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Abstract. A wideband and high-efficiency bi-functional metasurface for polarization conversion
and asymmetric transmission based on the gratings/polarization converter/gratings structure is
proposed. The metasurface structure consists of a two double-split ring structure array sand-
wiched by two orthogonal metallic sub-wavelength gratings. Using two orthogonal metallic sub-
wavelength gratings, the proposed metasurface reveals excellent asymmetric transmission effect
and nearly perfect polarization conversion performance for linearly polarized waves. The pro-
posed metasurface achieves a polarization conversion ratio of above 0.99 from 3.7 GHz to 20.2
GHz with a relative bandwidth of 138% and an asymmetric transmission parameter exceeding
0.9 from 5.8 GHz to 17 GHz with an relative bandwidth of 99.5%. Moreover, the proposed meta-
material maintains high polarization conversion ratio and asymmetric transmission performance
for a wide range of incident angles. Due to its outstanding features, including wideband and high
efficiency in both polarization conversion ratio and asymmetric transmission performance, this bi-
functional metasurface holds promise for applications in polarization imaging, radar, radiometer,
and transmission array antenna.
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1. Introduction

Manipulating electromagnetic (EM) wave has great attention owing to their applications in
optical and electric devices [1,2]. Traditional methods for manipulating EM wave polarization,
such as the optical activity of crystals [3], the birefringence effect of anisotropic materials [4, 5],
and the Faraday effect [6], are limited to natural materials. However, these methods have sev-
eral drawbacks, including large volume, low polarization conversion ratio (PCR), narrow relative
bandwidth, and sensitivity to incidence angle, making them unsuitable for many real-world appli-
cations [2,7-9].

Metasurfaces are artificial two-dimensional materials with periodic or aperiodic subwave-
length structures that offer unique advantages in controlling EM wave polarization due to their
simple structure, lightweight, thin profile, and low loss [7]. Generally, metasurface-based polar-
ization converters can be designed to operate in either transmission or reflection modes. However,
transmissive polarization converter metasurfaces are still limited by narrow relative bandwidth and
sensitivity to incident angles [7].

Recently, the asymmetric transmission (AT) effect, which is assisted by polarization
conversion in a metasurface, has emerged as a significant topic for novel applications in non-
reciprocal optical devices [2]. The asymmetric transmission (AT) effect, a Lorentz reciprocal
phenomenon, acts similarly to a diode, making it suitable for using in direction-dependent polar-
ization converters and polarization-controlled devices in polarization-sensitive sensing and imag-
ing [10]. Therefore, some design approaches have been proposed such as using twisted pairs of
polarization conversion resonators [2, 11-13] and gratings/polarization converter/gratings (GPG)
structures [10, 14-19]. However, compared to GPG structures, current twisted-pair metasurface
structures typically operate within a narrow frequency range. Therefore, many metasurface-based
GPG structures have been developed to design the wideband AT effect. However, the wave func-
tion of a metasurface is inherently fixed and restricted to a narrow frequency range. Consequently,
the development of wideband and multifunctional features for metasurfaces is still under explo-
ration to surmount the obstacles impeding their practical applications in highly efficient polariza-
tion manipulating devices.

In this paper, we present a simple design for a high-efficiency, wideband bi-functional meta-
surface for asymmetric transmission and polarization conversion based on a gratings-polarization
converter-gratings structure. Utilizing two orthogonal metallic sub-wavelength gratings, the pro-
posed metasurface reveals excellent AT effect and nearly perfect polarization conversion perfor-
mance for linearly polarized waves. Moreover, the high efficiency and wideband AT and PCR fea-
tures of the proposed bi-functional metasurface are maintained over a wide incident angle, making
it suitable for potential applications in polarization imaging, radar, radiometer, and transmission
array antenna.

2. Structure design and method

Figure 1 shows the schematic diagram of the proposed bi-functional metasurface.
The metasurface is based on the gratings-polarization converter-gratings structure, consisting of
a metallic two double-split ring (DSR) structure sandwiched by two orthogonal metallic sub-
wavelength gratings, as shown in Figs. 1(b)-(d). The Teflon (PTFE) substrates with a dielectric
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Fig. 1. The schematic view of the proposed bi-functional metasurface: (a) 3D-view unit
cell, (b) top-view of a copper grating, (c) middle-view layer of two double-split rings
metallic pattern, and (d) bottom-view layer of a copper grating.

constant of 2.1 and a loss tangent of 0.0002 are embedded between two layers. The metallic layers
are made of copper with the conductivity 6 = 5.96x 107 S/m and the thickness ¢ = 0.035 mm.

In this work, the CST Microwave Studio software is used to optimize the design and eval-
uate the performance of the proposed bi-functional metasurface. In the simulation setup, unit cell
boundary conditions are assigned for the x- and y-directions, while the open (add space) bound-
ary condition is applied in the z-direction. The incident EM waves are linearly polarized for
both forward y- and backward x-waves. Based on the simulation, the unit cell parameters of the
bi-functional metasurface are optimized to achieve high efficiency and wideband characteristics.
With the aid of simulation, the unit cell geometrical parameters of the proposed reconfigurable
metasurface are optimized as follows: P =9.1 mm, d = 3.0 mm, # = 0.035 mm, R =42 mm, r =
1.5 mm, i = 0.6 mm, s = 1.3 mm, and ¢ = 0.7 mm, as depicted in Fig. 1.

It is important to note that the proposed bi-functional metasurface has overall unit cell
dimensions of 9.1 mm x 9.1 mm X 6.105 mm, which can be manufactured using existing printed
circuit board (PCB) processes. The top grating pattern is imprinted on the upper PTFE substrate,
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while the DSR and bottom grating patterns are imprinted on the lower PTFE substrate, both having
the same thickness of 3.0 mm. These two patterned PTFE substrates are then joined together to
form the bi-functional metasurface structure, as shown in Fig. 1.

The relationship between the incident wave and transmitted wave can be expressed by the

Jones matrix (7T") given by [2,11,20]:
Ein b Ein
()= (2 ), ®

< EV ) A
E) tyfx(b) tfy(b)
where the superscripts f and b represent the propagation of the EM waves from forward (+z)
and backward (—z), and the subscripts x and y denote the polarization direction of the EM waves,
respectively.

To evaluate the linear polarization conversion (LPC) ability, a polarization conversion ratio
(PCR) is calculated using the following formulas [2]:

PCR, = 13+ , (2)
|ty |? + |1e]
PCRy = %22 3)
|ty | + [ty
T;j = |tijl, “4)

where #;; represents the transmission coefficient of the transmitted wave polarized in the i direction
caused by the j polarized incident wave (i, j = x or y).

The asymmetric transmission (AT) parameter (A) of a linearly polarized wave is defined
as the difference between the total transmission of forward propagation and that of backward
propagation, which is used to measure the asymmetric transmission ability of the device and can
be expressed as:

Tin = 1L 15 ? — 10 = [P = [l = 1, (5)

Furthermore, the PCR and AT performance are calculated through the relative bandwidth
(RBW), which is calculated as Eq. (3) [21].

fu—1L
fa+fi

where fy and f; are the highest and lowest frequency with PCR and AT efficiencies over 0.99 and
0.9, respectively.

RBW =2 x

(N

3. Results and discussion

Figures 2(a) and (b) show the transmission coefficients for linearly polarized EM waves
propagating along the forward (+z) and backward (-z) directions, respectively. The magnitudes
of the cross-polarization transmission coefficients, t{y and tfx, exceed 0.9 from 5.6 to 17.4 GHz,
with peak values above 0.995 at 6.26, 10.16, and 16.13 GHz. In contrast, the amplitudes of the

co-polarization transmission coefficients, t{x, t;y, tfx, and tfy, are less than 0.02 within this fre-

quency range. Additionally, the magnitudes of t)fx and tfy are near zero across the entire frequency
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range, indicating no polarization conversion for incident x-polarized (y-polarized) waves propa-
gating along the -z (+z) direction. This suggests that the incident y-polarized (x-polarized) waves
propagating along the +z (-z) direction are almost fully converted into transmitted x-polarized (y-
polarized) waves within the wideband frequency range of 5.6 to 17.4 GHz. Conversely, there is
no polarization conversion of incident x-polarized (y-polarized) waves along the +z (-z) direction

throughout the entire frequency range.
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Fig. 2. Transmission coefficients under (a) forward and (b) backward incidence, (c) PCR
for backward x-polarized wave (PCR,) and forward y-polarized wave (PCR,), and (d) AT
parameter for forward y-polarized wave of the proposed bi-functional metasurface.

To evaluate the performance of the bi-functional metasurface, the PCR and AT spectra are
simulated and presented in Figs. 2(c) and (d), respectively. The PCR depicts the conversion
amount of one linearly polarized wave to another. Fig. 2(c) shows the PCR,, for the backward
x-polarized wave and forward y-polarized wave. It can be seen that both PCR, and PCR, values
exceed 99.9% across a wide bandwidth from 3.7 GHz to 20.2 GHz with an RBW of 138%. This
indicates that the proposed metasurface achieves high efficiency and wideband polarization con-
version, transforming linearly x-polarized (y-polarized) incident waves propagating along the —z
(+4z) direction into transmitted y-polarized (x-polarized) waves. As shown in Fig. 2(d), the AT
characteristic is observed in the frequency range of 5.7-17 GHz with an AT value greater than
0.9 and an RBW of 98.2%. Thus, the proposed tri-layer metasurface structure reveals a giant AT

effect for linearly polarized waves.
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Fig. 3. The schematic of the grating-polarization converter-grating model.

To better understand the EM wave transmission in the tri-layer structure, a schematic of the
Fabry-Perot-like resonance model is shown in Fig. 3. In this tri-layer system, the grating 1 and
grating 2 layers can be regarded as y-polarization and x-polarization selectors, respectively, while
the metasurface layer can play an important role in cross-polarization conversion (y-pol. to x-pol.
and x-pol. to y-pol.) due to the diagonal symmetry of the designed metasurface structure [14].
Furthermore, diagonal symmetric metasurfaces have been reported to enable cross-polarization
conversion in reflection mode [22,23]. When an incident y-polarized EM wave impinges on the
structure from the +z direction, it couples with grating 1 and then is converted into an x-polarized
EM wave by the metasurface layer. This x-polarized EM wave then couples with the grating 2.
Consequently, the incident y-polarized wave is nearly completely converted into an x-polarized
wave when it passes through the tri-layer metasurface structure. It was reported that the perfor-
mance of this structure, including its bandwidth and transmission efficiency, is directly impacted
by the electrical properties of the metasurface layer and the dielectric losses caused by the dielec-
tric spacer [24].

To elucidate the physical process of the polarization conversion, the electric field distribu-
tions in the cross-section of the metasurface at various resonant frequencies of 6.26 GHz, 10.16
GHz, and 16.13 GHz are simulated, as illustrated in Fig. 4. It can be observed that the y-polarized
incident wave propagation along the forward (+4z) direction converts into the x-polarized wave
after passing through the tri-layer structure. Additionally, as shown in Figs. 4(a)-(c), the field pat-
terns twisted inside the tri-layer metallic structure, which is due to the excitation of local resonant
modes and inter-layer coupling among the tri-layer metallic structure at these resonant frequen-
cies [2,14,15]. It has been reported that these phenomena arise from the anisotropic and chiral na-
ture of the metasurface structure across various resonant frequencies [17]. Therefore, the presence
of interlayer coupling and local resonant modes is the reason for the observation of the wideband
cross-polarization conversion functionality in our proposed structure.
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Fig. 4. Simulated electric field distribution in the cross-section of the proposed bi-
functional metasurface for forward y-polarized wave at various frequencies of (a) 6.26
GHz, (b) 10.16 GHz and (c) 16.13 GHz. The arrows denote the electric field direction.

In practical applications, the incident wave is not always strictly perpendicular to the meta-
surface; therefore, the effect of incident angles on PCR and AT performance is investigated. As
shown in Figs. 5(a) and (b), both PCR, and PCR, remain unchanged in the frequency range
of 2-18.6 GHz with increasing the incident angle up to 60°. The wideband and high-efficiency
PCR performance of the metasurface-based GPG structure can be sustained over a wide range of
incident angles, which may be attributed to interlayer coupling. Meanwhile, the AT, is almost
unchanged expect a significantly reduce around 9.7 GHz, as depicted in Fig. 6. The appearance
of this dip peak is due to a strong absorption. However, the proposed bi-functional metasurface
maintains AT, efficiency at 0.8 and 0.9 for incident angles up to 30” and 40°, respectively. These
obtained results indicate that the proposed bi-functional metasurface has good PCR and AT per-
formances across a wide range of incident angles.

Finally, to underscore the advanced nature of our work, we conducted a comparison of
the functionalities, bandwidths, RBW, and efficiency of our proposed bi-functional metasurface
structure with those of recently published studies, as summarized in Table 1. The data in Table 1
clearly demonstrate that our structure achieves the highest efficiencies and a moderate bandwidth
for both dual LPC and AT functions. This suggests that our structure has significant potential for
a wide range of microwave applications, including polarization imaging, radar, radiometer, and
transmission array antenna.
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Fig. 5. (a) PCR efficiency as a function of incident angle for (a) forward y-polarized
wave (PCR,) and (b) backward x-polarized wave (PCR,) of the proposed bi-functional
metasurface. In figure plots the dash red contour curves indicated the 0.9 PCR efficiency.
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Fig. 6. AT efficiency as a function of incident angle for forward y-polarized wave (PCR,)
of the proposed bi-functional metasurface. In figure plots the black solid and dash red
contour curves indicated the 0.9 and 0.8 AT efficiency, respectively.

4. Conclusions

A wideband and high-efficiency bi-functional metasurface for polarization conversion and
asymmetric transmission based on the gratings-polarization converter-gratings structure was pro-
posed, which is composed of a two-double-split ring structure array sandwiched by two orthog-
onal metallic sub-wavelength gratings. Using two orthogonal metallic sub-wavelength gratings,
the proposed metasurface achieved excellent AT effect and nearly perfect polarization conversion
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Table 1. Performance comparison of the proposed bi-functional metasurface with exist-

ing works.
Reference Function Bandwidth (GHz) RBW (%) Efficiency
[17] LPC 4.13-18 131.79 0.99
AT 4.12-17.71 121.5 0.5
[25] LPC 4.6-14.0 101.07 0.9
AT 4.6-14.0 101.07 0.7
[15] LPC 4.36-14.91 104.49 0.9
AT 4.36-14.91 104.49 0.8
This work LPC 3.7-20.2 138 0.99
AT 5.8-17 91.5 0.9

performance for linearly polarized waves. The proposed metasurface reveals the PCR of above
0.99 from 3.7 GHz to 20.2 GHz with an RBW of 138% and the AT parameter of over 0.9 from
5.8 GHz to 17 GHz with an RBW of 99.5%. Importantly, the high efficiency and wideband PCR
and AT performances of the proposed bi-functional metasurface can be maintained for a wide
range of incident angles. Therefore, this design can be applied for potential applications such as
polarization imaging, radar, radiometer, and transmission array antenna.
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