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Abstract: This paper presents the design and optimization of a dual-band polarization-dependent
metasurface capable of dynamically switching transmission and reflection characteristics. The
metasurface is composed of three metallic patterns, with the bottom layer governing the reflection
and transmission phase for both TE-polarization and TM-polarization states. The middle and top
layers are strategically employed to ensure optimal transmission and reflection performance. The
results confirm that the metasurface enables the transformation of the transmission band into a
complete reflection band, and vice versa, through variations in the incident wave polarization.
Remarkable transmission and reflection characteristics are achieved within the frequency ranges of
6.1-6.55 GHz and 8.9-9.3 GHz, respectively. The proposed metasurface offers promising applications
in advanced communication systems and radar technology, enabling dynamic manipulation of
electromagnetic waves.
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1. Introduction

Metasurfaces have emerged as a transformative technology for manipulating elec-
tromagnetic waves with unprecedented control and flexibility. These artificial surfaces,
consisting of subwavelength structures, have opened new avenues for tailoring the trans-
mission, reflection, and scattering properties of electromagnetic waves. By designing
metasurfaces with polarization-dependent characteristics, dynamic control over wave be-
havior based on the polarization state of the incident waves can be achieved. A metasurface
is a two-dimensional (2D) form of metamaterials, consisting of a planar medium, which
can manipulate wavefronts of electromagnetic (EM) wave by introducing discontinuities
of the field on the interface [1,2] to obtain uncommon properties [3], such as negative
refraction [4,5], perfect lensing or super lensing [6], and holography [7]. These proper-
ties led to practical applications, including surface plasmon metacouplers [8,9], ultra-thin
metalens [10], anomalous reflection or refraction [11], and many other applications [12-14].

There are mainly two kinds of space-fed planar array antenna: transmit [15] and reflect
array antenna [16]. In a transmit array, incident waves are transmitted to the other side and
produce a forward beam, whereas, in a reflecting array, the energy is reflected and produces
a backward beam. Considerable efforts have been made to extend their functionalities such
as multiband operation [17], reconfigurability [18,19], and multibeam applications [20,21].

In recent years, the field of metasurfaces has witnessed significant advancements in the
manipulation of electromagnetic waves, particularly concerning polarization-dependent
behaviors. These breakthroughs include novel spin-decoupling strategies in liquid crystal-
integrated metasurfaces for interactive metadisplays [22], the fabrication of polarization-
dependent reflective metamaterials through focused ion beam milling [23], and the develop-
ment of optical spin-symmetry breaking techniques that enable high-efficiency directional
helicity-multiplexed meta holograms [24].
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Antennas exhibiting bidirectional radiation patterns [25-29] are required across numer-
ous contemporary wireless communication implementations, including microcellular base
stations, tunnel relay communications, indoor wireless connectivity, and radio-frequency
identification (RFID) setups. In numerous instances, low- or medium-gain bidirectional
antennas prove adequate. The conventional approach involves employing a multi-layer
microstrip array configured in a back-to-back arrangement [25-29]. Nonetheless, signif-
icant hurdles are present, encompassing the intricate design of a feeding network for
expansive arrays, pronounced insertion losses within the said network, and elevated fab-
rication expenses. Ensuring rapid and accurate target identification and tracking within
specific military radar systems necessitates the development of an antenna system that
seamlessly amalgamates the attributes of both reflect arrays (RAs) and transmit arrays
(TAs). Consequently, possessing a comprehensive grasp of the methods for effectively
unifying the capabilities of these two arrays within a singular antenna system stands is a
pivotal consideration.

In this study, we propose a dual-band polarization-dependent metasurface capable
of switching transmission, and reflection characteristics. This metasurface is designed to
operate at TE-polarization and TM-polarization states, enabling tailored responses based
on the polarization of the incident waves.

The remainder of the manuscript is structured as follows: Section 2 elucidates the
underlying operational principles. In Section 3, an in-depth exploration and analysis of
the designed unit cell are presented. Section 4 delves into the discourse surrounding the
transmit-reflect array (TRA) metasurface. Finally, Section 5 concludes the paper.

2. Working Principle

For elements with mirror symmetry, the electromagnetic properties can be expressed
using two diagonal Jones matrices.

_ rxx,fl(x/ ]/) 0

R(x,y) = ( 0 ryy,fz(x/]/)) (1)
_ txx,fZ(x/y) 0

o) = (57" 1 ate) @

Here, the transmission and reflection coefficients and two principal axes x and y are rep-
resented by tyy, tyy, 7xx, and ry,, respectively. In an ideal lossless system, |ryx| + |txy| = 1 and
|ryy| + |tyy| = 1 because of the energy conservation for efficient transmission |ty | = |t,y| = 1;
meanwhile, the reflection is considered zero. Similarly, for complete reflection |ryx| = |ryy| =1,
and the transmission will be zero. Transmitted and reflected waves must be manipulated
together to have switchable phenomena in the dual bands. For this, Jones matrices must
satisfy the following conditions [30].

‘txx,fl| = ‘ryy,f1|&‘tyy,f2| = |rxx,f2| ®3)

The equation demonstrates that the metasurface exhibits an intriguing duality in its
response to incident electromagnetic waves. Specifically, at the fI frequency band, the
metasurface manifests itself as a transparent medium for waves polarized in the x-direction,
while adeptly functioning as a reflector for waves polarized in the y-direction. Subsequently,
within the f2 frequency band, the metasurface assumes a contrasting behavior, reflecting
x-polarized waves comprehensively, and transparently accommodating y-polarized waves.
Both operational bands must have the capacity for agile tuning, according to the struc-
ture. Remarkably, by aligning the tuning of these frequency bands to achieve a state
of harmonious overlap, characterized by efficient transmission and reflection attributes,
the metasurface can seamlessly transition between the distinctive operational behaviors
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of these bands. A visual depiction of this innovative concept is presented in Figure 1,
providing a schematic illustration of the proposed methodology. TRA metasurface for
transmission and reflection depends on the polarization of the incidence waves.
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Figure 1. Conceptual illustration for the proposed TRA metasurface (a) TM waves and (b) TE waves.

3. Unit Cell Design

Figure 2 presents the structure of a multi-layer unit cell. Roger RT 6006 is used as a
substrate. The strategic deployment of the middle and top layers is aimed at achieving
the utmost efficiency in both transmission and reflection. The outcomes substantiate that
the metasurface allows for the conversion of the transmission frequency range into a fully
encompassing reflection frequency range, and vice versa. Table 1 lists the dimensions
associated with a single unit cell.

Tl

~
Roger RT6006
Copper

Figure 2. Structure of a unit cell with three metal layers and its perspective view.
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Table 1. Attributes of the proposed unit cell.
Parameter Size (mm) Parameter Size (mm) Parameter Size (mm)
Jw 7.5 Wp 42 J4 0.4
J1 7.5 Lp 3.8 J5 0.5
Tw & Tl 3.2 J1 0.6 J6 1.6
Tv 3.8 J2 6 J7 0.3
h 0.8 J3 14 ]J8 0.3

Figure 3 displays the S-parameter characteristics of a unit cell for both the TM and TE
modes. The analysis reveals that in the TM mode, the unit cell functions as a transmission
mode element at lower frequencies, specifically around 6.3 GHz, whereas it operates as
a reflective mode element at higher frequencies, such as 9.3 GHz. Conversely, in the TE
mode, the unit cell behaves as a reflective element at a lower frequency, approximately
6.3 GHz, and shifts to a transmission band role at a higher frequency, around 9.3 GHz.

Figure 4 depicts the phase responses for reflection and transmission in both the TM and
TE modes. These phase responses are observed for both lower- and higher-frequency bands.
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Figure 3. S-parameters: (a) TM mode and (b) TE mode.
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Figure 4. Reflection and transmission phase of the unit cell: (a) TM mode and (b) TE mode.

The reflection phase of the proposed TRA metasurface can be controlled by varying
the width (Wp) of the patch.

The influence of the “Wp” variation in the reflection phase response is demonstrated
in Figure 5. Examination of Figure 5a reveals that within the realm of the transverse electric
(TE) mode, altering “Wp” across 2 to 5 mm elicits a fluctuation in the reflection phase
from 100° to —100°. Conversely, for the transverse magnetic (TM) mode, the reflection
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phase experiences a transformation spanning from 160° to —140°, as illustrated in the same
figure. This intricate relationship between “Wp” adjustments and the resultant shift in
the reflection phase underscores the dynamic control and adaptability achievable in the
proposed system, affording tailored electromagnetic responses in tune with specific opera-
tional requirements. Likewise, the impact of “Wp” on transmission phase characteristics is
elucidated in Figure 6. The discernible trend showcases that, through the manipulation of
“Wp” within the interval of 3 to 4.5 mm, a consistent transmission phase of approximately
100° manifests itself in both TE and TM modes. This result underscores the controllable
and robust nature of the proposed system, wherein adjustments to “Wp” engender uniform
transmission phase behaviors across different polarization states, ensuring coherent and
desirable electromagnetic propagation outcomes.
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Figure 5. Reflection phase of the unit cell by varying the size (Wp) of the patch: (a) TE mode and
(b) TM mode.
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Figure 6. Transmission phase of the unit cell by varying the size (Wp) of the patch: (a) TM mode and
(b) TE mode.

4. Design and Analysis of TRA Metasurface

In this section, a unit cell and its 23 x 23 elements array having a total area of
172.5 x 172.5 mm? are designed and analyzed.

4.1. Reflect Array Functionality

Utilizing the distinctive attributes of the envisioned unit cell, a specialized array
consisting of 23 x 23 elements has been meticulously developed. This array operates as a
reflective unit for distinct frequencies, contingent upon the incident wave’s polarization.
Specifically, in the case of TM mode, the array functions as a reflective entity at a frequency
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of 9.3 GHz. Conversely, when subjected to TE polarized waves, the same array operates as
a reflective unit at 6.3 GHz. This versatile design showcases the capacity of the proposed
unit cell to adapt to varying polarization conditions and frequencies, thus enhancing its
applicability in multifaceted electromagnetic applications. Figure 7 presents the 2D reflection
plot, providing a visual representation of the array’s performance. The reflective behavior of
the array for distinct modes is evident from the figure. In TE mode, the array operates as a
reflective structure at 6.3 GHz, whereas for the TM mode, it functions as a reflect array at
9.3 GHz. Notably, for both TE and TM modes, the reflective array exhibits a gain exceeding
20 dB, signifying its pronounced amplification capability. Moreover, the array showcases
minimized side lobe levels, further emphasizing its capacity to ensure enhanced directivity
and improved electromagnetic propagation characteristics.

30

—TE 6.3 GHz
20 —TM 9.3 GHz

10

Gain (dB)
o

—
o

-150 -100 -50 0 50 100 150
Theta/Degree

Figure 7. A 2D reflection.

Figure 8 showcases the 3D pattern of the proposed array, offering insights into its
radiation characteristics. As depicted in Figure 8a, the array effectively operates as a
reflector for the TE mode at 6.3 GHz. Similarly, the array serves as a reflect array for the TM
mode at 9.3 GHz, indicating its versatile performance across different polarization states.
This depiction highlights the array’s capacity to manipulate and control electromagnetic
waves, resulting in tailored and efficient radiation patterns that align with specific frequency
and polarization requirements.

4.2. Transmit Array Functionality

The functionality of the transmit array metasurface is presented in this section depend-
ing on the incident wave’s polarization. Specifically, in the TM mode, the array functions as
a transmitter at 6.3 GHz, whereas for TE polarized waves, it acts as a transmitter at 9.3 GHz.

Figure 9 depicts a 2D transmission plot, providing insight into the array’s transmission
characteristics. Evidently, the array operates as a transmitter for the TM mode at 6.3 GHz,
and correspondingly, for the TE mode, it functions as a transmit array at 9.3 GHz. In the
TE mode, the array achieves a gain exceeding 20 dB, whereas for the TM mode, the gain
reaches 12 dB. This variation in gain can be attributed to losses and significant coupling
between distinct components of the multilayer unit cell.

Figure 10 illustrates the 3D pattern for the transmit array scenario, offering a visual
representation of its radiation characteristics. As depicted in Figure 10a, the proposed array
functions as a transmit array for the TE mode at 9.3 GHz. Conversely, for the TM mode, it
operates as a transmit array at 6.3 GHz.



Appl. Sci. 2023, 13, 10389 7 0f 9

(a) (b)
Figure 8. Reflection: (a) TE mode 6.3 GHz and (b) TM mode 9.3 GHz.
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Figure 9. A 2D transmission.
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Figure 10. Transmission: (a) TE mode 9.3 GHz and (b) TM mode 6.3 GHz.
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5. Conclusions

In this manuscript, a strategy for a novel Transmit and Reflect Array (TRA) metasur-
face employing a multi-layered approach is proposed. Comprising three metallic layers
interspersed with a Roger RT 6006 substrate, this metasurface serves as a versatile tool
for transmitting and reflecting electromagnetic waves. Demonstrating its adaptability
to distinct frequencies, specifically 6.3 GHz and 9.3 GHz, the metasurface dynamically
responds to the polarization of incident waves. In the x-polarized (TM) mode, it acts as
a transmit array at the lower frequency and transforms into a reflect array at the higher
frequency. Alternatively, in the y-polarized (TE) mode, its function inversely transitions
from a reflect array at 6.3 GHz to a transmit array at 9.3 GHz. Noteworthy attributes in-
clude its commendable gain performance and impressively low side lobe levels, collectively
underlining its efficacy across wide electromagnetic applications.
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