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Abstract— In this study, an ultra-broadband and highly efficient polarization converter based on anisotropic
resonant elements is proposed and numerically analyzed. The unit cell consists of symmetrically arranged L-shaped
metallic strips integrated with a central metallic circular ring, printed on a dielectric substrate and backed by a
metallic ground plane with an air spacer in between. The use of an ultra-thin dielectric substrate with a thickness of
0.6 mm, combined with a 5 mm air spacer, yields a total structure thickness of approximately 5.64 mm. This
multilayer arrangement enhances resonance diversity and electromagnetic coupling, thereby improving polarization
conversion performance. Simulation results show that the proposed converter achieves cross-polarization conversion
efficiency above 90% across the frequency range of 4.32-13.84 GHz, corresponding to a fractional bandwidth of
105%. This range covers the entire C-, X-, and Ku-bands, demonstrating the design’s strong potential for multi-
band applications. Analysis of the co-polarized and cross-polarized reflection coefficients reveals four distinct
resonant modes arising from electric, magnetic, and hybrid resonance interactions. Together, these resonances
significantly widen the operating bandwidth. In addition, the converter maintains stable performance under oblique
incidence, confirming its wide-angle operation capability. Due to its compact, low-profile configuration and
exceptional wideband performance, this converter is well-suited for integration into multi-band radar systems, high-
gain satellite communication antennas, and advanced stealth technologies requiring broadband polarization
manipulation.

Index Terms—cCross polarization, Conversion, Efficiency, Bandwidth.

I. INTRODUCTION

The manipulation of co-polarized and cross-polarized reflections using metasurfaces enables the realization of various
electromagnetic devices, including perfect absorbers [1-4] and polarization converters. Perfect absorbers are commonly
implemented using isotropic resonators, which are typically composed of arrays of symmetric metallic patterns [5,6]. Owing
to their structural symmetry, these resonators exhibit strong co-polarized reflection and negligible cross-polarized reflection.
When a metallic ground plane is incorporated beneath the structure, transmission is suppressed, allowing near-unity
absorption to be achieved [7-9]. By introducing structural asymmetry into the resonator of a perfect absorber, polarization
conversion functionality can be realized [10-13]. In such configurations, the metasurface exhibits anisotropic behavior,
giving rise to significant cross-polarized reflection components [14-18]. As a result, polarization converters provide an
effective means of manipulating the polarization state of incident electromagnetic waves and have attracted considerable
interest for a wide range of applications [19-23].

The development of polarization converters with high conversion efficiency and broad operating bandwidth has attracted
considerable attention due to their extensive applications in remote sensing, radar cross-section (RCS) reduction, and
wireless communication systems [24-28]. Depending on the desired functionality, polarization converters can realize
various polarization transformations, including linear-to-linear, linear-to-circular, and left-handed (right-handed) circular-


mailto:barzegarparizi@sirjantech.ac.ir

AUT Journal of Electrical Engineering
10.22060/EEJ.2026.25702.5991

to-right-handed (left-handed) circular polarization conversion [14,29,30]. Over the past few decades, conventional
techniques based on the Faraday Effect, birefringence, and the optical activity of crystals have been employed to design
traditional polarization converters (PCs) [31-33]. However, these approaches generally require bulky structures and large
device profiles, which limit their ability to achieve broadband operation and high polarization conversion efficiency. The
emergence of metasurfaces has provided an effective alternative for controlling the polarization state of electromagnetic
(EM) waves while maintaining compact, lightweight, and low-profile configurations.

Metasurfaces are planar two-dimensional counterparts of metamaterials, consisting of artificially engineered periodic arrays
of subwavelength metallic or dielectric elements that exhibit tailored electromagnetic responses. By properly designing the
geometry and dimensions of the unit cell, metasurfaces can be engineered to realize efficient broadband polarization
conversion. Based on their operating mechanism, metasurface-based polarization converters are generally classified into
two categories: transmission-type and reflection-type configurations [26]. Transmission-type polarization converters often
require multilayer arrangements to achieve broadband performance, resulting in increased structural complexity, larger
thickness, and reduced transmission efficiency. In contrast, reflection-type polarization converters generally offer wider
bandwidths and higher conversion efficiencies while maintaining relatively simple structures [26]. These advantages arise
from the ability of reflective metasurfaces to support multiple resonances, which can be appropriately combined to broaden
the operational bandwidth and enhance polarization conversion performance.

Several metasurface-based polarization converters have been reported in the literature. In [10], a double split-ring resonator
metasurface achieved a polarization conversion ratio (PCR) exceeding 93% over the 4-14 GHz frequency range. An ultra-
wideband linear polarization converter composed of a straight cut-wire and two oblique V-shaped wires was proposed in
[12], providing cross-polarization efficiency above 90% from 3 to 13 GHz. In [13], a cut-square resonator loaded with
circular corner rings enabled multiple polarization conversion functionalities, including linear-to-linear, linear-to-circular,
and circular-to-linear conversions, with linear-to-linear operation occurring in the 6.3-6.6 GHz, 9-10.8 GHz, and 15.2-18.7
GHz bands. A single-layer anisotropic fish-like metasurface was presented in [14], exhibiting both linear cross-polarization
and linear-to-circular polarization conversion with a fractional bandwidth of 31.6% (8-11 GHz). In [15], a double U-shaped
metasurface achieved a conversion bandwidth of 6.91-14.31 GHz with a PCR greater than 90%. The structure reported in
[17], consisting of two pairs of L-shaped metallic patches covered by a superstrate, provided efficient cross-polarization
conversion with a PCR exceeding 90% over the 3.37-22.07 GHz range. Similarly, the asymmetric double-ring resonator
design in [18] achieved a PCR above 90% from 6.67 to 17.1 GHz, corresponding to a relative bandwidth of 87.7%. A dual-
band polarization converter employing a 45° inclined dipole-shaped metallic patch was proposed in [19], operating within
the 7.1-8 GHz and 13.3-25.8 GHz frequency bands. Although these studies demonstrate significant progress in polarization
conversion, achieving a combination of broad bandwidth, high conversion efficiency, low profile, and structural simplicity
remains a challenging task. Furthermore, several reported wideband designs rely on multilayer metasurfaces, which increase
fabrication complexity and overall thickness [22,23]. Consequently, the development of compact, ultra-thin, and broadband
polarization converters continues to be an active area of research.

Hence, achieving wideband operation with high polarization conversion efficiency remains of great interest, particularly at
lower frequency bands. In this paper, a simple metasurface structure composed of anisotropic resonators including a pair of
L-shaped metallic strips and a central circular ring is proposed to achieve ultra-broadband and high-efficiency polarization
conversion. The L-shaped strips provide anisotropy for cross-polarization conversion, while the circular ring introduces
additional resonant modes and enhances electromagnetic coupling. The interaction between these elements broadens the
operational bandwidth. As a result, high conversion efficiency and wide bandwidth are simultaneously achieved using a
simple single-layer metasurface architecture. The physical mechanism underlying the broadband response is analyzed
through electric and magnetic resonance interactions by examining the surface current distributions on the metasurface and
ground plane. Simulation results demonstrate that the proposed structure achieves cross-polarization conversion with
efficiency exceeding 90% over the frequency range of 4.32-13.84 GHz, corresponding to a fractional bandwidth of 105%.
The operational band of 4.32-13.84 GHz covers several important microwave communication and sensing bands, including
the C-band (4-8 GHz), X-band (8-12 GHz), and part of the Ku-band (12-18 GHz). These frequency ranges are widely used
in satellite communications, radar systems, remote sensing, electronic warfare, and radar cross-section (RCS) reduction
applications, where efficient polarization manipulation over a wide bandwidth is highly desirable. In particular, broadband
cross-polarization converters operating across multiple adjacent bands can significantly enhance system robustness against
polarization mismatch, enable multifunctional antenna and reflector designs, and improve performance in wideband radar
and imaging systems. Therefore, achieving a polarization conversion ratio exceeding 90% over the 4.32-13.84 GHz range
makes the proposed metasurface especially suitable for practical, wideband microwave application.
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The remainder of this paper is organized as follows. Section 2 presents the configuration of the proposed structure along
with the simulation results. A mathematical discussion is provided to analyze the anisotropic characteristics of the medium
and to clarify the polarization conversion mechanism. Additionally, field distributions and surface current vectors are
illustrated to explain the physical mechanism responsible for the broadband behavior. Finally, Section 3 concludes the paper
with the main findings.

I1. Configuration

In this section, a broadband polarization converter composed of an anisotropic medium is presented. The unit cell of the
proposed structure is illustrated in Fig. 1. The unit cell of the structure consists of a metasurface including one pair of L-
shaped strips in combination with a metallic circular ring at the center, a dielectric substrate of RT/Duroid5880 with relative

permittivity of 2.2 and thickness of h, and an air spacer with thickness of h,terminated by a metallic film acting as back
reflector. The top and bottom layers are made of copper, with an electric conductivity of 5.96 x 10’ S/m and a thickness of
t=0.02 mm. The period of the structure is supposed L in x- and y-directions. The geometrical parameters of the metasurface

are demonstrated in Fig. 1b. The length and the width of strips are supposed d and w, respectively. L-shaped strips are placed
at a distance of g from the edge of a single unit cell. The radii of the circular rings are considered R; and R..
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Fig.1 (a) a Perspective view of unit cell geometry of the proposed structure including a single layer of the metasurface deposited on a dielectric
substrate placed on a spacer and a metallic reflector at the bottom. (b)Top view of the top metasurface including one pair L-shaped strips in
combination with a metallic circular ring at the center.

Initially, geometric asymmetry is introduced by incorporating L-shaped metallic strips, which induces bi-anisotropic
coupling between the electric and magnetic responses. This intentional symmetry breaking enables efficient conversion of
an incident linear polarization into its orthogonal state, resulting in strong cross-polarized reflection and an enhanced
polarization conversion ratio (PCR). Subsequently, a central circular metallic ring is added to the unit cell to improve
impedance matching between the metasurface and free space for the co-polarized component, further enhancing the PCR.
Moreover, the structure supports multiple hybridized electric and magnetic resonances, which play a crucial role in realizing
ultra-broadband behavior.

The proposed polarization converter can be fabricated using standard printed circuit board (PCB) technology. First, a
RT/Duroid 5880 substrate is selected as the dielectric layer. The top metasurface pattern, consisting of the L-shaped metallic
strips and the central circular ring, can be realized using conventional photolithography and chemical etching processes. A
continuous copper sheet is employed as the ground plane. Subsequently, a low-loss dielectric spacer or mechanical
supporting posts can be used to maintain the designed air-gap thickness between the substrate and the metallic reflector.
Finally, the fabricated sample can be characterized in an anechoic chamber using a vector network analyzer and two linearly
polarized horn antennas to measure the co-polarized and cross-polarized reflection coefficients under normal and oblique
incidences.In practical implementations, fabrication tolerances, variations in substrate properties, conductor surface
roughness, finite conductivity, layer misalignment, and air-gap deviations may cause slight shifts in resonance frequencies
and minor degradation in polarization conversion performance. In addition, measurement uncertainties such as antenna
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misalignment and environmental reflections can lead to discrepancies between simulated and measured results.
Nevertheless, due to the multiple coupled resonances and broadband operating mechanism, the proposed converter is
expected to remain relatively robust against moderate fabrication and assembly imperfections.

The geometrical parameters shown in Fig. 1 were obtained through a systematic parametric sweep and numerical
optimization process carried out in a full-wave electromagnetic simulation environment. Starting from an initial physically
motivated design, key parameters such as the length of the L-shaped strips, gap spacing, and the radii of the circular ring
were varied individually and in combination to evaluate their influence on resonance positions, impedance matching, and
polarization conversion ratio (PCR). The final optimized dimensions were selected to maximize the PCR above 90% over
the targeted ultra-broadband frequency range, while maintaining good impedance matching and stable performance. The
optimized geometric parameters of the proposed structure are considered tobe L =14 mm,g=1mm,w=1mm, d = 10
mm, R1 = 3 mm, R;=1 mm, hg=0.6 mm, and hs=5 mm. The simulations were performed using HFSS, where unit-cell
boundary conditions were applied along the x- and y-directions, and a Floquet port was assigned along the z-direction.
Owing to the diagonal symmetry of the proposed unit cell, the results for y-polarized incidence are equivalent to those for
x-polarized incidence under normal illumination. Since the structure incorporates a metallic back reflector, the transmission
coefficients are zero; therefore, the analysis focuses exclusively on the reflection characteristics. The relationship between
the reflected and incident linearly polarized waves can be expressed using the Jones matrix [34]:

B[ W) E (1)
E’ B Ty )\E
In this equation, I, and I, are co-polarized components of the reflection, I, and I, are cross-polarized components of

the reflection. The polarization direction of the waves is illustrated by the superscripts x and y, while the reflected and
incident waves are demonstrated by the subscripts r and i, respectively. The y-polarized incidence is considered to analyze
in this study. In addition, the reflected wave includes both cross- and co-polarized coefficients. In this case, the cross-

polarized reflection coefficient is I, = E/ / E’ and the co-polarized reflection coefficient is defined as Ny = E’ / E’.

Fig. 2(a) shows the magnitude of the co-polarized reflection coefficient (T, ) and cross polarized reflection coefficient (T,

). As shown in Fig. 2(a), resonance frequencies are observed at 4.64 GHz, 7.22 GHz, 11.64 GHz, and 13.65 GHz,
corresponding to the dips in the co-polarized reflection coefficient. At these frequencies, the incident y-polarized wave is
almost completely converted into an x-polarized wave upon reflection from the metasurface. Within the frequency range of
4.32-13.84 GHz, the co-polarized reflection component remains below 0.3, while the cross-polarized reflection component
exceeds 0.94. The polarization conversion efficiency is quantified by the polarization conversion ratio (PCR), which is

defined as:
2

y \ o

As observed, the PCR exceeds 90% within the 4.32-13.84 GHz frequency range, indicating that the incident y-polarized
wave is efficiently converted into an x-polarized wave throughout this band. The relative bandwidth (RBW) reaches
approximately 105%, demonstrating the ultra-wideband nature of the proposed metasurface. The PCR value at the four
resonant frequencies is unity, confirming complete polarization conversion at these points. The proposed structure achieves
a minimum polarization conversion ratio (PCR) of 92% occurring at 9.6 GHz within the operating band. The broadband
performance is attributed to the coupling and overlap of adjacent resonances. To gain deeper insight into the underlying
mechanism, the electric and magnetic field distributions at the resonant frequencies are analyzed in the following section.

PCR=—2 )
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Fig.2 Simulated (a) reflection coefficients (b) PCR of the proposed structure under the normal incidence

A mathematical analysis is presented to investigate the anisotropic characteristics of the medium and to provide a deeper
understanding of the polarization conversion mechanism of the proposed structure [10,14,34-36]. A rotated rectangular
coordinate system (u—v) is introduced, oriented at 45° relative to the original x—y axes, as illustrated in Fig. 3. The analysis
is performed for a y-polarized incident wave; however, similar results are obtained for x-polarized incidence. The y-
polarized incident wave can be decomposed into components along the u- and v-axes, expressed as:

E, = JE) =0E' +VE/ €)
Where i and V are the unit vectors along u- and v-axis; E;' = E =0.707E . The reflected electric field can be written
as:

E, =dE' +VE' =

lj(ruu E'e™w 4 E'e'™ )+\7(rVu El'e®w 41, E'e" )

(4)

uv =i

where r

uu?
polarization conversion, respectively; r,,® and r @ are the amplitude and phase of cross-polarized reflection

coefficients for u-to-v and v-to-u polarization conversion, respectively. Since the proposed structure is asymmetric, it shows
anisotropic properties with dispersive relative permittivity and permeability. Hence, there is a difference in the phase and

the amplitude of the reflection waves in u- and v-components. If r,, =r,, =1, 1, =1, =0 , Eq. (4) appears as:
E, =UE'e™" +VE'e"™" (5)

®,and 1,,®, are the amplitude and phase of co-polarized reflection coefficients for u-to-u and v-to-v

The incident and the reflected electric field must satisfy Ei Er =0, in order to be perpendicular to each other. This condition
leads to the below relation:

E'e®= (1+€"*) =0 (6)

Hence, Ap = @, — @, = +180° + 2kr . Under this condition, the reflected fields in u- and v-directions (5) will lie along
the x-axis.

E, = REX = UE" —VE! 7)

Where E;' = E; = E . It means that the polarized incident wave is rotated 90 and the converter displays a cross-polarization
conversion.
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Fig.3 Decomposition of incident y-polarized field into u- and v-components and its conversion into x-polarized wave.

Fig. 4 shows the amplitude of co-polarized reflection coefficients and their phase difference. As observed, the amplitudes
of the co-polarized reflection coefficients are nearly equal to 1 for the entire survey frequency range of 4.32 to 13.84 GHz,
respectively. Furthermore, the phase difference between the u- and v-components is approximately 180° + 35°. As reported
in [12,37], the excellent polarization conversion ratio can be obtained with a reflection phase difference within the range of
180 + 37° to 180-37°. These results display that the polarization of the EM wave can rotate by a 90o. Therefore, a y-
polarized incident wave is reflected as an x-polarized wave.
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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.

The effects of dielectric and air spacer thicknesses on the performance of the proposed structure are investigated, as shown
in Fig. 5. Increasing the dielectric thickness shifts the polarization conversion band toward lower frequencies and reduces
the polarization conversion ratio (PCR). Similarly, as illustrated in Fig. 5(b), variations in the air spacer thickness also
influence the PCR, with both increases and decreases leading to a reduction in conversion efficiency. To clarify the design
mechanism, a parametric study is carried out by varying the key geometrical parameters of the proposed structure, including
the strip length (d), gap spacing (g), and the radii of the circular elements (R1 and R2). Fig. 6(a) illustrates the effect of the
geometric parameters R; and R, on the polarization conversion ratio (PCR). It can be observed that the proposed converter
maintains broadband polarization conversion for all investigated cases. Among them, the configuration with R,= 3 mm and
Ri=1 mm provides the most stable response, achieving PCR values close to unity over a wide frequency range. Increasing
R slightly shifts the upper resonant frequency and reduces the bandwidth, whereas variations in R, have a stronger influence
on the response. In particular, R, = 4 mm introduces an additional resonance around 11-12 GHz, resulting in a significant
reduction in PCR. Therefore, R, = 3 mm and R; = 1 mm are selected as the optimal dimensions for achieving broadband
and high-efficiency polarization conversion. Fig. 6(b) illustrates the influence of the strip length (d) and gap spacing (g) on
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the polarization conversion ratio (PCR). The strip length and gap spacing controls the resonant frequencies, operating
bandwidth and PCR values. It is observed that increasing the strip length shifts the resonant frequencies toward lower values
due to the increased electrical path length, while variations in the gap spacing modify the electromagnetic coupling between
adjacent metallic sections. A smaller gap enhances the coupling strength and shifts the operating band toward lower
frequencies, whereas a larger gap provides a smoother PCR response. Based on the parametric analysis, the dimensions d =
10 mm and g = 1 mm are selected as the optimum values for achieving broadband and high-efficiency polarization
conversion.

The angular stability of the proposed converter is analyzed in Fig. 7, which presents the PCR as a function of frequency and

incident angle up to 40°. The results demonstrate that a PCR above 90% is maintained for incident angles up to 35°,
indicating robust angular performance.
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Fig. 6. PCR of the proposed structure under normal incidence for various values of (a) the circular-element radii (R: and R2) and (b) the strip length
(d) and gap spacing (9)-
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To elucidate the physical mechanism underlying the broadband polarization conversion, the electric and magnetic field
distributions on the metasurface are analyzed at the four resonant frequencies of 4.64, 7.22, 11.64, and 13.65 GHz, as shown
in Figs. 8 and 9. At these frequencies, both fields are strongly localized in specific regions of the metasurface. As illustrated,
the electric field is primarily concentrated at the edges of the gaps between the two L-shaped metallic strips, whereas the
magnetic field is predominantly localized at the central corners and arms of the strips.

E-Fields

Fig.8 Simulated electric field distributions of the proposed structure at the resonant frequencies, respectively from left to right.

H-Fields

Fig.9 Simulated magnetic field distributions of the proposed structure at the resonant frequencies, respectively from left to right.

The surface current distributions on the top and bottom metallic layers at the four resonant frequencies are presented in Fig.
10. The orientation of the surface currents is indicated by narrow black arrows, highlighting the resonant current paths
responsible for the polarization conversion. At the first resonance, the surface currents on the top layer are antiparallel to
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those on the bottom metallic layer, indicating the presence of a magnetic resonance. In this case, current loops are formed
within the intermediate dielectric, characteristic of magnetic resonance. Conversely, at the third resonance, the top and
bottom currents are parallel, demonstrating an electric resonance. At the second and fourth resonances, the currents on the
top metasurface layer are orthogonal to those on the ground plane, indicating a hybrid response combining both electric and
magnetic resonances. These observations confirm that the interplay between electric and magnetic resonances is the primary
mechanism enabling ultra-broadband polarization conversion in the proposed metasurface.

Surface Currents

Fig.10 Surface current distributions on the top and bottom metallic layers of the proposed structure at the resonant frequencies, respectively from left
to right. For each case, the upper sub-figures show the current distribution on the metasurface (top layer), while the lower sub-figures present the
corresponding distribution on the bottom metallic layer.

The performance of the proposed structure is compared with previously reported polarization converters, and the results are
summarized in Table 1. The comparison includes important parameters such as unit-cell configuration, electrical size,
substrate thickness, total thickness, angular stability, and operating bandwidth. As shown in Table 1, the proposed
polarization converter exhibits a wide fractional bandwidth of 105% (4.32-13.84 GHz), which is comparable to or greater
than that of most previously reported designs. Only the structures reported in [10] and [24] achieve slightly larger fractional
bandwidths of 111% and 126%, respectively. However, the proposed design offers several notable advantages. Compared
with the converter in [10], the proposed structure employs a thinner thickness, resulting in a lower-profile configuration that
is more suitable for compact and lightweight microwave systems. Although the design in [24] achieves the widest
bandwidth, its operating range is shifted toward considerably higher frequencies (9—40 GHz). In contrast, the proposed
converter provides broadband polarization conversion at lower microwave frequencies, which are widely used in radar
systems, satellite communications, wireless networks, remote sensing, and electromagnetic compatibility applications.
Furthermore, the proposed structure maintains stable polarization conversion performance for incident angles up to 35°,
demonstrating good angular robustness. The combination of broad bandwidth, an ultra-thin profile, satisfactory angular
stability, and a simple unit-cell geometry based on L-shaped strips and a circular ring highlights the effectiveness of the
proposed design. Therefore, the proposed polarization converter offers an attractive balance among bandwidth, profile
thickness, angular stability, and structural simplicity, making it a promising candidate for practical broadband polarization
conversion applications.
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Table. 1 Performance comparison of the proposed structure to other tasks
I ——

Ref. Size of unit Thickness Total Angular .
Unit cell of structure " (Dielectric thick stability banngdth
ce layer) ickness (degree) (GHz)
P —
[10] o 14 mm 1.6 mm 4 -14 GHz
A double split ring (0.42%) | (0.048%) 6.67 mm 30 (111%)
[14] o 7mm 1.6 mm 8-11 GHz
A fish-like structure (0.220) (0.051) 1.6 mm 45 (31.6 %)
[15] Double U-shaped 10 mm 3mm 3.04 mm 6.91-14.31
metasurface (0.351) | (0.1061) ' GHz (70 %)
[16] A oval cut by two 12 mm 2mm » mm 300 10.2 - 20.5
metallic strips (0.6142) | (0.1021) GHz (67%)
[18] Asymmetric double-ring 12 mm 3.5mm 3.54 mm 6.67 -17.1
resonators (0.476X1) | (0.1381) ' GHz (87.7%)
[24] 6 mm 0.25 mm 9-40 GHz
Double-head 25
ouble-heads arrow (0.49%) | (0.020) mm (126 %)
[26] 9.1 mm 3.5 mm 7-19.5 GHz
H-shaped metasurface (0.4020) | (0.1540) 3.54 mm (94%)
27 - 6.5 mm 3 -
[27] Double W-shaped mm 3.06 mm 400 8.44 - 24.96
metasurface (0.361) | (0.167X1) GHz (99%)
This L-shaped strips and a 14 mm 0.6 mm . - 350 432-13.84
task metallic circular ring (0.42).) | (0.0181)) : GHz (105%)
[Il. CONCLUSION

In this work, a single-layer metasurface-based polarization converter comprising a pair of L-shaped metallic strips and a
central circular ring has been proposed for microwave applications. The results confirm that the interaction between electric
and magnetic resonances plays a key role in enabling efficient polarization manipulation and sustaining broadband
operation. The proposed structure exhibits efficient cross-polarization conversion over a wide frequency range of 4.32—
13.84 GHz, with a polarization conversion ratio (PCR) exceeding 90% and angular stability up to 35°. In addition to the
demonstrated performance, the proposed design offers strong potential for practical implementation in modern
electromagnetic systems. Its compact, planar, and low-profile configuration makes it suitable for integration into antenna
systems, where it can enhance polarization purity, improve radiation efficiency, and enable polarization diversity. In radar
and sensing applications, it can reduce polarization mismatch and improve detection reliability under varying incidence
conditions. Furthermore, its wide-angle response and stable performance indicate suitability for satellite and wireless
communication systems requiring robust operation under oblique incidence. It may also find applications in stealth
technology and electromagnetic compatibility (EMC) engineering, where controlled polarization conversion is important
for managing scattering and interference. Overall, the proposed design combines structural simplicity with functional
versatility, offering a promising solution for next-generation polarization control devices requiring broadband and wide-
angle performance in practical microwave systems.
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