tal sheet backed the lower polyimide substrate serves as a ground
plane. A gold sample with a thickness of 0.2 um (t) is selected for the metal layer. The
polarization converter is simulated using the commercial Computer Simulation
Technology microwave studio 2015 software to optimize geometric parameters. The
detailed geometric parameters of the unit-cell structure are shown in Fig. 1(b)-(c), in which
P=40um,R=19 um,r = 15.6 um, hy = 0.8 um, h, = 18.2 ym, m = 14 um.
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Fig. 1: Schematic of the proposed polarization converter
(a) 3D view (b) top-view and (c) side-view

The boundary conditions of the unit cell are applied to the x- and y-directions,
while the open conditions are fixed to the z-direction. The unit cell is symmetrical along
the diagonal directions, the outcomes of y-polarized incidence are analogous to those of x-
polarized incidence at normal incident waves. Therefore, the y-polarized incidence is used
to analyze in simulation. In addition, the reflected EM-wave comprises both cross- and co-
polarized components. The cross-polarized reflection coefficient rxy and the co-polarized
reflection coefficient ryy are defined by eq. (1) and eq. (2), respectively [23].
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and the performance of polarization converters is evaluated by the PCR given by
|rxy|2
PCR = —32>—; (3)
|rxy|2+|ryy|2

3. Results and discussion

Fig. 2(a) shows the simulated amplitude of co- and cross-polarization coefficients
of the converter under transverse electric (TE) mode. It indicates that the four resonant
peaks are indexed at 1.74 THz, 3.13 THz, 5.1 THz, and 5.7 THz. At these peaks, the
amplitudes of co-reflection coefficients are 0.014, 0.005, 0.012, and 0.052 and the
amplitudes of cross-reflection coefficients are 0.982, 0.987, 0.969, and 0.914, respectively.
In addition, the cross-polarization is greater than 0.900 and the co-polarization factor is
less than 0.203 in the frequency range from 1.6 THz to 5.8 THz. Fig. 2(b) shows that the
PCR is close to 100% at the resonant frequencies. Furthermore, the PCR is higher than
93% in the range from 1.6 THz to 5.8 THz with a RBW of 113.5%. Therefore, the proposed
CPC can effectively work as an ultra-broadband cross-polarization converter. The different
phase of the co- and the cross-polarization coefficient is illustrated in Fig. 2(b). The phase
difference (Aj) is £90° in the whole operation band.
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Fig. 2: (a) Simulated magnitude of co- and cross-polarization reflections
and (b) Simulated PCR versus frequency under normal incidence
and TE mode and phase difference of cross- and
co-polarized reflection coefficients of the proposed converter

The working principle of the CPC is presented in Fig. 3. The y-polarized incident
EM wave (Ei) can decompose into u- and v-components. The u- and v-axes are rotated
+45° to the y-axis, as shown in Fig. 3. The incident and reflection waves are given by eq.
(4) and eq. (5) respectively [24].

Ei = yEy = ﬁEiu + ﬁEiv (4)
E, = UE., + DVE,,
= a(rquiueiq)uu + 1y Ee'® ) + ﬁ(erwei‘Pw + 1y Ee'® ) (®)

where, & and ¥ are the unit vectors; r,,,, ®,, and r,,,, ®,,,, are amplitude and phase
of co-reflection coefficients for u-to-u and v-to-v polarization conversion, respectively;
Tow, Py aNd 1, O, are amplitude and phase of cross reflection coefficients for u-to-v
and v-to-u polarization conversion, respectively. The proposed converter vyields
anisotropic properties with dispersive relative permittivity and permeability because of its
asymmetric structure. Thus, there is a difference in the phase and amplitude of reflection
waves in the u- and v-components.

If

Tyu= Tw = 1,1, =1, =0, and

Ap= @y — Py, = 180° + 2km (K is an integer),

the synthetic fields of Er, and Er will lie along the x-axis. It means that the polarized
incident wave is rotated 90° and the converter reveals a cross-polarization conversion.
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Fig. 3: The working principle of the proposed polarization converter

Fig. 4 shows the amplitude of reflection coefficients and phase difference for the
u- and v-components. From Fig. 4(a), the amplitudes of the co- and cross-polarized
reflection coefficients are nearly equal to 1 and O for the entire survey frequency range of
1.6-5.8 THz, respectively. Furthermore, the phase difference between the u- and v-
components is approximately 180°£23° in the range of 1.6-5.8 THz. Furthermore, at the
four resonant points 1.74 THz, 3.13 THz, 5.1 THz, and 5.7 THz, the phase difference
between the u- and v-components is 180°.
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Fig. 4: (a) Amplitude and (b) phase difference of the reflection coefficients
of the proposed converter for u- and v-components at the normal incidence
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To better understand the physical mechanism of the proposed PC, the distributions
of the electric field and the surface current on the front and back metasurface structures
are investigated at four resonant frequencies: 1.74 THz, 3.13 THz, 5.1 THz, and 5.7 THz,
as shown in Fig. 5. It is shown that the electric fields are accumulated in some specific
regions of the CPC structure at a specified frequency. The electric field is formed at the
edge and the outer face of the metal resonator.

In Figs. 5, the direction of the arrows represents the direction of the surface current
distribution at the four resonant frequencies. As shown in Fig. 5(e), 5(i), Fig. 5(f), (j), and
Fig. 5(h), 5(1), the surface currents on the top layer are parallel and opposite to the
underlayer metal floor currents at 1.74 THz, 3.13 THz, and 5.7 THz, respectively. It
implies that these resonant frequencies are influenced by magnetic resonance [25-27]. In
contrast, at a frequency of 5.1 THz, the surface current on the top layer is parallel and in
the same direction to the underlayer metal floor current, which is provided by electric
resonance [25-27]. These multiple resonances play a vital role to obtain the high

Max

Min

Fig. 5: The simulated results for (a), (b), (c), and (d) electric field
of the proposed converter at the resonant frequencies; Surface current distributions
on the (e)-(h) top layers and (i)-(I) metallic ground sheet
of the polarization converter unit cell at the four resonant frequencies

In addition, the effect of geometrical parameters on the performance of the
proposed polarization converter is analyzed. The PCR of the proposed converter is
simulated at different values of P, m, R, and r. The results of the survey of the parameters
of the structure are depicted in Fig 6. To achieve the highest polarization conversion and
widest bandwidth, P, m, R, and r are optimized at 40 pum, 19 um, 15.6 pm, and 14 um
respectively.

33



N. T. Minh et al. / A simple design of broadband cross-polarization converter for the THz frequency range

1.0

1.0
08 W p =39 um 4 08l

06 p=40.5 pm } 08|

PCR
-
"
&
E
PCR

041 04 ¥

y &
: L
M 02f§
4 o0

6

Ay 1.0

0.2}

o8 4 r=14.8 mm

== =-r=15pm

=15,
0.6 r=15.2 pm

PCR

0.4

0.2 Fipt i 0.2

o e T e n ety

0.0F T T T T !'E 0.0 T T T T
1 2 3 4 5 6 1 2 3 4 5
Frequency (THz) Frequency (THz)
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of the proposed polarization converter: (a) P, (b) m, (c) R, and (d) r

Furthermore, the dependence of the PCR on the incident angles is investigated in the
range of 0°- 50° for both transverse electric (TE) and transverse magnetic (TM) polarizations,
as depicted in Fig. 7(a) and 7(b), respectively. As the incident angle increases, the bandwidth
of the proposed polarization converter is reduced for both polarizations. This phenomenon
could be caused by the destructive interference at the surface of the metasurface structure
with large incident angles. However, the PCR is maintained above 93% when the incident
angle changes from 0° to 10° in the whole band from 1.6 THz to 5.8 THz. In addition, the
PCR remains above 80% when the incident angle is less than 30°. It is worth noting that the
PCR decreases rapidly at around 3.5 THz for both TE and TM modes, which is attributed to
the strong absorption at that frequency. However, our design still has a high polarization
conversion efficiency when the incident angle changes from 0° to 30° in these bands from
1.6 THzto 3.5 THzand 3.5 THz to 4.7 THz.
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Fig. 7: Simulated PCR versus frequency of the polarization conversion
as a function of the incident angle (a) TE and (b) TM modes
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Table 1 is the performance comparison of the proposed polarization converter with
previous polarization converters. It shows that the proposed converter has excellent
performance and wide bandwidth.

Table 1: Performance comparison of the proposed polarization converter
with previous polarization converters

Working Frequency (THz Incident angle insensitivit
Ref vith PCR > 85y°/((, | ReW (96) (PCR Above 80%) ’
[28] 3.75-11.35 100,6 20
[10] 1.07-1.35 39 None
[29] 4.86 —8.42 54 25
[30] 2-2.6 26.1 30
This work 1.55-5.82 113.5%. 30
4. Conclusion

A wideband cross-polarization converter based on metasurface has been
presented. The results show that the proposed polarization converter converts linear-
polarized incident EM waves into their cross-polarized reflective counterparts with high
polarization conversion efficiency above 93% in an ultrawide frequency range from 1.6
THz to 5.8 THz. This operating frequency band corresponds to an RBW of 113.5%.
Besides, the proposed structure exhibits fairly good angular stability in the polarization
conversion operation. Table 1 shows the performance comparison of the proposed
polarization converter with some reported polarization converters. Due to the excellent
performance of the proposed architecture, it has great application for devices working in
the terahertz region.
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Vii Pinh Lam?, Nguyén Thi Quynh Hoa?

L Vién Han 1am khoa hoc va Cong nghé Viét Nam, Ha Ngi, Viét Nam
2Vién Ky thugt va cong nghé, Truong Pai hoc Vinh, Nghé An, Viét Nam
Ngay nhan bai 08/8/2023, ngay nhan dang 19/9/2023

Bo chuyén doi phan cuc song dién tir biang théng rong dua trén siéu vat liéu (hay
vat liéu bién hoa) co trong luong nhe duoc dé xuat cho céc tng dung trong ving tan sé
Terahertz. Siéu vat liéu dé xuat c6 cau tric siéu bé mat vai 1op dién moi dugc diéu chinh
thanh cau tric rdng dé giam thiéu trong lwong. Cau tric 6 don vi gdm hai cung tron bang
kim loai d6i xting nhau & 16p trén cing va mot ban kim loai ¢ 16p dudi, ngan cach nhau
boi céc 16p chat nén polyimide. Két qua md phong cho thay siéu vat liéu chuyén doi phan
cuc dé xuat dat ty 1 chuyén d6i phan cuc trén 93% trong dai tan tir 1.6 THz dén 5.8 THz
Vi biang thong twong ddi 1a 113.5%.

Tir khoéa: Siéu bé mat; bang thong rong; siéu vat lidu chuyén d6i phan cuc; dai tan
THz; trong lugng nhe.
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