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Abstract: Modern stealth application systems require integrated meta-devices to operate effectively
and have gained significant attention recently. This research paper proposes a 1-bit coding metasur-
face (CM) design. The fundamental component of the proposed CM is integrated to convert linearly
polarized incoming electromagnetic waves into their orthogonal counterpart within frequency bands
of 12.37–13.03 GHz and 18.96–32.37 GHz, achieving a polarization conversion ratio exceeding 99%.
Furthermore, it enables linear-to-circular polarization conversion from 11.80 to 12.29, 13.17 to 18.44,
and 33.33 to 40.35 GHz. A second element is produced by rotating a fundamental component by 90◦,
introducing a phase difference of π (pi) between them. Both elements are arranged in an array using
a random aperiodic coding sequence to create a 1-bit CM for reducing the radar cross-section (RCS).
The planar structure achieved over 10 dB RCS reduction for polarized waves in the frequency bands
of 13.1–13.8 GHz and 20.4–30.9 GHz. A prototype was fabricated and tested, with the experimental
results showing a good agreement with the simulated outcomes. The proposed design holds potential
applications in radar systems, reflector antennas, stealth technologies, and satellite communication.

Keywords: metasurface; circular polarization; RCS reduction; 3 dB axial ratio; PCR

1. Introduction

Polarization converters play a crucial role in modern wireless communication due
to their diverse applications, including radar cross-section (RCS) reduction [1], liquid
crystal displays, and circularly polarized antennas [2]. Polarization conversion can be
accomplished with the use of conventional techniques such as liquid crystals [3], bire-
fringence wave plates [4], Faraday effects [5], etc. Many conventional techniques face
limitations in real-world applications due to drawbacks such as high thickness and inade-
quate bandwidth. To overcome these limitations, specially constructed structures called
metasurfaces (MSs) have been introduced. Metasurfaces are typically low-profile and made
of lightweight materials. They offer advantages such as easy fabrication, good conversion
characteristics, small size, and the ability to manipulate electromagnetic wave polarization
precisely. By employing metasurfaces, the shortcomings of traditional design methods can
be effectively avoided, providing a powerful tool for controlling polarization and manipu-
lating beams. Metasurfaces have demonstrated their capability to manipulate polarization
across multiple frequency regimes, including visible [6,7], terahertz [8,9], infrared [10], and
microwave [11]. In recent years, various polarization conversion metasurfaces (PCMs)
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have been proposed to achieve different types of polarization conversions. These include
incident and reflective orthogonal linear polarization (LP-LP) [12–15], circular-to-circular
polarization [16–19], and linear-to-circular polarization (LP-CP) [20–23]. However, many
of these metasurfaces are designed to realize only a single polarization conversion func-
tion, and there are relatively few metasurfaces capable of multiple polarization conversion
functions. Hence, there is an urgent need to investigate multifunctional polarization con-
version metasurfaces (PCMs) across various frequency bands. Addressing this demand,
the literature [22] has proposed diverse functions for polarization converters, achieving
a linear polarization conversion bandwidth of up to 95.2%. Gao et al. have developed a
voltage-controlled reconfigurable broadband PCM capable of LP-LP and LP-CP conver-
sions [23]. In [24], a four-band, multifunctional reflective polarization converter based on
linear and circular polarizations was introduced. However, modern application systems
call for integrated multifunctional devices. These devices not only minimize system size by
replacing multiple components with a single multifunctional component but also reduce
overall system complexity and cost. Consequently, research efforts have been focused
on developing compact, cost-effective metasurfaces capable of both cross and circular
polarization conversions [25–27].

One of the most efficient applications of polarization conversion metasurfaces is the
reduction in the radar cross-section, which is crucial for military technologies to evade
hostile radar detection. There are generally two techniques utilized to achieve lower
RCS metamaterials and artificial structures. The first approach involves employing radar-
absorbing materials, such as absorbers like Jaumann [28], Salisbury screens [29], magnetic
absorbers [30], circuit analog absorbers [31], and frequency-selective surfaces [32–36], to ab-
sorb the energy of incoming waves. However, these absorbers often have limited absorption
bandwidth due to their thickness and structure. Additionally, absorbing electromagnetic
waves can raise the temperature and increase the likelihood of infrared light detection.
Another technique to reduce the radar cross-section involves the use of diffusion meta-
surfaces, which scatter reflected electromagnetic waves away from their source. In this
context [37], the term ‘coding metasurface’ was first introduced by Cui et al. in 2014. The
design process of a CM begins with the original design of numerous opposing phase coding
elements, arranged in the most optimal feasible order. One approach to generating mul-
tiple coding elements with significant phase changes is by altering the structure’s size or
deploying different components. However, this approach increases design complexity and
requires considerable time and effort [38]. In contrast, the Pancharatnam–Berry (PB) phase
development enables the necessary phase difference to be achieved simply by rotating an
anisotropic structure, without the need for a wide range of isotropic elements or changes in
specific structural dimensions. Numerous studies have utilized this idea to reduce the RCS,
as reported in the literature [33–36].

Based on the above discussions, we propose a simple circular ring MS design capable
of achieving linear polarization conversion within the central frequency band while accom-
plishing linear-to-circular conversion at lower and higher frequency ranges. In pursuit of
this objective, our initial step involves designing a structure endowed with wide-angle and
polarization insensitivity attributes. Later, employing the PB phase, numerous meta-atoms
arranged in a randomized array sequence were utilized to fabricate a 1-bit coding meta-
surface for reducing the radar cross-section. Numerical simulations, complemented by
experimental measurements, validate that the 1-bit CM structure can attain a reduction of
over 10 dB in the RCS for a single wideband at the central frequency, along with LP–CP
conversion within the two sidebands’ window. Our design is ideally suited for deployment
in stealth applications across various K-bands.

2. Metasurface Design

Figure 1a illustrates the proposed modified circular ring meta-atom-based unit cell
designed to operate as a polarization converter. As shown in Figure 1b, the proposed unit
cell is composed of two stacked layers: air and a commercially available Rogers RT5880
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substrate. The unit cell is printed on top of an RT5880 substrate with εr = 2.2, tanδ = 0.0009,
where the bottom copper layer is entirely removed. The thin layer of Rogers RT5880 is
also separated from the ground copper sheet by an air gap. The bottom layer and top
structure are composed of copper, with a thickness of 35 µm and an electrical conductivity
of 5.8 × 107 S/m. The CST Microwave Studio is a well-known commercial full-wave
simulation program used for simulating unit cells. Specifically, we incorporated a Floquet
port to direct electromagnetic waves onto the proposed meta-atom in the z-direction, as
illustrated in Figure 1c. For the z-direction, an open boundary was implemented, while unit
cell boundary conditions were applied for the x and y axes. Figure 1 depicts the geometry
of the proposed unit cell, where the initial cell dimensions are considered as P = 6 mm,
w = 1.2 mm, r = 2.4 mm, ri = 1.2 mm, h = 0.127 mm, and hair = 1.4 mm. To investigate the
polarization conversion property, a y-polarized incident wave is allowed to impinge on the
unit cell converter. Figure 1c displays the simulation setup. Due to the anisotropic nature of
the structure, the reflected wave contains both co- and cross-polarized components. These
components can be expressed as follows:

ryy =
∣∣Eyr

∣∣/∣∣Eyi
∣∣ and rxy = |Exr|/

∣∣Eyi
∣∣ (1)

where ryy and rxy represent the reflection coefficients for co- and cross-polarization, re-
spectively, and the electric field is denoted by E. Exr is an electric field of reflected waves,
and Eyi, Eyr are the reflected fields. The reflected and incident subscripts are denoted by
the symbols r and i, respectively. The linear polarization conversion performance of the
converter is assessed using the following expressions for the polarization conversion ratio
(PCR) and polarization conversion efficiency (PCE).

PCR =
∣∣rxy

∣∣2/
(∣∣ryy

∣∣2 + ∣∣rxy
∣∣2) (2)

PCE = PCR× 100% (3)
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Figure 1. The schematic diagram of the proposed unit cell: (a) top view, (b) side view of proposed
meta-atom, and (c) isometric view and simulation setup.
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Figure 2 displays the ryy- and rxy-polarized reflection responses, as well as the polar-
ization conversion efficiency from the converter. Figure 2a demonstrates that within the
dual-frequency range of 12.37–13.03 GHz and 18.96–32.37 GHz, the magnitude of cross-
polarization reflection exceeds −1 dB, while the magnitude of co-polarization reflection
remains below −10 dB. Figure 2b depicts the calculated polarization conversion efficiency
using Equation (3).

Photonics 2024, 11, 454 4 of 15 
 

 

Figure 1. The schematic diagram of the proposed unit cell: (a) top view, (b) side view of proposed 
meta-atom, and (c) isometric view and simulation setup. 

Figure 2 displays the yyr - and xyr - polarized reflection responses, as well as the po-
larization conversion efficiency from the converter. Figure 2a demonstrates that within 
the dual-frequency range of 12.37–13.03 GHz and 18.96–32.37 GHz, the magnitude of 
cross-polarization reflection exceeds −1 dB, while the magnitude of co-polarization reflec-
tion remains below −10 dB. Figure 2b depicts the calculated polarization conversion effi-
ciency using Equation (3). 

 
Figure 2. The simulated result of proposed unit cell: (a) reflection coefficient in magnitude (

,xy yyr r ) and (b) polarization conversion efficiency (%). 

It is evident that within the dual-frequency bands of 12.37–13.03 GHz and 18.96–32.37 
GHz, the PCE value exceeds 95%. This substantiates the effectiveness of the proposed con-
verter as a linear polarization converter within the mentioned frequency bands. 

Another significant functionality of the proposed metasurface is its capability to con-
vert linear to circular polarization or operate as a quarter-wave plate (QWP). In an ideal 
scenario, a design that offers LP-CP conversion must satisfy two conditions: The co- and 
cross-polarized reflected components must be approximately equal. Simultaneously, the 
phase difference between these two components should be 90± o  or an odd multiple of 
90± o , which can be expressed as / 1xy yyr r ≅ , and / 2yy xyr r nπ∠ − ∠ = ± , where n is 

an odd number. 
Figure 3a demonstrates that linear-to-circular conversion is achievable over the fre-

quency bands of 11.80–12.29 GHz, 13.17–18.44 GHz, and 33.33–40.35 GHz with equal am-
plitudes ( / 1xy yyr r ≅ ), fulfilling the first criterion. Furthermore, as illustrated in Figure 

3a, the phase difference between these two components is also close to 90± o  or an odd 
multiple of 90± o . Thus, both criteria for LP-CP conversion have been met within the fre-
quency range of 11.80–12.29 GHz, 13.17–18.44 GHz, and 33.33–40.35 GHz. Moreover, the 
conversion from linear to circular polarization is deemed valid even when the axial ratio 
(AR) of the co- and cross-polarized components remains below 3 dB. The AR can be ex-
pressed as follows for a normal y-polarized incident wave:  

2 2

2 2
xy yy

xy yy

r r
AR

r r
β
β

 + +
=   + − 

 (4)

where ‘β’ can be expressed as 

Figure 2. The simulated result of proposed unit cell: (a) reflection coefficient in magnitude (
∣∣rxy

∣∣, ∣∣ryy
∣∣)
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It is evident that within the dual-frequency bands of 12.37–13.03 GHz and 18.96–32.37 GHz,
the PCE value exceeds 95%. This substantiates the effectiveness of the proposed converter as a
linear polarization converter within the mentioned frequency bands.

Another significant functionality of the proposed metasurface is its capability to
convert linear to circular polarization or operate as a quarter-wave plate (QWP). In an ideal
scenario, a design that offers LP-CP conversion must satisfy two conditions: The co- and
cross-polarized reflected components must be approximately equal. Simultaneously, the
phase difference between these two components should be ±90◦ or an odd multiple of
±90◦, which can be expressed as

∣∣rxy
∣∣/∣∣ryy

∣∣ ∼= 1, and ∠ryy −∠rxy = ±nπ/2, where n is an
odd number.

Figure 3a demonstrates that linear-to-circular conversion is achievable over the fre-
quency bands of 11.80–12.29 GHz, 13.17–18.44 GHz, and 33.33–40.35 GHz with equal
amplitudes (

∣∣rxy
∣∣/∣∣ryy

∣∣ ∼= 1), fulfilling the first criterion. Furthermore, as illustrated in
Figure 3a, the phase difference between these two components is also close to ±90◦ or an
odd multiple of ±90◦. Thus, both criteria for LP-CP conversion have been met within the
frequency range of 11.80–12.29 GHz, 13.17–18.44 GHz, and 33.33–40.35 GHz. Moreover,
the conversion from linear to circular polarization is deemed valid even when the axial
ratio (AR) of the co- and cross-polarized components remains below 3 dB. The AR can be
expressed as follows for a normal y-polarized incident wave:

AR =

(
rxy

2 + ryy
2 +

√
β

rxy2 + ryy2 −
√

β

)
(4)

where ‘β’ can be expressed as

β = rxy
4 + ryy

4 + 2rxy
2r2

yy cos
(
2(∠ryy −∠rxy)

)
(5)
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Also, for the x-polarized incident wave, subscripts y and x will be replaced in Equa-
tions (4) and (5). The operating bandwidth for circular polarization is defined as the AR
curve with less than 3 dB, as shown in Figure 3b. Thus, Figure 3b illustrates that linear-to-
circular conversion can be achieved within the frequency range of 11.80–12.29, 13.17–18.44,
and 33.33–40.35 GHz, with a 4.06%, 33.35%, and 19.05% fractional bandwidth.

3. Angular Stability

The metasurface response is rigorously evaluated through its angular stability perfor-
mance. In practically every application, the metasurfaces’ response must be independent
of the electromagnetic wave’s incidence angle. Our metasurface has been evaluated and
optimized for various incidence angles. Figure 4 illustrates an evaluation of a metasurface’s
polarization conversion efficiency and AR under an oblique incident EM wave. The angular
stability for linear polarization operation can be observed using the polarization conversion
ratio, as illustrated in Figure 4a. Within two frequency ranges, the PCR shows a stable
response up to an incidence angle of 40◦.
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On the other hand, as the oblique angle increases, a slight forward frequency shift
is observed in both frequency bands. While the oblique incidence (35◦ and 40◦) in the
upper-frequency band only had an offset effect on the frequency bands, it had slight effects
on the bandwidth of 12.37–13.03 GHz and had no impact on the circular polarization
conversion at 11.80–12.29 GHz in terms of linear-to-circular polarization conversion, as
shown in Figure 4b. Moreover, the AR response shows stability up to an incidence angle of
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30◦. Thus, under oblique incidence, the LP-CP conversion could maintain the multi-band
function and remain stable in the higher frequency range.

4. Operating Principle

In order to understand the proposed metasurface functions as a linear polarizer, the
E-field component beside the y-axis can be decomposed into two orthogonal u and v
components, which are on ±45◦ concerning the x- and y-axes. The u and v components
of an incident y-polarized electromagnetic wave can be divided, as shown in Figure 5a.
We evaluate the incident and reflected electric field along the u- and v-axes, which are
represented, respectively, by Eui and Evi, and Eur and Evr. The decomposed u and v
components of the incident and reflected electric field are expressed as follows:

Ei = ŷEiejϕ = ûEiuejϕ + v̂Eivejϕ (6)

Er = ûruEiuej(ϕ+ϕu) + v̂rvEivej(ϕ+ϕv) (7)
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When u- and v-polarized incident electromagnetic waves are the incoming waves,
the unit vectors in the equation above are û and v̂, and the co-polarized components
are represented by ru and rv with their relative phases ϕu and ϕv, respectively. Because
of its asymmetric design, the converter shows anisotropic characteristics such as disper-
sive relative permittivity and permeability. Thus, there can be variations in the phase
(∆ϕ = |ϕu − ϕv|) between Eru and Erv. Figure 5b illustrates that the synthetic field Er
along the y-direction results when ru = rv ≈ 1 and ∆ϕ ≈ ±180◦ + 2πk (k is an inte-
ger); Eiv will be opposite to Erv, and Eiu remains the same as Eru, respectively. Figure 5b
shows the amplitude and phase difference in the reflection coefficients. It is noted that
the reflection amplitudes (ru and rv) are nearly equal to unity with ∆ϕ = ±180◦ between
12.37–13.03 GHz and 20.10–28.30 GHz. In dual-frequency bands, it implies the proposed
structure is capable of LP-LP conversion.

Nonetheless, the phase difference of ±90◦ + 2πk is required for LP–CP conversion.
Furthermore, at the frequency bands of 12.06, 13.76–16.44, and 36.75–38.80 GHz, a phase
difference of nearly ±90◦ is realized, indicating LP–CP conversion. To provide more details
about the physical process causing the polarization conversion, we evaluate the surface
currents on the metasurface at resonance frequencies. At resonant frequencies, Figure 6a–c
show the surface current orientations on the top copper layer and bottom ground copper
layer of the proposed converter. To be more precise, magnetic resonance occurs when the
current causes the top and bottom metallic plates to be in opposite directions from one
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another, and electric resonance occurs when the surface current distribution is parallel on
the top metallic pattern and bottom ground plane. At the resonant frequency of 12.47 GHz,
Figure 6a renders that the surface currents at the top layer are parallel to the ones at the
bottom. In the case of 20.08 GHz and 32.56 GHz resonance frequencies, magnetic resonance
occurs due to the opposite surface currents at the top layer and the ground plate, as shown
in Figure 6b,c. Thus, current loops that occur in the dielectric layer provide a cause for
magnetic resonance. The magnetic field produced by these antiparallel currents is amplified
in the dielectric area, leading to a high magnetic permeability value. The surface impedance
of the structure is significantly higher than that of air or free space because of the high
magnetic permeability. Consequently, high-impedance surface behavior shows up by the
surface, which is essential for cross-polarization conversion.

Photonics 2024, 11, 454 7 of 15 
 

 

Figure 5. (a) Proposed meta-atom with UV-coordinates, and (b) magnitude ( ur  and vr ) and re-

flection phase difference ( )u vϕ ϕ ϕΔ = −  in u- and v-polarized waves. 

Nonetheless, the phase difference of 90 2 kπ± +o  is required for LP–CP conversion. 
Furthermore, at the frequency bands of 12.06, 13.76–16.44, and 36.75–38.80 GHz, a phase 
difference of nearly 90± o  is realized, indicating LP–CP conversion. To provide more de-
tails about the physical process causing the polarization conversion, we evaluate the sur-
face currents on the metasurface at resonance frequencies. At resonant frequencies, Figure 
6a–c show the surface current orientations on the top copper layer and bottom ground 
copper layer of the proposed converter. To be more precise, magnetic resonance occurs 
when the current causes the top and bottom metallic plates to be in opposite directions 
from one another, and electric resonance occurs when the surface current distribution is 
parallel on the top metallic pattern and bottom ground plane. At the resonant frequency 
of 12.47 GHz, Figure 6a renders that the surface currents at the top layer are parallel to the 
ones at the bottom. In the case of 20.08 GHz and 32.56 GHz resonance frequencies, mag-
netic resonance occurs due to the opposite surface currents at the top layer and the ground 
plate, as shown in Figure 6b,c. Thus, current loops that occur in the dielectric layer provide 
a cause for magnetic resonance. The magnetic field produced by these antiparallel cur-
rents is amplified in the dielectric area, leading to a high magnetic permeability value. The 
surface impedance of the structure is significantly higher than that of air or free space 
because of the high magnetic permeability. Consequently, high-impedance surface behav-
ior shows up by the surface, which is essential for cross-polarization conversion. 

 
Figure 6. Surface current distribution at different resonance frequencies: (a) 12.47 GHz, (b) 20.08 
GHz, and (c) 32.56 GHz. 

5. Configuration and Analysis of RCS Reduction with Coding Metasurface 
The radar cross-section determines a target’s detectability to an approaching radar 

system. Although a low RCS hinders enemy radar from identifying combat targets like 
missiles, planes, and rockets, it is crucial for stealth technology because it improves their 
surveillance capabilities. Given the significance of a low radar cross-section, the remarka-
ble ability of a coding metasurface to scatter the EM wave in several directions to reduce 
scattering energy in all directions and reduce the radar cross-section is of great interest. 
Different coding elements with distinct phases distributed over a constant amplitude pro-
duce a coding metasurface. With the addition of the PB phase, an anisotropic structure 
can easily be rotated to produce the phase difference instead of requiring several isotropic 
elements or adjusting its size attributes. The PB phase indicates that rotating the top metal 
pattern by β  results in a reflection phase change of 2β± . In order to obtain a 180o  

phase difference for a 1-bit CM, β  is rotated by 90o . Figure 7 shows the mechanism. 

Figure 6. Surface current distribution at different resonance frequencies: (a) 12.47 GHz, (b) 20.08 GHz,
and (c) 32.56 GHz.

5. Configuration and Analysis of RCS Reduction with Coding Metasurface

The radar cross-section determines a target’s detectability to an approaching radar
system. Although a low RCS hinders enemy radar from identifying combat targets like
missiles, planes, and rockets, it is crucial for stealth technology because it improves their
surveillance capabilities. Given the significance of a low radar cross-section, the remarkable
ability of a coding metasurface to scatter the EM wave in several directions to reduce
scattering energy in all directions and reduce the radar cross-section is of great interest.
Different coding elements with distinct phases distributed over a constant amplitude
produce a coding metasurface. With the addition of the PB phase, an anisotropic structure
can easily be rotated to produce the phase difference instead of requiring several isotropic
elements or adjusting its size attributes. The PB phase indicates that rotating the top metal
pattern by β results in a reflection phase change of ±2β. In order to obtain a 180◦ phase
difference for a 1-bit CM, β is rotated by 90◦. Figure 7 shows the mechanism. Figure 7a
depicts the layout of the meta-atoms ‘1’ and ‘0’. From Figure 7b, the phase difference of
meta-atoms ‘1’ and ‘0’ is equal to ±180◦. Ref. [35] states that the far-field scattering caused
by a coding metasurface can be written as follows:

f (θ, ϕ) = fm,n(θ, ϕ).AF(θ, ϕ) (8)

AF(θ, ϕ) =
M
∑

m=1

N
∑

n=1
exp{−j{ϕ(m, n) + kD sin θ[(m− 1/2)

× cos ϕ + (n− 1/2) sin ϕ]}}
(9)

where fm,n(θ, ϕ) and AF(θ, ϕ) stand for the radiation intensity of each element and array
factor, respectively, whereas k stands for the wavenumber vector, and D is the lattice size. ϕ
and θ are the azimuth and elevation angle. We suppose that ϕ(m, n), which can be either 0◦

or 180◦, represents the scattering phase of each lattice. Hence, the phase difference between
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“0” and “1” causes fm,n(θ, ϕ), and the directivity function Dir(θ, ϕ) of the metasurface can
be written as follows:

Dir(θ, ϕ) =
4π| f (θ, ϕ)|2

2π∫
0

π/2∫
0
| f (θ, ϕ)|2 sin θdθdϕ

(10)
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The RCS reduction caused by the CM compared to a metallic plate of the same size is
determined as follows:

RCS_reduction =
λ2

4πN2D2 Max[Dir(θ, ϕ)] (11)

where N is optimized codes for different numbers of latices. The coding metasurface
elements provide control over the scattered fields, as shown by the above Equations (9)–(11).
For example, the main scattering beam will be reflected to the incident indirection when
00/00 or 11/11 CM is used, since the coding sequences 00/00 and 11/11 indicate fully
electrified conductors with finite size, which is consistent with real physics.

Hence, the coding metasurface with all “0” or “1” does not exhibit the characteristics
of RCS reduction under normal incidence. The two main scattering beams for coding
sequences 01/01 and 10/10 align with the directions of 90◦ and 270◦. On the other hand,
the reflected energy is distributed in four scattering beams, 45◦, 135◦, 225◦, and 315◦, when
the coding sequence is 01/01. Thus, to achieve the properties of scattering and diffuse
reflection, the two fundamental elements must be encoded in distinct coding sequences.
According to the preceding analysis, an aperiodic coding sequence can effectively suppress
the incident EM waves, which causes the RCS reduction in a target. Figure 8 depicts the
configuration of the proposed 1-bit CM. The structure is composed of 6× 6 lattices, with
5× 5 same meta-atoms on each lattice. The coding metasurface “0” and “1” patterns have
scattering phases of 0◦ and 180◦, respectively. In similar ways, the vertical and horizontal
coding sequences are realized.
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Figure 8. Configuration of 1-bit coding metasurface (CM) with 5× 5 meta-atoms of ‘1’ and ‘0’.

RCS Reduction of Planar Coding Metasurface

Figure 8 depicts a planar MS array with 30 × 30-unit cells to verify the performance
of a proposed metasurface. The properties of RCS reduction are evaluated by simulating
the proposed coding metasurface in the time domain using CST Microwave Studio. All
boundaries during the simulation are configured to open add-space. Perhaps a plane wave
is an incident along the negative z-axis at a distance of λ/4 from the MS. A metallic plate
of the same size as the reference is employed for the investigations. The monostatic RCS
results of a composed 1-bit CM with a planar metallic slab of identical size under a normal
incidence y-polarized wave are shown in Figure 9a. It is worth noting that the proposed
coding metasurface effectively achieves more than 10 dB of radar cross-section reduction in
the frequency range of 13.1–13.8 GHz and 20.4–30.9 GHz, with a maximum radar cross-
section reduction value of 28 dB. The frequency ranges that the RCS decreases roughly
correspond to those of meta-atoms ‘0’ and ‘1’, where the PCR is higher. A maximum
radar cross-section reduction is also observed in the frequency range of 13.1–13.8 GHz and
20.4–30.9 GHz, according to proper polarization conversion ratio conditions. Moreover, we
investigate the normalized monostatic RCS reduction for different polarization states, as
shown in Figure 9b. The designed structure has the same response for all polarization states,
indicating that it is polarization-insensitive, which is essential for practical applications. To
learn more about the radar cross-section reduction technique, the far-field of the proposed
1-bit CM is simulated at 12.64, 23.32, and 26.06 GHz on the same scale as a metallic plate
of the same size. Figure 10 shows the three-dimensional (3D) far-field scattering patterns
under normal incidence.
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Figure 10. Three-dimensional scattering performance of (a–c) coding metasurface and (d–f) PEC
under normal incident x-polarized wave at 12.64, 23.32 GHz, and 26.06 GHz.

Figure 10d–f show the field distribution of a metallic plate at 12.64, 23.32, and
26.06 GHz, while Figure 10a–c show the field distribution of a 1-bit CM at the same
frequency. The metallic plate exhibits a significant reflection lobe in the direction of the
incident when electromagnetic waves impinge on it, while the coding metasurface exhibits
a distribution of incident EM waves in all four directions due to destructive interference
between lattices ‘0’ and ‘1’. Consequently, the direction of incidence will realize minimal
reflection, leading to a significant decrease in the resultant radar cross-section. Never-
theless, the primary lobe in Figure 10a comprises the majority of the energy, which will
reduce scattering performance at the central frequency. Due to its polarization-independent
characteristics, the metasurface only considers the reduction in radar cross-section within
various incident angles for the y-polarization direction. Figure 11 provides information
on the performance of simulated radar cross-section reduction at various incident angles
(θ = 0◦, 10◦, 20◦, 30◦, and 40◦). Figure 11 shows the CM model’s RCS reduction performance
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increasing with the incident angle up to 40◦. The achievement of a stable reduction in the
radar cross-section across different angles is attained above 10 dB. At incident angles of 0◦,
20◦, 30◦, and 40◦, the corresponding bandwidth of the radar cross-section reduction shifts to
the high-frequency band. At an incident angle of 10◦, it moves to the lower-frequency band.
This means that the coding metasurface model exhibits good wide-angle characteristics.
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The reflected waves were measured using two different sets of linearly polarized 
horn antennas, covering two frequency sweeps (8–18 GHz and 18–40 GHz). These anten-
nas were connected to an Agilent vector network analyzer N5230. The antennas’ centers 
should align with the center of the sample for accurate measurements. In order to calculate 
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6. Experimental Results

To experimentally validate the properties of the designed 1-bit CM, 5 × 5 lattices with
a total size of 180 × 180 mm2 were fabricated, as illustrated in Figure 12a. Printed circuit
technology was employed to etch metallic copper patterns onto the thin layer of the Rogers
RT5880 substrate. The Rogers RT5880 layer had a thickness of 0.127 mm, while the metal
layer was 35 µm thick. On the back side of the substrate, which includes an air gap, a
metallic copper plate was employed to achieve complete reflection. The measurements
were conducted in an anechoic chamber to eliminate environmental noise and reflections,
ensuring precise results, as depicted in Figure 12b.
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Figure 12. (a) Prototype of 1-bit CM, and (b) experimental setup.

The reflected waves were measured using two different sets of linearly polarized horn
antennas, covering two frequency sweeps (8–18 GHz and 18–40 GHz). These antennas
were connected to an Agilent vector network analyzer N5230. The antennas’ centers
should align with the center of the sample for accurate measurements. In order to calculate
LP–CP conversion, it is necessary to measure both the co-polarized and cross-polarized
reflection coefficients. Hence, two horn antennas were aligned in the same orientation,
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either vertically (y-polarized) or horizontally (x-polarized), to measure the co-reflection
coefficient. For measuring the cross-reflection coefficient, the transmitting antenna was
placed vertically, while the receiving antenna was positioned horizontally. Figure 13a
illustrates the conversion performance of a planar CM from linear polarization to circular
polarization under normal incident waves. From Figure 13a, it is evident that an axial ratio
of less than 3 dB is achieved within different frequency ranges of 11.80–12.29, 13.17–18.44,
and 33.33–40.35 GHz. Additionally, the axial ratio values remain consistently below 3 dB in
the frequency bands, as mentioned above. Nevertheless, in monostatic RCS measurement,
it is necessary to maintain a separation of over 2 m between the antennas and the sample
to fulfill the far-field condition. The angular separation between antennas must be kept
under 5◦. The gate–reflect–line calibration was employed to effectively filter out additional
noise and interference from the surrounding environment. A metal sheet of the same
size was also measured as a reference to determine the actual reduction in the radar
cross-section. Figure 13b illustrates the simulated and measured results of the radar cross-
section reduction for the planar surface. A reduction in the RCS of more than 10 dB
is observed within a single frequency band, specifically from 13.1 to 13.80 and 20.4 to
30.9 GHz. The simulated and measured results show good agreement, but there was
minimal impact on the radar cross-section reduction due to channeling and experimental
effects. Nonetheless, minor discrepancies between the simulation and measurement results
occur due to manufacturing and measurement errors, such as misaligned horn antennas
and the finite number of unit cells in the MS structure.
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Table 1 compares the performance of the proposed metasurface with that of a recently
published article. Our compact design achieves maximum linear polarization and linear-to-
circular polarization conversion, as demonstrated by the data presented in Table 1. This
dual-polarization capability with angular stability is a key feature of our design. In [35], the
cited work exhibits good angular stability, although the polarization conversion ratio (PCR)
falls below the proposed design. Additionally, these works operate within dual-frequency
bands. The results indicate that the proposed structure performs well in both RCS reduction
and LP-CP conversion.
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Table 1. Comparison of proposed metasurface with previously published paper.

References Type Unit Cell Size (λ3)
LP-LP

(PCR > 90%)
LP-CP (%)

(AR ≤ 3 dB)
RCS Reduction Band

(GHz)
Angular

Stability (◦)

Ref. [17] Reflection 0.449 × 0.449 × 0.15 90 14.84 --- 0

Ref. [19] Reflection 0.191 × 0.191 × 0.041 88 45.9 --- 30

Ref. [33] Reflection 0.25 × 0.25 × 0.05 90 13.5 3.49–3.62/
5.94–6.69 0

Ref. [35] Reflection 0.45 × 45 × 0.07 90 39.0/1.04 8.9–9.7/
15.5–26.1 45

Ref. [36] Reflection 0.43 × 0.43 × 0.13 90 --- 10.2–14.0/
15.3–20.7 40

This paper Reflection 0.5 × 0.5 × 0.127 99 4.06/33.35/
19.05

13.1–13.8/
20.4–30.9 40

7. Conclusions

This study introduces a dual-polarization conversion metasurface capable of achiev-
ing both cross-polarization and circular polarization conversion. It efficiently transforms
linearly polarized electromagnetic waves into their orthogonal LP counterparts, achiev-
ing over 90% efficiency within single frequency bands ranging from 8.53 to 11.63 GHz,
positioned at the center of LP-CP bands. Moreover, the metasurface achieves highly ef-
ficient LP–CP conversion within two sidebands spanning frequency ranges of 12.40 to
17.56 GHz. The aperiodic arrangement of meta-atoms within the coding metasurface
minimizes backward scattering by redistributing reflected energies in various directions
through reorientation. The proposed CM demonstrates consistent performance across
different polarization states, exhibiting polarization insensitivity. This study introduces a
concept for achieving LP–LP and LP–CP conversion, along with radar cross-section (RCS)
reduction, showcasing potential applications in radar technology.
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