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ABSTRACT This paper presents an ultra-thin, ultra-wideband linear-to-circular (LTC) polarization converter
based on the crossed-dipole-shaped metasurface. The unit cell of the crossed-dipole-shaped metasurface
is made up of two identical T-shaped dipole arms, which are orthogonal to each other and are connected
with a diagonal microstrip line. The LTC polarization converter is placed on the top side of an ultra-thin
single-substrate layer with a profile size of 0.035 A,, where A, is a free space wavelength at the center
frequency of the axial ratio bandwidth (20.89 GHz). The proposed design shows nearly equal transmission
amplitude and stable phase difference of nearly 90° of the two orthogonal components of transmitted waves
in a wide frequency range. The right-hand circularly polarized (RHCP) component of the transmitted wave is
much larger than the left-hand circularly polarized, and thus, the transmitted wave is RHCP. Numerical and
experimental results showed that the polarizer could realize an ultra-wideband LTC polarization conversion
at both x- and y-polarized incidences in the frequency range from 11.66 to 30.12 GHz, which is a fractional
bandwidth of 88.4%, and it can maintain a stable polarization conversion performance under large-range
incidence angles. In addition, a high total transmittance of the electromagnetic wave was obtained.

INDEX TERMS Circular polarization, crossed-dipole, linear polarization, linear-to-circular polarization
converter, transmission coefficient, ultra-wideband.

I. INTRODUCTION methods usually require a long propagation distance to obtain

The polarization state is an extremely important feature of
electromagnetic wave propagation. The ability to manipulate
the polarization state of electromagnetic waves can enable
the control of electromagnetic waves for a wide range of
applications [1], [2], [3]. Conventional methods of realizing
polarization control include the utilization of the birefrin-
gence effect and optical activity of natural materials. These
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phase accumulation and have limitations on practical appli-
cations due to their bulky volume [4], [5]. In recent years,
metasurfaces have provided a new way of polarization manip-
ulation [6], [7], [8], [9], [10], [11], [12]. By controlling
the amplitudes and phases of the reflected or transmitted
waves, many metasurface polarization converters have been
successfully investigated and demonstrated, such as transmis-
sive [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27], [28], [29] and reflective [30],
[31], [32], [33], [34] linear-to-circular (LTC) polarization
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conversion at linearly polarized (LP) incidence. LTC polar-
ization converters in the transmissive mode are widely used
due to their extensive applications in wireless communication
systems [24]. In the design of transmissive LP-to-circularly
polarized (CP) converters, the key factors taken into con-
sideration are obtaining a wide axial ratio (AR) bandwidth,
a high transmission coefficient, and a stable oblique inci-
dence. Multilayer structures have been employed to achieve a
broadband AR as well as a high transmission coefficient [13],
[14], [15], [16], [17], [18]. However, these structures suffer
bulky sizes and fabrication complexities. Single-layer polar-
ization converters are a suitable candidate that can be used
to solve the issue of bulky sizes and fabrication complexities
and improve angular oblique incidence stability. However,
the designs suffer from a narrow AR bandwidth [19], [20],
[21], [22], [23], [24], [25]. Thus, the design of a single-layer
LTC polarization converter with an ultra-wide AR bandwidth,
which reduces both the profile size and fabrication complex-
ity, is an important area of study.

A single-layer LTC polarization converter can be designed
with a metallic layer on a single side of the substrate [24],
[25] or with metallic layers on both sides of the sub-
strate [19], [20], [21], [22], [23]. The significant advantage
of using a single-layer LTC polarization converter with a
double-sided metallic layer over a single-sided metallic layer
is that it achieves good transmittance. However, to achieve
a wide AR bandwidth with a double-sided metallic layer,
the primary approach is to increase the profile size [19],
[20]. A single-layered LTC polarization converter with a
single-sided metallic layer has several advantages over the
double-sided metallic layer configuration. There is a reduced
fabrication complexity and cost with a single-sided metallic
layer compared to the double-sided designs as it requires
fewer fabrication steps and can be manufactured using con-
ventional lithographic techniques. The additional advantage
of single-sided metallic layer designs is the simplified inte-
gration with other components, such as lenses or filters,
due to their simpler geometry. Furthermore, they exhibit
improved angular oblique incidence stability compared to
double-sided designs, as they are less sensitive to changes
in the angle of incidence. These attributes make them more
stable and suitable for practical applications. Thus, achieving
a good transmittance with an ultra-wide AR bandwidth using
a single-side metallic layer is an important area of research.

A single-layer LTC polarization converter with a
double-sided metallic layer has been widely studied [19],
[20], [21], [22], [23]. A wideband and wide-angle LTC
polarization converter based on a single-layer dielectric sub-
strate with a double-sided metallic layer was proposed [19].
The converter element was composed of a metal strip
cross-backed by a strip horizontally and centrically located
on the other metallic layer. This achieved wide bandwidth and
stable performance at oblique incident angles, but suffered
from a bulky profile and high insertion loss. The authors
in [20] proposed a Jerusalem cross-like resonator and a metal
strip placed back to back to achieve a wide AR bandwidth
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and stable oblique incidence. However, the structure’s bulky
profile size and high insertion loss remained drawbacks.
In [21], a square ring with an enclosed diagonal split cir-
cular ring was used to design a dual-band LTC polarization
converter. By using a thin substrate layer, a low profile,
as well as low insertion losses, was realized. However, this
structure only achieved narrow AR bandwidths in two fre-
quency bands. Another design presented a wide-angle and
wideband LTC polarization converter using a single dielectric
substrate layer with a double-sided metallic layer [22]. This
converter, featuring a large square aperture surrounding a
concentric square-corner-truncated square patch, achieved
stable performance at oblique incidence but exhibited a nar-
row bandwidth. For S-band CubeSat applications, a flexible
LTC polarization converter with a double-sided metallic layer
in a swastika-like shape was proposed in [23]. This design
achieved an extremely narrow bandwidth with stable oblique
incidence.

A few number of researchers have carried out research
on the single-layer LTC polarization converter with a
single-sided metallic layer [24], [25]. The authors in [24]
proposed a design incorporates a hybrid meander line and
loop configuration achieving a moderate bandwidth and sta-
ble performance at oblique incident angles. Another design
utilized a split circular ring resonator enclosed in a square
ring with three-stepped square patches [25]. The structure
achieved narrow AR bandwidths at two distinct frequency
bands with low insertion losses and demonstrated stable
angular performance at different oblique angles for each
band. The authors designed the dual-band structure due to
its difficulties in achieving a stable phase difference of 90°
and a good transmittance value over a wide frequency range.
In our design, we addressed these challenges through careful
optimization of the metasurface elements and the use of
Rogers AD250C substrate, which offers excellent thermal
and mechanical stability, minimizing performance variations,
such as phase and transmittance over a broad frequency range.

In this paper, an ultra-thin single-layer single-sided
metallic layer transmissive LTC polarization converter that
exhibits an ultra-wide bandwidth is presented based on a
novel crossed-dipole-shaped metasurface. It realizes ultra-
wideband LTC polarization conversion at both the x- and
y-polarized incidence. An ultra-wideband LTC polariza-
tion conversion, ranging from 11.66 to 30.12 GHz (frac-
tional bandwidth of 88.4%) within which the AR is lower
than 3 dB, is achieved. Additionally, an ultra-thin profile
size of 0.035 A,, where A, is a free space wavelength at
the center frequency of the AR bandwidth (20.89 GHz),
is achieved a good transmittance of less than 2.4 dB within the
AR bandwidth.

Il. METASURFACE DESIGN AND OPERATION
MECHANISM

Fig. 1 depicts the unit cell of the proposed LTC
polarization converter metasurface, which comprises a
single-layer Rogers AD250C substrate with dimensions of
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35 mm x 3.5 mm x 0.508 mm (0.24 A, x 0.24 A, x
0.035 A, at 20.89 GHz) and a relative permittivity (g,) of 2.5
and a loss tangent (fand) of 0.0015. The crossed-dipole-
shaped unit cell consists of two identical crossed-dipole arms
and is positioned on the top surface of the substrate only.
Each crossed-dipole arm consists of two identical T-shaped
dipoles that are orthogonal to each other and are connected
with a diagonal microstrip line. The optimized geometrical
parameters for the ultra-wideband ultra-thin LTC polarization
converter are selected as p = 3.5 mm, /; = 1.1 mm, [, =
1.575 mm, dy = 0.412 mm, w; = 0.1 mm, wp = 0.15 mm,
w3 = 0.15 mm g; = 0.55 mm, and g> = 0.2 mm.

Rogers AD250C was chosen as the substrate material
due to its stable dielectric properties and low loss tangent,
which help maintain performance across different envi-
ronmental conditions. This material also exhibits excellent
thermal stability and low moisture absorption, contributing to
consistent performance even in varying environmental con-
ditions. Additionally, its mechanical stability enhances the
device’s resilience against physical deformations. Addition-
ally, Rogers AD250C was selected as the substrate material
for its exceptional mechanical and thermal properties, which
are crucial for maintaining the performance of the polariza-
tion converter in diverse environmental conditions. The sub-
strate’s high decomposition temperature (>500°C) and low
moisture absorption (0.04%) ensure consistent performance
under thermal stress and humid conditions. Furthermore, the
mechanical stability of Rogers AD250C substrate ensures
the device’s resilience against physical deformation. These
attributes collectively ensure that the polarization converter
remains robust and reliable, even in challenging real-world
conditions, including temperature fluctuations, humidity, and
mechanical stress.

The design guidelines for the proposed unit cell are as
follows:

o A crossed-dipole unit cell, which consists of two
T-shaped dipole arms that are orthogonal to each other,
is designed. The design of a conventional crossed-dipole
is detailed in [35] and [36]. The T-shaped dipole arms
serve as the core resonant elements crucial for achieving
wideband operation. The resonant frequency of each
dipole arm is fundamental to this design, facilitating
a broader operational bandwidth by ensuring the reso-
nances of these dipole arms overlap. Such overlapping
of resonant frequencies is instrumental in extending the
converter’s bandwidth, enabling it to operate effectively
over a wide range of frequencies.

o The widths of the dipole arms (wj, wy) are pivotal
in defining the resonant characteristics and, conse-
quently, the wideband performance of the converter.
The arm widths influence the electromagnetic proper-
ties of the crossed-dipole unit cell, affecting both the
capacitive and inductive reactions to incoming electro-
magnetic waves. These reactions are integral to tuning
the unit cell’s resonant frequency and achieving effective
impedance matching across the desired frequency range.
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FIGURE 1. Unit cell for the proposed structure: (a) top view and (b) side
view.
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FIGURE 2. E-field distribution on dipole arms at 22.6 GHz: (a) 0°, 180°
and (b) 90°, 270°.
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FIGURE 3. Surface current density (J5,,f) on dipole arms at 22.6 GHz:
(a) 0° and 180° and (b) 90° and 270°.
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« To achieve a 90° phase difference, a diagonal microstrip
line (w3) is connected to the two T-shaped dipole
arms. By fine-tuning the length and positioning of the
microstrip line, the phase delay between the signals
interacting with each arm can be accurately adjusted.
Such precision ensures that the phase difference between
the electromagnetic fields interacting with the dipole
arms remains close to the desired 90° across an
ultra-wide frequency band.

o The micro-split gaps, denoted as (g1) and (g2) are critical
features in the crossed-dipole unit cell design that signif-
icantly influence the converter’s capacitive properties.
Located at the junctions where the T-shaped dipole arms
meet, (g1) and (g2) introduce capacitance that is vital
for fine-tuning the resonant frequency. The micro-split
gaps, denoted as (g1) and (g2) are critical features in the
crossed-dipole unit cell design that significantly influ-
ence the converter’s capacitive properties. Located at the
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junctions where the T-shaped dipole arms meet, (g1) and
(g2) introduce capacitance that is vital for fine-tuning
the resonant frequency. This fine-tuning is a key aspect
of achieving a wide operational bandwidth because it
enables the unit cell to resonate effectively over a larger
range of frequencies.

« By fine-tuning these parameters, the converter achieves
near-equal amplitudes and a consistent phase difference
close to 90°, enabling reliable wideband operation.

The wideband operation of the crossed-dipole-shaped LTC
polarization converter is achieved through a carefully engi-
neered design that leverages the interaction of resonant
elements, capacitive and inductive effects, and electromag-
netic coupling. The T-shaped dipole arms, distinguished by
their specific lengths (1, l) and widths (wy, w»), act as
individual resonators each with distinct resonant frequencies.
By designing these elements such that their resonant frequen-
cies are closely aligned, a broader operational bandwidth is
achieved. This broader bandwidth results from the overlap-
ping resonances of these multiple elements, which combine
to produce a broad, continuous frequency response.

Considering the LP plane wave from the z > 0 incident can
be assumed on the surface of the xy-plane without insertion
loss. The adopted LP wave of the 45° tilt incident can be
decomposed into two even parts in horizontal and vertical
directions, ch and Ely Moreover, ch and Ely should have
the same magnitude and phase. Fig. 2 illustrates the high
electric field intensities recorded on the vertical and horizon-
tal gaps at 0° and 180°, as well as 90° and 270°, between
the two T-shaped dipole arms in the crossed-dipole-shaped
LTC polarization converter. These high field intensities create
capacitance at the gaps, which is crucial for achieving the
desired phase shift and amplitude distribution necessary for
circular polarization. Therefore, we deduce that the capac-
itance results from the micro-split gaps g; and g in the
horizontal and vertical directions, respectively. The gener-
ation of capacitance through these gaps is crucial for the
converter’s ability to operate over a wide frequency range,
as it enhances the device’s capacitive and inductive charac-
teristics, which are optimized to support wideband operation.

The dipole arm lengths (I;, /) and widths (wq, w»),
as well as the diagonal arm width (w3), represent the overall
inductance associated with the crossed-dipole-shaped LTC
polarization converter in the x- and y-direction, respectively.
The dipole arm length and width provide an inductive behav-
ior for E. and E;, as can be seen from the surface current
distribution shown in Fig. 3. High current intensities are
recorded for the horizontal dipole arm length and width for
runs along the dipole arms at 0° and 180°, and high current
intensities were noted in the vertical dipole arm at 90° and
270°. Varying the dipole arm lengths and widths in both
the x- and y-direction leads to changes in the inductance.
It thus provides different transmission characteristics to the
two orthogonal electric field vectors, Eﬁc and E;.This pre-
cision tuning of the inductance and capacitance allows the
crossed-dipole-shaped LTC polarization converter to interact
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effectively with a broad spectrum of frequencies, optimiz-
ing its frequency response and supporting various resonant
modes. Such adjustments directly contribute to minimizing
signal loss and broadening the operational bandwidth, under-
pinning the converter’s enhanced wideband functionality.

The diagonal microstrip arm of width (w3) connected to
the two T-shaped dipole arms helps to achieve a 90° phase
difference between ¢x and ¢y. Varying the micro-split gaps
(g1) and (g»), as well as the position of the diagonal microstrip
arm, ensures that the phase of the y-direction part is advanced
by ¢y, whereas that of the x-direction is delayed by ¢x, and
thus, the phase difference A¢ = |¢py — ¢«|. Additionally,
the interaction between the orthogonal dipole arms and the
connecting diagonal microstrip arm is a critical aspect of the
design, promoting multiple operational modes that enhance
the bandwidth. The coupling between these elements ensures
that various modes are excited at different frequencies, and
their collective interaction leads to a comprehensive fre-
quency response. Ideally, the transmitted wave can also be
presented as the sum of two orthogonal LP components with
equal magnitudes, E} and E;, where E, and E}, are transmitted
electric field intensities of E; and E;, respectively. Thus,
by varying the capacitive and inductive parameters of the
T-shaped dipole LTC polarization converter, the incident LP
wave can be effectively converted to a CP wave.

IIl. EQUIVALENT CIRCUIT MODEL
The equivalent circuit model (ECM) of a crossed-dipole-
shaped unit cell metasurface can be represented by a combi-
nation of lumped circuit elements, as well its corresponding
impedance parameters are shown in Fig. 4 (a) and (b)
respectively. In this model, E; and E; represent the electric
field components in the two orthogonal directions of the
crossed-dipole shaped LTC polarization converter, as shown
in Fig. 5(a), and the circuit model for each orthogonal direc-
tion E; and E, are shown in Figs. 5(b) and (c), respectively.

The circuit consists of two lumped capacitors with C;
and C;, and two inductors with L1 and L;. The micro-split
gaps g1 and g» introduce capacitance (C; and C»), indicat-
ing capacitive coupling between the dipole arms. Adjusting
C; and C, fine-tunes this coupling, impacting the phase
relationship and resonant behavior. When C; and C; are
adjusted appropriately, the resonant frequencies of the dipole
arms can be made to overlap or be very close to each other.
This overlapping occurs because the tuning of C; and Cp
shifts the resonant points such that the frequency response
of one dipole arm merges with or is adjacent to the frequency
response of the other arm. The overlapping resonances create
a continuous and broad frequency response. This overlapping
is critical for wideband performance as it ensures that the
polarization conversion remains effective across the entire
desired frequency range, leading to a lower AR and stable
CP conversion.

For effective linear-to-circular polarization conversion,
maintaining a 90° phase difference between the orthogonal
electric field components is crucial. Fine-tuning C; and Cp
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helps achieve this across a wide frequency range by balancing
capacitive effects. The resonant frequencies are determined
by the interplay of inductance (L;, L) and capacitance
(C1, C2). Adjusting these values allows control over the
resonant frequencies, enabling the dipole arms’ responses
to overlap, creating a broad frequency response and wide
operational bandwidth, essential for a wide axial ratio (AR)
bandwidth. The inductors L; and L, determined by the dipole
arms’ dimensions, (lengths 1y, I, and widths wy, w, of the
arms. Adjusting these dimensions shifts the resonant frequen-
cies. For the dipole arms, the resonant frequencies in an LC
circuit are given by

¢ 1 1 1 1 1
'= 2w/ L1Cq fa= 27\ Ly (C1 + Cg)

By varying L and L;, resonant frequencies f; and f;
can be made to overlap, essential for wideband operation,
ensuring the phase difference and transmission amplitude
remain stable across a wide frequency range. This stabil-
ity is vital for effective polarization conversion, maintaining
the necessary 90° phase difference and equal transmission
amplitude. Adjusting inductance through L; and L, enhances
the unit cell’s adaptability to different frequency bands,
enabling wideband capabilities. Additionally, varying the
inductors’ values in both orthogonal directions (E; and Ej)
modifies the T-shaped crossed-dipole unit cell’s transmission
characteristics, contributing to wideband performance. The
transmission line accounts for the dielectric substrate’s influ-
ence on the unit cell’s performance. Considering the substrate
material’s properties, such as permittivity and thickness,
helps accurately model the unit cell’s behavior for wide-
band AR operation. When excited with an incident LP wave,
the electric fields of the two dipoles combine to produce

FIGURE 5. (a) Orthogonal vectors of unit cell, (b) equivalent circuit of
orthogonal vector E;, and (c) Equivalent circuit of orthogonal vector E,.
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CP waves, achieved by maintaining a 90° phase difference
and near-equal transmission amplitude. Adjusting the ECM’s
lumped elements converts the incident LP wave into a CP
wave.

IV. NUMERICAL ANALYSIS AND PARAMETRIC STUDY

To numerically investigate the LTC polarization conversion
performance of the polarization converter design, we have
carried out a series of numerical simulations by using Ansys
High-Frequency Structure Simulator (HFSS) with the opti-
mized geometrical parameters for the ultra-wideband LTC
polarization converter given in Section II. Floquet ports,
along with master-slave boundaries, were employed for
the unit cell structure simulation. For the operation of the
ultra-wideband unit cell, a plane electric field vector is ori-
ented at ¢ = 45° to the x-axis relative to both the x- and
y-axis. The incident electric field can be separated into
two components with the same magnitude and phase in the
x- and y-directions. If the y-polarized wave is incident along
the 4z direction, it transmits a cross-polarization component
(y-to-x) of the incident electromagnetic wave, with magni-
tude and phase represented as tyy and ¢y, respectively. The
co-polarization component (x-to-x) of the incident electro-
magnetic wave is also represented as ty. The LTC polariza-
tion converter is achieved when the two conditions of phase
difference Agyx = arg(txx)—arg(txy) = +90° and amplitude
[txx] = [txy| are satisfied. In general, when the AR of an
electromagnetic wave is less than 3 dB, the electromagnetic
wave can be regarded as a CP wave. To precisely deter-
mine the effective bandwidth of the proposed ultra-wideband
LTC polarization converter, the AR of the transmitted wave
was calculated based on the equation given in [20], [21],
[22], [23], [24], [25], [26], [27], (28], [29], [30], [31],
and [32]. The AR of the transmitted wave can be calculated
as in Eq. (1):

2 2 1/2
t + |t + Ja
AR=(|xx| |xy| \/—) (1

|txx|2 + |txy|2 - \/5

where “a” can be computed from Eq. (2), as follows:
2 2
a = ltal® + ||+ 210al |tg] cos 2Ady) ()

By substituting the values of the transmission coefficients tyx
and tyy, as well as the phase difference A¢yx obtained from
HESS, into Eq. (1), the AR can be calculated. Fig. 6(a) illus-
trates the transmission coefficients of txx and txy showing that
their magnitudes differ by less than 3 dB. Fig. 6(a) also shows
that the phase difference Agyx is close to 90° within this
frequency range. The achieved AR is lower than 3 dB over an
ultra-wide frequency range, as shown in Fig. 6(b). This result
confirms the successful realization of the anticipated LTC
polarization conversion. The transmitted wave contains both
RHCP and left-handed CP (LHCP) components, so we define
Y-to-CP transmission coefficients as trycp—y = EI’QHCP/E;,
and t gcp—y = EiHCP/Eé. This can be obtained using the
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following formulas, respectively:

tRECP—x = V2 (tey +Jjtxc) /2 3)
tLHCP—x = V2 (tyy — jtxx) /2 4)

Based on the magnitude of the Y-to-CP transmission coeffi-
cient, we can deduce whether the transmitted wave is RHCP
or LHCP. When the RHCP component in the transmitted
wave is much larger than the LHCP, an RHCP transmitted
wave is obtained. Also, when the LHCP component in the
transmitted wave is much larger than the RHCP, an LHCP
transmitted wave is obtained. Fig. 7(a) shows the magnitude
of trycp—x larger than the magnitude of tpycp—x over the
ultra-wide frequency band. This implies that the transmitted
wave is RHCP. Fig. 7(b) shows the total transmittance, which
is computed using the formula Ty = Itxx|2 + |txy|2. The
insertion loss of the polarization converter can be kept lower
than 2.3 dB within the AR bandwidth (12.13 to 30.19 GHz).

The response of the LTC polarization converter to changes
in the incident angles is a vital aspect in the design of the
ultra-wideband polarization converter. Sensitivity to changes
in the angle of incidence could potentially limit performance
inreal-world applications where the angle of incidence varies.
The polarization converter should be insensitive to changes
in oblique incident angles. To investigate this, changes in
the incident angles were applied, and the response variations
in terms of the AR were analyzed. As shown in Fig. 8, the
performance of the AR remained above 50% for incident
angles less than +40° for the simulated AR. However, as the
incident angles continued to increase, the polarization con-
version performance degraded rapidly.

Simulation and optimization of the ultra-wideband
crossed-dipole unit cell metasurface were performed. The
effects of key parameters of the unit cell characteristics
were investigated. First, the response of the unit cell was
determined when all parameters were fixed at their opti-
mal values. Second, one design parameter was varied at
a time during the parametric study. The effect of varying
the crossed-dipole outer arm length (/1) and crossed-dipole
outer arm width (w1) on the AR is shown in Figs. 9 and 10,
respectively. As depicted on the left side of Fig. 9(a), as the
crossed-dipole outer arm length (/1) increases from 0.2 mm
to 2.0 mm, the phase difference slightly deteriorates in the
higher frequency. However, a good electromagnetic wave
transmittance is maintained within the AR bandwidth, as the
crossed-dipole outer-arm length (/1) increases, as illustrated
on the right-side of Fig. 9(a). Additionally, with an increase
in the crossed-dipole outer arm length (1), the AR bandwidth
slightly shifts to the lower frequencies and keeps deteriorating
as the CP condition is not met due to large phase variations in
the higher frequencies, as shown in Fig. 9(b). Similarly, as the
crossed-dipole outer arm width (w) increases from 0.1 mm
to 0.5 mm, the phase difference in the lower frequencies
deteriorates while that of the higher frequency is closer to
90°. This leads to better CP performance in the higher fre-
quency, and hence, a shift in the AR bandwidth to the higher
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FIGURE 9. Effect of outer dipole arm length (/;): (a) phase and
transmittance, and (b) axial ratio.

frequencies, as shown on the left side of Fig. 10(a). Addition-
ally, as shown on the right side of Fig. 10(a), an increase in the
crossed-dipole outer arm width (w;) from 0.1 mm to 0.5 mm
leads to a deterioration in the transmittance at the lower
frequencies. As shown in Fig. 10(b), when the crossed-dipole
outer arm width (w;) increases from 0.1 mm to 0.5 mm, the
AR shifts to the higher frequencies because the phase in the
lower frequencies is not close to 90° and the CP condition is
not met in the lower frequencies. The effect of varying the
crossed-dipole inner arm width (w) is depicted in Fig.11.
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As the crossed-dipole inner arm width (w;) increased from
0.15 to 0.45 mm, the phase difference in the lower frequencies
deteriorated and did not meet the CP condition, whereas
the phase difference at higher frequencies approached 90°,
as displayed on the left side of Fig. 11(a). Additionally, it was
evident that an increase in the crossed-dipole inner arm width
(w2) from 0.15 to 0.45 mm resulted in rapid degradation of the
electromagnetic wave transmittance, as depicted on the right
side of Fig. 11(a). Therefore, the crossed-dipole inner arm
width (w;) can be considered a crucial parameter for control-
ling electromagnetic wave transmittance. As demonstrated in
Fig. 11(b), an increase in the crossed-dipole inner arm width
(w2) resulted in an upward shift of the AR bandwidth. The
effect of varying the width of the diagonal arm (w3) on the AR
bandwidth is depicted in Fig. 12. As the width of the diagonal
arm decreased from 0.45 to 0.15 mm, the phase difference
improved significantly, as demonstrated on the left side of
Fig. 12(a). Additionally, the total transmittance of the elec-
tromagnetic wave also improved significantly as the width of
the diagonal arm (w3) decreased, as displayed on the right
side of Fig. 12(a). Furthermore, as the width of the diagonal
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arm (w3) decreased, the AR shifted to the lower frequencies,
as depicted in Fig. 12(b). The crossed-dipole inner arm length
(l») can be varied by changing the gap size (g1), as shown in
Fig. 11. Increasing the gap size (g1) from 0.55 to 1.35 mm
resulted in a decrease in the crossed-dipole inner arm length
(). As the gap size (g1) increased, the phase difference at
higher frequencies improved and approached 90°, as demon-
strated on the left side of Fig. 13(a). Moreover, as the gap size
(g1) increased, the total electromagnetic wave transmittance
improved at higher frequencies, as displayed on the right side
of Fig. 13(a). As demonstrated in Fig. 14(b), an increase in the
gap size (g1) resulted in an upward shift in the AR bandwidth.
Additionally, the crossed-dipole inner arm length (/;) could
also be affected by varying the gap size (g»). Increasing the
gap size (g2) from 0.2 to 0.6 mm resulted in a decrease in
the crossed-dipole inner arm length (/). As demonstrated on
the left side of Fig. 14(a), as the gap size (g2) increased, the
phase difference at higher frequencies improved and moved
closer to 90°. Additionally, an increase in the gap size (g2)
resulted in enhanced electromagnetic wave transmittance,
as displayed on the right side of Fig. 14(b). As demonstrated
in Fig. 14(b), an increase in the gap size (g2) also resulted
in a shift in the AR bandwidth at higher frequencies. This
result implied that the AR bandwidth could be improved by
increasing the gap sizes g; and g».

V. MEASUREMENT RESULTS

To demonstrate the performance of the proposed ultra-thin
and ultra-wideband LTC polarization conversion structure,
a sample was fabricated using the standard printed circuit
board technique, which contained 50 x 50 cells and occupied
an area of 175 mm x 175 mm. The fabricated prototype
is presented in Fig. 15(a), while the measurement setup is
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FIGURE 16. Simulation and measurement results: (a) axial ratio and
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displayed in Fig. 15(b). The horn antenna was mounted on
arail, providing the flexibility to adjust the distance between
the sample and the antenna. To achieve precise movements,
an xyz-position stage was installed, ensuring that the sample
holder maintained the same distance from the horn antenna
as the focal length.

Additionally, the sample holder was equipped with a rotat-
ing stage, enabling adjustment of the angle of incidence
for electromagnetic waves interacting with the sample. It is
important to note that since the direction of the antenna was
fixed, altering the angle of incidence allowed for exclusive
measurements of the transmittance. To minimize the impact
of reflection and diffraction, a focusing lens horn antenna
was selected. As a result, the diffraction effect arising from
the clamp became negligible and could be disregarded. For
the connection between the horn antenna and the vector net-
work analyzer (VNA), a waveguide to coaxial adapter, flange,
and cables were employed, ensuring a reliable and accurate
connection. As presented in Fig. 15(b), two horn anten-
nas were connected to an Agilent VNA (N5230C), between
which the sample was positioned. During the measurements,
one horn antenna was used to emit the vertically polarized
(x-polarized) incident waves, while the other was employed
to receive the vertically polarized transmission waves to
obtain the transmission coefficient (tyx). Then, we fixed the
two horns and rotated the sample by 90° to test the transmis-
sion coefficient (txy).

As demonstrated in Fig. 16, there was good agreement
between the measured and simulated results. In Fig. 16(a),
it is evident that the measured 3 dB AR bandwidth was
approximately equal to 88.4%, ranging from 11.66 to
30.12 GHz, while the simulated 3 dB AR bandwidth was
approximately equal to 85.35% from 12.13 to 30.19 GHz.
Additionally, Fig. 16(b) demonstrates that the measured
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TABLE 1. Performance comparison of the proposed LTC polarization
converter with other single-layer LTC polarization converters.

Ref. T I L BW AS ML CF
No. (A) ) (dB) (%) ©) (GHz)
[19]  0.13  0.11x 3 70 55 2 24.15
021
200 011 029x 19 69 30 2 9.35
0.29
[21] 0017 030x 16 25 i 5 17.8,
03
0.036 2.8 16.4 36.5
0.63 x
0.6
[22] 0075 025x 219 373 45 2 9.38
025
[23] 002 042x - 539 30 2 245
0.48
[24] 002 0.15x 3 46.8 30 1 235
0.27
[25] 0005 024x 23 41 45 1 13.9
0.24
0.16 28.5
0.48 x 2 23 30
0.48
This  0.035 024x 24 88.4 40 1 20.89
work 0.24

T: thickness, CS: cell size, IL: insertion loss, BW: 3 dB AR bandwidth, AS:
angular stability, ML: metallic layer, CF: center frequency.

transmittance within the AR bandwidth ranged from —2.37 to
—1.64 dB, while the simulated transmittance within the AR
bandwidth ranged from —2.29 to —1.57 dB. This difference
between the simulations and experimental results was proba-
bly caused by fabrication and measurement tolerances.

VI. COMPARISON

Table 1 presents a comparison of the proposed ultra-wideband
and other single-layered LTC polarization converters. The
comparison indicates that the proposed converter achieved
an excellent overall performance, including a broadband AR
bandwidth and an ultrathin profile size, compared to the other
polarization converters [19], [20], [21], [22], [23], [24], [25].
The proposed structure also exhibited better transmittance
compared to the work in [19] and [24], although the transmit-
tance of the work in [20], [21], and [22] was slightly better
compared to that of our proposed structure. The design by
Wang et al. [19] exhibited superior angular stability (55°)
compared to the proposed design. However, the proposed
structure had better transmittance (0.7 dB), a lower profile
size, and a wider AR bandwidth. Gao et al.’s [20] design had
a total transmittance of less than 1.9 dB, which was 0.5 dB
better than the proposed structure. However, it had a larger
profile size and a narrower AR bandwidth (69%) compared
to the proposed structure (85.5%). Additionally, the proposed
structure demonstrated superior angular stability. The design
by Fahad et al. [21] had a total transmittance in the lower
frequency band that was 0.8 dB better than that of the pro-
posed structure. However, in the higher frequency band, the
proposed structure achieved a better transmittance of 0.4 dB
and AR bandwidths of 25% and 16.4%, respectively, and
the two distinct frequency bands were narrower than that of
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the proposed structure. In Lin et al.’s [22] study, the total
transmittance of their design was 0.21 dB better than the
proposed structure and also exhibited a better angular stability
of 45° compared to the proposed structure’s 40°. However,
it had a larger profile size and a narrower AR bandwidth
(37.3%). In the work by Mirza et al. [23], total transmit-
tance was not mentioned. However, they achieved a lower
profile structure (0.024) compared to the proposed structure
but had the drawbacks of narrow AR bandwidth (5.39%)
and lower angular stability (30°). Fei et al. [24] achieved a
lower profile size (0.02A) compared to the proposed struc-
ture, but the transmittance was 0.7 dB lower. Additionally,
the AR bandwidth (46.8%) was narrower than the proposed
structure, and the proposed structure also had superior angu-
lar stability. The total transmittance of the design in [25]
was similar to that of the proposed structure in the lower
frequency band and 0.4 dB better in the higher frequency
band. However, the AR bandwidths in both frequency bands
(41% and 23%, respectively) were narrower than those of
the proposed structure. The angular stability was better in
the lower band (45°) compared to the proposed structure, but
lower in the higher frequency band (30°). In conclusion, the
proposed ultra-wideband LTC polarization converter demon-
strates superior overall performance compared to the other
single-layered LTC polarization converters [19], [20], [21],
[22], [23], [24], [25]. It achieves a broader AR bandwidth
and excellent transmittance. Although some designs exhibit
slightly better transmittance or lower profile sizes, they gen-
erally suffer from narrower AR bandwidths or compromised
angular stability. The proposed structure offers an optimal
balance of AR bandwidth, profile size, transmittance, and
angular stability, making it an excellent choice among the
evaluated designs.

VII. CONCLUSION

This paper presented an ultra-thin, ultra-wideband, LTC
polarization converter based on a crossed-dipole-shaped
metasurface. The polarization converter comprises two iden-
tical crossed-dipole arms, with each crossed-dipole arm
consisting of two identical T-shaped dipole arms that are
orthogonal to each other and are connected with a diagonal
microstrip line. By adjusting the design parameters of the
converter, a stable phase difference of close to 90° with a near-
equal amplitude of the transmitted waves was achieved over
an ultra-wide frequency band. Thus, LP to CP conversion
was obtained in the ultra-wide frequency band. The results
indicated that a 3 dB AR bandwidth of the polarizer was
achieved in a frequency range of 11.66 to 30.12 GHz (88.4%)
at a normal incidence. The anticipated LP-to-CP polarization
conversion could be realized in this frequency band at both
x- and y-polarized incidences with an ultrathin profile size of
0.035 A,. Additionally, a high transmittance of electromag-
netic waves was obtained with a single layer. The proposed
structure has an ultrathin thickness and ultra-wide bandwidth
compared to the reported designs, facilitating its use in many
applications, such as antennas and remote sensors.
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