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ABSTRACT

This study presents a broadband cross-polarization conversion metasurface (CPCM) designed for operation in the Ku and K bands. The
CPCM unit cell consists of an octagonal ring with two diagonal parasitic arms, which extend within the ring and are thickened with a cur-
vature on the top surface of a substrate, backed by a copper layer. The metasurface efficiently converts a linearly polarized incident electro-
magnetic (EM) wave into its cross-polarized counterpart over an ultra-wideband frequency range of 13.4–33.6 GHz. The polarization
conversion ratio of the proposed structure exceeds 87% at the operating frequencies for normally incident waves and remains above 80% in
a Ku band for angles up to 30� for both TE (transverse electric) and TM (transverse magnetic) polarized EM waves. The surface current dis-
tribution was thoroughly examined to explain the high-efficiency and ultra-broadband cross-polarization conversion. A good agreement was
observed between measured and simulation results, indicating the promising potential of this structure in applications, such as polarization-
controlled devices, stealth surfaces, and antennas.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0251865

I. INTRODUCTION

Polarization, defined as the orientation of the oscillating elec-
tric (E) field in an electromagnetic (EM) waves, is a crucial parame-
ter for various applications. It is broadly classified into three types:
linear, circular, and elliptical.1 Controlling the polarization of EM
waves is vital for ensuring optimal functionality for numerous
applications, including communications, navigation, and radar
systems.1–4 For instance, in communications, a polarization mis-
match can significantly reduce the performance and efficiency of a
communication channel. This mismatch can be mitigated by
employing different polarizations, such as circular or orthogonal
polarizations.2 Despite the advantages of circular polarization,
linear polarization is more widely utilized in wireless communica-
tion applications.2 Furthermore, using orthogonal polarizations can
substantially increase the channel capacity of a communication
system.5 Conventionally, polarization control was achieved based
on Faraday’s effect and optical activity in natural materials.6,7

However, these methods often exhibit limitations, such as increased
thickness, limited bandwidth, restricted angular performance of
incident waves, and added design complexity.7 To address these
challenges, metasurface-based polarization converters have been
extensively studied over the past decade.8

Metasurfaces (MTSs), planar periodic structures composed of
subwavelength unit cells, exhibit extraordinary EM properties not
found in nature and can be utilized to control various characteristics
of EM waves.9 MTSs offer significant advantages for polarization
control due to their low profile, lightweight, and broad bandwidth.8

Various anisotropic MTS structures for polarization conversion
have been studied in the literature, operating across different EM
frequency bands10–13 with various functionalities, such as cross-
polarization and linear to circular polarization conversion.
Typically, polarization converters based on MTSs are categorized
into three groups: transmissive types,14–17 reflective types,18–21 and
hybrid types.22–24 Transmissive types generally involve a multi-layer
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structure, making their manufacturing processes more complex than
those of the reflective types.20 Depending on the intended applica-
tions, the polarization converter can be designed to function either
as a cross-polarization converter25–30 or as a linear to circular polari-
zation converter (LP to CP).31,32 For example, in,33 a polarization
conversion ratio (PCR) exceeding 90% was demonstrated over a
wide frequency range, but the design required a multi-layer struc-
ture, limiting its compactness and ease of fabrication. Similarly,
ultra-wideband converters with high PCR have been reported in
Refs. 34 and 35, but these designs either require multilayer sub-
strates or vias, complicating the fabrication process. Recent designs
with improved angular stability and bandwidth, such as Ref. 19, rely
on costly and structurally soft materials, such as PTFE, which are
challenging to process and less durable.36 Thus, despite significant
advancements, the development of broadband, compact, angularly
stable, and cost-effective polarization converters remains a chal-
lenge.20,37 A single-layer, compact, cost-effective, structurally simpli-
fied, and efficient design without the need for vias is beneficial for
cross-polarization conversion (CPC) applications.

In this work, we present a compact, ultra-broadband, and high-
efficiency cross-polarization conversion metasurface (CPCM) with
angular stability. The proposed design effectively transforms inci-
dent electromagnetic waves into their orthogonal counterparts over
the Ku and K bands (13.4–33.6 GHz), achieving a PCR greater than
87% within this range. Furthermore, the average PCR remains above
80% for incidence angles up to 30� and frequencies up to 26 GHz.
The proposed design achieves an optimal balance between band-
width, efficiency, compactness, angular stability, and cost-
effectiveness, making it an ideal candidate for practical applications.

II. ANALYSIS AND DISCUSSION

A. Unit cell design

Figures 1(a) and 1(b) illustrate the configuration of the pro-
posed unit cell for the cross-polarization converter. The unit cell is
designed on a Rogers RO4003 substrate with a dielectric constant of
3.55 and a loss tangent (tan δ) of 0:0027. The substrate has a thick-
ness of 1.52 mm and is backed by a copper layer with a conductivity

of σ ¼ 5:80� 107 S=m. The unit cell consists of an octagonal ring
element combined with two oblique lines. Additionally, the octago-
nal ring is internally connected to the oblique lines through gradual
curved lines. All design parameters are detailed in the caption of
Fig. 1. The proposed unit cell was simulated, optimized, and ana-
lyzed using CST Microwave Studio.38 The frequency domain solver
was employed with periodic boundary conditions in the x and y
directions, while open boundaries were applied in the z direction.

B. Theoretical analysis

A subwavelength MTS unit cell generally exhibits both electric
and magnetic dipole effects, which can be characterized by its elec-
tromagnetic polarizabilities.39 The electric and magnetic polariz-
abilities of the elements describe the relationship between their
dipole moments and the corresponding local average electric and
magnetic fields. These dipole moments can be expressed in terms
of the local fields as

p
m

� �
¼ pee pem

pme pmm

� �
E
H

� �
, (1)

where p ¼ px py
� �

and m ¼ mx my
� �

denote the electric and
magnetic dipole moments, respectively, and E and H are the local
electric and magnetic fields. The impedance of the metasurface
is influenced by its electric and magnetic responses and can be

represented as η(ω) ¼
ffiffiffiffiffiffiffi
μ(ω)
ϵ(ω)

q
, where μ(ω) and ϵ(ω) are the

frequency-dependent magnetic permeability and electric permittiv-
ity, respectively. The reflection coefficient under normal incidence,
R(ω), is given by

R(ω) ¼ η(ω)� η0
η(ω)þ η0

, (2)

where η0 ¼ 377Ω. The reflection coefficient R(ω) is frequency-
dependent and can be expressed as a complex quantity, R(ω)j jeiw(ω),
where w(ω) is the phase of the reflected wave. From Eq. (2), it

FIG. 1. (a) Front view and (b) a 3D view of the proposed polarization converter
unit cell. Design parameters (all in mm) are given as L ¼ 5:8, a1 ¼ 4:8,
b1 ¼ b2 ¼ 0:16, c1 ¼ 2:9, c2 ¼ 0:18, r ¼ 1:12, and d ¼ 0:2.

FIG. 2. (a) The proposed unit cell with the x–y axes and the orthogonal axes u
and v. (b) Schematic of the proposed CPCM when exposed to illumination by a
y-polarized EM wave.
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follows that when the impedance of the MTS greatly exceeds that
of free space, the magnitude of the reflection coefficient approaches
unity, and its phase becomes zero degrees (0�). This indicates that
the MTS acts as a high-impedance surface (HIS) or an artificial
magnetic conductor (AMC), effectively reflecting electromagnetic
waves with unity magnitude and zero phase across the frequency
spectrum.

Due to symmetry along the diagonal direction of the unit cell,
the performance under x-polarized incidence mirrors that under y-
polarized incidence. Consequently, the study focuses on x-polarized
incidence. To analyze the polarization conversion mechanism, the
u- and v-axes are introduced by rotating the x and y axes counter-
clockwise by 45�, as shown in Fig. 2(a). For an x-polarized incident
wave, E

!
xi ¼ E

!
xiex
!, while for a y-polarized wave, E

!
yi ¼ E

!
yiey
!,

where ex
! and ey

! are unit vectors along the x and y axes, respec-
tively.40 A y-polarized wave incident on the MTS can be decom-
posed along the u- and v-axes as E

!
yi ¼ E

!
uiþ E

!
vi, with the

reflected field E
!
yr ¼ E

!
ur þ E

!
vr. Therefore, the reflected EM

wave along the u and v directions can be written as41

E
!

yr ¼ u!ruu E
!

ui

��� ���e j(kzþwuu) þ v!rvv E
!

vi

��� ���e j(kzþwvv): (3)

Polarization conversion occurs when the electric field compo-
nent in the +u direction is reflected with the same amplitude and
direction, whereas the v component is reflected in the opposite

direction but with an equal magnitude, resulting in a cross-
polarized field. For this to occur, it is required that jruuj ¼ jrvvj ¼ 1
and Δwuv ¼ 2kπ + 180� (where k is an integer).20,42 Figure 2(b)
illustrates the proposed CPCM illuminated by a y-polarized wave,
which is reflected as an x-polarized wave. The reflection coefficient
comprises two components: a co-polarized coefficient, rxx (or ryy),
retaining the same polarization as the incident wave, and a cross-
polarized coefficient, ryx (or rxy), indicating a reflected field compo-
nent orthogonal to the incident field.40 The PCR for an x-polarized
incident wave is calculated as

PCR ¼
r2yx

��� ���
r2yx

��� ���þ r2xx
�� �� : (4)

An additional parameter of interest is the azimuthal angle α,
which quantifies the angle between the field components and provides
further insight into the behavior of the CPCM. It is computed as43

α ¼ arctan (ryx=rxx): (5)

C. Simulation results

Figures 3(a)–3(d) depict the design process and the evolution
of the proposed CPCM unit cell along with the respective reflection

FIG. 3. The evolution of the unit cell and the corresponding reflection properties of the proposed reflective anisotropic MTS with (a) an octagonal ring, (b) an octagonal
ring along two parasitic arms at 45� with respect to the x–y axes, (c) an octagonal ring with two stretched parasitic arms toward the center, and (d) the final proposed
structure.
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characteristics for each geometry. Figure 3(a) illustrates an octagonal
ring where the parameter rxx is nearly equal to 0 dB, while ryx is
below �50 dB on average, indicating that no polarization conversion
occurs in this state. By adding two diagonal parasitic arms to the

ring as depicted in Fig. 3(b), the cross-polarization (ryx) increases
significantly within the frequency range of interest (13.4–33.6 GHz).
Nonetheless, the cross-polarization is still low between 15.5 and
24 GHz. To improve the polarization conversion in this region, the

FIG. 4. Simulation results for (a) the reflection coefficient (rxx and ryx ) of the proposed design, (b) the polarization conversion ratio (PCR), (c) the phase difference (Δfxy )
between rxx and ryx , and (d) the polarization azimuth angle.

FIG. 5. Distribution of surface currents on the top and bottom metallic layers of the proposed anisotropic reflective unit cell at different resonance frequencies: (a) 13.3,
(b) 17.3, (c) 25.7, (d) 32.2, and (e) 33.1 GHz.
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diagonal parasitic arms are extended within the octagonal ring and
thickened with a curvature as shown in Figs. 3(c) and 3(d), respec-
tively. As can be seen from Fig. 3(d), the proposed structure achieves
a broadband polarization conversion between 13.4 and 33.4 GHz.

The efficiency of the polarization converter is evaluated using
the PCR parameter and the azimuth angle (α). A PCR approaching
1 and the azimuth angle close to 90� indicates nearly 100% polari-
zation conversion efficiency. Figures 4(a) and 4(b) show the reflec-
tion coefficients (rxx and ryx) of the proposed unit cell structure of
the proposed unit cell structure and the corresponding polarization
conversion ratio (PCR), respectively. The simulated PCR exceeds

87% across the frequency range of interest, indicating an efficient
polarization conversion. Figure 4(c) illustrates the phase difference
between rxx and ryx (Δfxy = arg (rxx) - arg (ryx)), which remains
stable near +(2nþ 1)90� within the polarization conversion bands
an essential condition for achieving linear-to-linear polarization
rotation. The azimuth angle, presented in Fig. 4(d), exceeds 70�

throughout the Ku and K bands, with complete 90� polarization
rotation observed at 13.88, 17.53, 25.58, and 31.96 GHz. These
results confirm the proposed structure’s high efficiency in cross-
polarization conversion.

D. Surface current analysis

To gain a deeper understanding of the broad-range polariza-
tion conversion mechanism of the proposed unit cell, we analyze
the distribution of surface currents on both the top and ground
planes. This surface current analysis is performed at five discrete
resonance frequencies: 13.3, 17.3, 25.7, 32.2, and 33.1 GHz, as
shown in Fig. 5, labeled (a)–(e). Magnetic (plasmonic) resonances
occur when the currents flow in opposite directions on the top and
bottom metallic layers, while electric or composite EM resonances
are induced in other cases.19,27 At 13.3 and 17.3 GHz [Figs. 5(a)
and 5(b)], the currents on the top layer of the MTS unit cell flow
opposite to those on the ground plane, resulting in magnetic reso-
nances. At 25.7 GHz [Fig. 5(c)], an electric resonance is induced as
the currents align between the top and ground planes. At 32.2 and
33.1 GHz [Figs. 5(d) and 5(e)], both magnetic and electric reso-
nances are simultaneously excited, leading to a composite EM reso-
nance. The ultra-broadband performance is attributed to the
occurrence of multiple resonances across the frequency range,

FIG. 6. The electric and magnetic field intensities at different resonance frequencies: E-field intensity at (a) 13.3, (b) 17.3, (c) 25.7, (d) 32.2, and (e) 33.1 GHz; H-field
intensity at (f ) 13.3, (g) 17.3, (h) 25.7, (i) 32.2, and ( j) 33.1 GHz.

FIG. 7. Response of the proposed reflective unit cell under various oblique
incident angles.
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which are essential for achieving both high-efficiency and ultra-
broadband cross-polarization conversion.

Figure 6 illustrates the electric (top row) and magnetic
(bottom row) field intensity distributions at the resonance frequen-
cies for the proposed CPCM unit cell. Each column corresponds to
a specific resonant mode of interest. In the electric field plots
[Figs. 6(a)–6(e)], strong field localization can be observed around
the edges and gaps of the gradual curved lines. The red regions

indicate areas of maximum electric field enhancement, correspond-
ing to capacitive hot spots where polarization conversion is most
active. The asymmetry in the field distribution supports the pres-
ence of strong anisotropic coupling, which is essential for achieving
high-efficiency linear cross-polarization conversion. The magnetic
field intensity plots [Figs. 6(f )–6( j)] demonstrate complementary
behavior, with enhanced H-field intensities concentrated in regions
where current loops or circulating displacement currents form.
These circulating fields confirm the excitation of magnetic resonant
modes, which work together with the electric resonances to
support bi-anisotropic behavior necessary for polarization rotation.
Moreover, as shown in Fig. 6, the field is directed either upward or
downward relative to the ground plane. Together, the E-field and
H-field distributions confirm the presence of hybrid electric-

FIG. 8. (a) Fabricated sample, (b) a measurement setup using horn antennas
covering the frequency range of 12.4–18.5 GHz, and (c) a measurement setup
for frequencies in the range of 18.4–26.5 GHz.

FIG. 9. Comparison of the simulated rxx and ryx with the measured counterparts
when θ ¼ 10�.

FIG. 10. Comparison of the measured ryx between a PEC reflector and the
fabricated MTS sample.

FIG. 11. Comparison of the simulated and measured PCR values over
frequency.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 137, 233104 (2025); doi: 10.1063/5.0251865 137, 233104-6

© Author(s) 2025

 12 February 2026 14:56:09

https://pubs.aip.org/aip/jap


magnetic modes and validate the physical origin of the observed
resonance peaks and polarization conversion in the S-parameter
results.

E. Angular stability

Another important parameter in CPC structures is angular
stability. Although polarization conversion can be achieved through
anisotropic structures in a reflection mode, these structures are sen-
sitive to the angle of incidence, and their response often varies with
oblique incidence. To evaluate angular stability, the incident angle
(θ) is varied from 0� to 40�, and the results are shown in Fig. 7. As
the incident angle increases, the bandwidth gradually decreases, as
indicated by the PCR parameter in Fig. 7. This reduction in band-
width at higher frequencies is mainly due to the longer electrical
path at higher incidence angles.44 This effect is less pronounced at
lower frequencies, where the metasurface unit cells are electrically
smaller, making them more stable with respect to the angle of
incidence.

III. EXPERIMENTAL RESULTS

To validate the simulation results, a prototype consisting of
35� 35 unit cells was fabricated on a RO4003 substrate, with
overall dimensions of 203 � 203 � 1.52 mm3. Figure 8 presents the
fabricated metasurface (MTS) prototype alongside the experimental
setup. Two linearly polarized standard horn antennas, operating
in the frequency ranges of 12.4–18.5 GHz [Fig. 8(b)] and
18.4–26.5 GHz [Fig. 8(c)], were used to transmit the incident EM
wave and capture the reflected wave from the structure. Due to lim-
itations in the available horn antenna pairs, measurements were
conducted only within these frequency ranges, covering the major-
ity of the operational band except for the portion from 26.5 to
33.6 GHz. To demonstrate the effectiveness of the proposed struc-
ture in converting incident linearly polarized EM waves to cross-
polarized components, the experimental setup positioned the trans-
mitting horn antenna for co-polarization, while the receiving horn
antenna was oriented to capture the cross-polarized reflected
waves. An incidence angle of 10� was employed to minimize inter-
ference between the transmitted and received signals and to
prevent any potential blockage. The fabricated sample was vertically
mounted in front of the horn antennas during the measurements,

as shown in Figs. 8(b) and 8(c). A Keysight N5224B Vector
Network Analyzer (VNA) was used for measurements. The reflec-
tion coefficients rxx and ryx of the proposed structure were mea-
sured in an anechoic chamber and compared with simulation
results for an incidence angle θ ¼ 10�, as shown in Fig. 9. The
measurements show strong agreement with the simulation results.
Figure 10 compares the cross-polarized reflection coefficient ryx for
the fabricated metasurface and a PEC reference panel. The results
demonstrate that the ryx for the fabricated MTS is, on average,
40 dB higher than that of the PEC, confirming the efficient conver-
sion of the incident polarization to its cross-polarized counterpart.
Finally, Fig. 11 compares the PCR values obtained from simulations
and measurements. The results confirm high polarization conver-
sion efficiency within the measured frequency range, despite the
limited size of the fabricated prototype compared to the infinite
periodic boundary conditions used in simulations. A detailed com-
parison with previously published works is provided in Table I.

IV. CONCLUDING REMARKS

In this work, a broadband metasurface-based cross-
polarization converter designed for operation in the Ku and K
bands is presented. The metasurface unit cell features an octagonal
ring combined with 45� rotated anisotropic oblique lines, enabling
efficient polarization conversion of linearly polarized incident elec-
tromagnetic waves into their corresponding cross-polarized compo-
nents. The proposed design achieves an ultra-wideband
performance across the 13.4–33.6 GHz frequency range, encom-
passing both the Ku and K bands. The polarization conversion
ratio (PCR) exceeds 87% for normally incident waves within the
operational frequency band, while maintaining an azimuth angle
greater than 70�. Additionally, the structure demonstrates good
angular stability, achieving a PCR greater than 80% between 13.4
and 26 GHz for incidence angles up to 30�. Surface current analy-
ses provide valuable insights into the underlying operational mech-
anisms, revealing the contributions of electric, magnetic, and
composite electromagnetic resonances to the broadband perfor-
mance. Strong agreement between simulated and measured results
is obtained. The proposed design has a potential use for a range of
applications requiring efficient and broadband polarization control
in the Ku and K bands.

TABLE I. Performance comparison of the proposed polarization converter with other recently published single-layer linear polarization converters.

Reference
Frequency range

(GHz)
Unit cell size

(with respect to λmax)
Percentile

bandwidth (%) Substrate Angular stability PCR (%)

7 8–18.5 0.13λ × 0.13λ × 0.064λ 80 FR4 45 90
19 9.83–29.37 0.2λ × 0.2λ × 0.083λ 99.69 PTFE 40 90
21 13–26 0.3λ × 0.3λ × 0.069λ 66 FR4 40 90
27 11.5–21.8 0.3λ × 0.3λ × 0.076λ 19.4, 37.5 FR4 40 96
29 8.52–17.93 0.2λ × 0.2λ × 0.068λ 71 RO4003 45 90
30 9.04–20.83 0.21λ × 0.21λ × 0.066λ 79 F4B-2 30 90
45 6.67–17.1 0.26λ × 0.26λ × 0.077λ 87.7 F4B-2 n/a 90
46 6.1–16.5 0.14λ × 0.14λ × 0.06λ 92 FR4 45 78
This work 13.4–33.5 0.25λ × 0.25λ × 0.069λ 86 RO4003 40 87
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