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Abstract. A simple design of terahertz polarization converter has attracted great
attention owing to the applicability efsterahertz technology in broad fields such as
imaging, non-destructive sensing, and communications, but remains a key challenge to
simultaneously achieve both wide.bandwidth and high conversion efficiency. Here we
report a single-layer metasurtace-based polarization converter formed by a combination
of different resonator shapes that zealizes cross-polarization conversion and achieves
an ultra-broadband and high conversion efficiency with a wide oblique incidence in the
terahertz region freom 1.35,THz to 3.55 THz. The high performance and physical
mechanism attributed to both electric and magnetic resonances of this proposed
structure are guaraqteed and analyzed by numerical study. Our design structure
provides the Arequency tunability to other frequency bands and possesses promising
applications in terahertz polarization-control devices.

Keywords: Metamaterials;Polarization Converter; Broadband; Wide-angle; Terahertz.

1. Introductien

Terahertz technology is a fast-growing field with various potential applications in
imaginggnon-destructive sensing, and communications [1, 2, 3, 4, 5]. The terahertz
wave has a frequency ranges from 0.1 THz to 10 THz in the electromagnetic (EM)
speetrim, which in between microwave and infrared. However, the EM response of
traditionalimaterials in the terahertz range is very weak due to is non-ionizing property
of terahertz radiation [6]. In recent years, metasurfaces, which are the two-dimensional
equivalents of metamaterials, have drawn increasing attention for various applications
because of their unique EM properties that have not been found in natural materials
[7, 8, 9, 10, 11]. Due to unique properties, metasurfaces provide a novel way to
manipulate EM waves, including their polarization conversion [12, 13, 14, 15]. Up
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to now, some kinds of terahertz polarization converters (PCs), namely linear-to-linear
[16, 13], linear-to-circular [17, 18], circular-to-circular [19, 20], and multifunctional [21]
polarization conversion have been proposed. Among them, linear-to-linear or ¢ress-
polarization conversion has extensively studied for a wide range of applications such
as in radar cross-section (RCS) and interference reduction, antenna gain enhancement,
and reducing reflections during measurements [22]. The terahertzséross-pelarization
converter (CPC) is designed to work either in reflection or/and fransmission modes.
Compared to the reflection mode, the fabrication of the CPC operated.in transmission
mode is significantly difficult because its structure requires multilayertiyers. Recently,
a single layer of different asymmetry resonator shapes based‘on. split-ring structure such
as a split ring [23], double split-ring [24], double square split-ring[25], split-ring with
center disk [13, 26], a combination of a single-split ring and a double-split ring[27], have
been realized to design the terahertz reflective CPCL However, the main drawback of
these converters is the narrow operating bandwidth or low conversion efficiency and
angular tolerance. Therefore, to overcome theseddrawbacks, many structures based on
other asymmetry metasurfaces have been proposed. For exgmple7 Lu et al. proposed the
reflective CPC base on L-shape metamagerial, which can realize a conversion efficiency
higher than 98% in the terahertz range of 4.2~ 5.2 THz, but, its relative bandwidth is
still narrow below 21.28 %[28]. Ako et al. ‘presented broadband and wide-angle CPC
made of T-shape metasurface and its relative. bandwidth reached to 101.54% in the range
of 0.34-1.04 THz, however, polarizationyconversion ratio (PCR) is still low than 80%
[31]. Therefore, the design of terahertz refleetive CPC remains a significant challenge to
achieve simultaneously simple structure for fabrication, high conversion efficiency, broad
bandwidth, and wide incident angle insensitivity.

Herein, we propose assimple.design of high efficiency and ultra-broadband CPC
using an anisotropic metasurface operating in the reflection mode in the terahertz region.
The proposed CPCgiseomposed.of a periodic array of a metallic resonator formed by
a combination of two disks and a double-headed axe and a dielectric substrate backed
with a bottom metallic.ground plane. The performance and operation principle of the
proposed converter are numerically and experimentally investigated. The designed CPC
shows a cross-polarization response with the relative bandwidth (RBW) of 87.68% and
the polarizationconverter,ratio (PCR) above 94% in the frequency range from 1.39 to
3.56 THz gl urthermore, this conversion efficiency is maintained with a large incident
angle up to 40% Therefore, the proposed converter should be promising for terahertz
polarizatien-control devices.

2. Structure Design and Principle

The,aim of this CPC design is to work in the terahertz wave that obtains a wideband
and high conversion efficiency as much as possible at a wide incident angle. It means
that the designed broadband CPC structure must eliminate the destructive interference
that normally occurs in the middle of the operating frequency range of CPC based
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on meandering line with an increase in the incident angle [23, 25, 28]. To aveid
this destructive interference, the design of CPC utilized the gradient structiwre based
on crescent-shaped resonator was proposed, however, its bandwidth is still low 5]
Furthermore, the combination of some resonators was conducted to impreve bandwidth
of CPC [29]. Therefore, in this study, we utilize the advanced property of a gradient
structure associated with arrangement of two circles to form thesumit cell with its
symmetry along the diagonal direction to design an efficient broadband CPC as shown in
Fig. 1. The unit cell of the CPC consists of a metallic resonator@ombined by two disks
and double-headed axe and a dielectric substrate backed by a metallic ground plane,
as shown in Fig. 1(a). The dielectric substrate is made byPoly tetra fluoroethylene
(PTFE) with thickness (h) of 17 pm. The PTFE substrate has,a relative dielectric
constant of 2.1 and a loss tangent of 0.0002. The top and the bottom layers are made
by copper with an electric conductivity of 5.96 x 10%'S /mband a thickness of 0.27 ym.
The optimized geometrical parameters of the unit céll are given'by P = 48.6 um, R = 23
pm, v = 8.1 um, m = 18 ym, and n = 9.8 um, ag’Shown in Fig. 1(b). It shoud be noted
that the dimension of the unit cell is a few tens of micrameters, which can be easily
fabricated by the current status of fabrigation techniques such as photo-lithography.

Figure 1. Geometry of the proposed converter: (a) perspective and (b) top views.

It was récently reported that there is good agreement between CST Microwave
Studio simulations and measurement results for CPC [13, 14, 15, 30]. Therefore, to
investigate the eonversion features of the designed CPC, the commercial computer
simulation technology (CST) Microwave Studio software has been conducted using a
frequency=domain solver. In the simulation setup, the unit cell boundaries are chosen
forthe x and y directions while the open boundary condition is applied in the z-direction.
Tetrahedral mesh is used in the simulation model with an accuracy of 10~ and a total
number of tetrahedrons of 18,977. Because the unit cell is symmetric along the diagonal
direction, the coefficients of cross- and co-polarization reflection for the y-axis are the
same as those for z-axis. Therefore, in this study, only y-polarization incident wave is
considered.

The performance of polarization conversion of a CPC can be demonstrated by the
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polarization converter ratio (PCR), which is defined as equation (1) [30, 32, 33].
2
Ta:
peR——tml W
[rayl” + [ryy
where, 1, and 7, are of the cross- and co-polarization reflection coefficients,
respectively.

Figure 2. Decompositien.of y-polarization incident field into u- and v-components
and its conversion into z-polarization reflection wave.

The working principle of the CPC is presented in Fig. 2. The y-polarized incident
EM wave (E;) can decompose into @= and v-components. The u- and v-axes are rotated
+45° to y-axis, as shown in (Fig. 2." The incident and reflection waves are given by
equations (2) and (3), respectively. [32].

E, = yL; = ulg, + 0E;, (2)

E, = WBp+0E,, = U(ruwEume'® 474 B ™" ) 40 (1 i€ " 41y By e ) (3)

where, 4 and v are the unit vectors; ., ®,, and r,,, ®,, are amplitude and phase of
co-reflection coefficients for u-to-u and v-to-v polarization conversion, respectively; 7.,
®,, and ry,,®,, are amplitude and phase of cross-reflection coefficients for u-to-v and
v-to-u polarization conversion, respectively.

Theaproposed« converter yields anisotropic properties with dispersive relative
permittivity and permeability because of its asymmetric structure [18]. Thus, there
is a_difference in the phase and amplitude of reflection waves in u- and v-components.
If ryy = rdp = 1, Ty = 7oy = 0, and Ap = &, — D, = £180° + 2k7 (k is integer),
the synthetic fields of E,, and E,, will lie along the z-axis, as demonstrated in Fig.
2. It means that the polarized incident wave is rotated 90° and the converter reveals a
cross-polarization conversion.

Fig. 3 shows the amplitude of reflection coefficients and phase difference (Agp)
for the u- and v-components. From Fig. 3(a), the amplitudes of the co- and cross-
polarized reflection coefficients are nearly equal to 1 and 0 for the entire survey frequency
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range of 0.5-4.5 THz, respectively. Furthermore, the phase difference between the w-
and v-components is approximately 180° 4+ 30° in the range of 1.29-3.66 THz.. It was
reported that the excellent polarization conversion ratio can be obtained if a reflection
phase difference is within the range of 180+37° to 180-37° [25]. Furthermore; the phase
difference curve intersects the straight line with a phase of 180° at thrée points of 1.49
THz, 2.08 GHz, and 3.35 GHz. At these resonant points, the phase differenceiis equal to
1807, indicating that the designed CPC exhibits the ultra-broadband cross<polarization
conversion characteristics with excellent polarization conversion efﬁcie&cy.
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Figure 3. (a) Amplitude and (b),phase difference of the reflection coefficients of the
proposed converter for, u- and v-components at the normal incidence.

3. Results and Discussion

Fig. 4 presents the,amplitude and the phase difference of the reflection coefficients
for the y-polarization incident wave under normal incidence. As seen in Fig. 4(a),
the three resonant peaks are indexed at 1.49 THz, 2.25 THz, and 3.37 THz. At these
peaks, the amplitudes of co-reflection coefficients (r,,) are 0.015, 0.0047, and 0.019
and the amplitudes of«cross-reflection coefficients are (r,,) are 0.9797, 0.9999, and
0.9767, respectively.( Moreover, the cross-polarization coefficient (r,,) is kept higher
than 0.95gwhile _theé co-polarization coefficient (r,,) is maintained below 0.24 in the
frequency range'from 1.38 THz to 3.6 THz. The different phase of the co- and the cross-
polarization coefficient is illustrated in Fig. 4(b). The phase difference (Ayp) is £90° in
the whole operation band. These observations are due to the fact that the perfect ultra-
broadband/ eross-polarization conversion can occur in the proposed converter. To prove
this point, the PCR curve of the proposed converter is calculated using equation (1), as
depieted in Fig. 5. At three resonance peaks, the PCR is nearly 100%. Furthermore,
the PCR is higher than 90% in the range from 1.39 THz to 3.6 THz with a relative
bandwidth of 89.15%. it is evident that the proposed CPC can effectively work as an
ultra-broadband cross-polarization converter. With an optimal region from 1.39 THz to
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Figure 4. (a) Amplitudeand (b) phase difference of cross- and co-polarized reflection
coeflicients of the proposed converter under normal incidence.

A S

3.56 THz corresponding relative bandwidth of 87.68%, the PCR above 94% is achieved.
The ultra-broadband eonversion response mainly originates from the superposition of
multiple resonanceanodes, eorresponding to the three peaks at 1.49 THz, 2.25 THz, and
3.37 THz [13, 29].

We demonstrate the physical mechanism of the designed CPC by analyzing the
distributiong of surface,current on the top and bottom layer at different resonant
frequencies of . 4.49 THz, 2.08 THz, and 3.35 THz, as presented in Fig. 6. At the
lower fréquencies of 1.49 THz, the top surface current is anti-parallel with the bottom
surface ‘eurrent, revealing the magnetic resonance contributes to this resonant frequency
(25427, 29]0In contrast, at a higher frequency of 3.35 GHz, the surface current
distributions on the top and bottom layers are parallel, which is produced by electric
resonanee([25, 27, 29]. Meanwhile, at the resonant frequency of 2.08 THz, the direction
of the top surface current is different. The minor component of surface current on
the top layer is anti-parallel with the bottom surface current. The main component
of surface current on the top layer is along the axe resonator that can be synthesized
into two components in the x- and y-axis directions, where the top surface current in
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Figure 5. PCR of the proposed converter under normal incidence.

the x-axis direction is anti-parallel with the synthesized. bettom surface current in the
x-axis direction and the top surface current in the y-axis direction is parallel with the
synthesized bottom surface current in the y=axis direction as shown in Figs. 6 (b) and
(f). It means that the resonant frequency of 208 THz is due to magnetic resonance
associated with the electric resonance:

Max

Figure 6. Surface current distributions on (a),(b),(c) the top layer and (d),(f),(g)
bottom layer of the proposed CPC at various frequencies of 1.49 THz, 2.08 THz, and
3.35 THz, respectively.

Am important key of CPC design is that the CPC can work with large incident angles
to suitable for practical applications. Thus, we introduce the simulated dependence of
the PCR on the incident angles in the range of 0-50° for both transverse electric (TE) and
transverse magnetic (TM) polarizations, as depicted in Figs. 7(a) and (b), respectively.
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The bandwidth of the proposed CPC s hrinks with increasing for both polarizations,
which is owing to the destructive interference at the surface of the metasurfacefstructure
with large incident angles [29]. However, the PCR value persists as high as 80% inythe
operating frequency range from 1.38 THz to 3.11 THz with a relativesbandwidth of
77.06%, when the incident angle changes from 0° to 40°. This demonstrates the wide-
angle insensitive cross-polarization conversion behavior of the designed’structure.
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Figure 7. The PCR map of the proposed polarization converter as a function of the
frequency and the incident angle for. (a) TE and (b) TM polarizations.

We also assess the effect on the performance of the proposed structure for the
different unit cell dimensionsaFig. 8 showsithe simulated amplitude of co- and cross-
polarization reflection coefficients, phase difference, and PCR as a function of the scaling
of unit cell dimension in the range of 0.5 to 1.5 with a step of 0.25. As shown in Fig.
8, the operating frequency is s&ifted to the higher frequency range by decreasing the
scaling of the unit cell dimension from 1.5 to 0.5. Meanwhile, with varying the scaling
in the range from 0.5 to 1.54the amplitude of co- and cross-polarization reflections and
their phase difference are almost unchanged in its operating frequency. The detailed
operating frequengy range and the corresponding relative bandwidth of the proposed
structure with yarying the scaling of unit cell dimensions are presented in Tab. 1.
The value of sealing has/a great effect on operating frequency range, but the relative
bandwidth i§ kept nearly. constant, as indicated in Tab. 1. These results indicate that
the proposed €PC structure can be used to design the ultra-broadband polarization
convertér operating in suitable frequency regimes for practical applications by tailoring
the unit cell dimension scaling.

Finally, we have compared the performance of our desiged CPC with other recently
reported broadband PCs in the terahertz regime. Tab. 2 shows the converter properties
in terms-of operating frequency, PCR, relative bandwidth, and destructive interference
with_an increase in the incident angle. It can be seen from 2, the proposed converter
has excellent performance, characterized by high conversion efficiency, wide relative
bandwidth, simultaneously. As compared to the CPC in [31], our design exhibits a
smaller RBW but a higher PCR. Meanwhile, our design shows a lower PCR but a much
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Figure 8. (a) Amplitude and (b) phase differénce of co- and cross-polarized reflection
coefficients of the proposed polarizatiomyunder normal incidence.

Table 1. The performance of the proposed CPC structure with various the scaling of
the unit cell dimension.

Scale Operating band withhPCR > 90% (THz) RBW with PCR > 90% (%)

0.5 2.75=TA7 89.10
0.75 1.84 - 4.8 89.15
1.0 1.38 3.6 89.16
1.25 14 - 287 89.16
1.5 0.92 2.4 89.15

higher RBW when compared to the CPCs in [23, 28]. In addition, comparing with
the CPC in [25]; our,design shows the same RBW and PCR values, but destructive
interference with andinerease in the incident angle, indicating that it has a superior
property of.the wide-angle insensitivity.

4. Conclusion

We \have proposed a single-layer metasurface-based PC that comprises different
resonator'shapes of two disks and a double-headed axe for the terahertz region. The
performance and conversion mechanism were numerically analyzed. The simulated
results show that the designed PC reveals a cross-polarization converter behavior in
the wide frequency range of 1.39 - 3.56 THz with a high PCR above 94% and wide-
angle insensitivity up to 40°. The designed structure can be extended to work in
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Table 2. Performance comparision of the designed CPC with other broadband
polarization converter.
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Reference  Operating band (THz) PCR RBW (%) Destructive interference

with an increase in the incident angle
[13] 0.65 - 1.45 0.8 766 Yes
33] 0.41 - 0.96 0.8  80.3 NA
126] 0.65 - 1.58 0.8  83.41 NA
[31] 0.34 - 1.04 0.8 101.54 o No
[25] 2.04-5.33 0.9 89 Yes
28] 4.2-5.2 0.98 21.28 Yes
23] 2.98 - 4.16 0.98  33.05 Yes
This work 1.39 - 3.56 0.94 87.68 No

1.39 - 3.6 0.9 89.15

other operation frequencies by scaling its dimension. The excellent performance and
frequency tunability of the designed PC structure demounstrates applicability to terahertz
polarization-control devices.
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