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Abstract: Multifunctional integrated meta-devices are the demand of modern communication systems
and are given a lot of attention nowadays. Most of the research has focused on either cross-polarization
conversion (CPC) or linear-to-circular (LP–CP) conversion. However, simultaneously realizing multiple
bands with good conversion efficiency remains crucial. This paper proposes a multiband and multi-
functional dual reflective polarization converter surface capable of converting a linearly polarized (LP)
wave into a circularly polarized (CP) wave, in frequency bands of 12.29–12.63 GHz, 16.08–24.16 GHz,
27.82–32.21 GHz, 33.75–38.74 GHz, and 39.70–39.79 GHz, with 3 dB axial ratio bandwidths of 2.7%,
40.15%, 14.6%, 13.76%, and 0.2%, respectively. Moreover, the converter is capable of achieving CPC with
a polarization conversion ratio (PCR) that exceeds 95%, within the frequency ranges of 13.10–14.72 GHz,
25.43–26.00, 32.46–32.56 GHz, and 39.14–39.59 GHz. In addition, to identify the fundamental cause of the
CPC and LP–CP conversion, a comprehensive theoretical investigation is provided. Furthermore, the
surface current distribution patterns at different frequencies are investigated to analyze the conversion
phenomena. A sample prototype consisting of 20 × 20 unit cells was fabricated and measured, verifying
our design and the simulated results. The proposed structure has potential applications in satellite
communications, radar, stealth technologies, and reflector antennas.

Keywords: metasurface; linear to circular; axial ratio (AR); RHCP; LHCP; PCR; ellipticity

1. Introduction

Electromagnetic (EM) wave manipulation has become essential for many polarization-
sensitive applications in the microwave, millimeter wave, and optical fields, including
in regard to absorbers, lenses, cloaking devices, and polarization converters [1–5]. In
general, there are two types of polarization conversion mechanism. The birefringence
effect, in naturally available crystals, divides the electric field vector into two orthogonal
components [6]. Another way to obtain polarization conversion is molecular chirality
(optical activity) [7]. These devices are not very useful in sub-miniaturized applications
due to their bulky volume, limited bandwidth, high loss, and incident angle-dependent
response. Metasurfaces are specifically engineered configurations, normally with a low
profile, which are made up of lightweight materials that can overcome traditional methods.
Metasurfaces are known for their capacity to alter polarization over various frequency
ranges, such as visible [8–11], terahertz [12], infrared [13], and microwave [14] frequen-
cies. Recent years have seen the emergence of different metasurface-based polarization
converter types that can convert various electromagnetic wave polarization states, such
as cross-polarization conversion [15,16], linear polarization conversion (LP) to circular
polarization (CP) conversion [17–22], and right- to left-handed CP conversion [23,24]. The
main issue with a metasurface in the electromagnetic field remains the same, i.e., maximum
polarization converters still only operate a single function, and multiband polarization
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converters have relatively narrow bandwidths [25,26]. Recently, some all-metal phase-
shifting structures have been proposed; these structures are either single-frequency or
polarization-dependent structures. Some structures can only support waves that are either
linearly or circularly polarized, due to a very limited bandwidth. However, because of the
limitations of a substrate-less design, it is more difficult to simultaneously offer a set of
desirable characteristics via an all-metal structure. An all-metal wideband phase-correcting
structure (AWPCS), without these limitations, is generated based on the relative phase
error obtained from post-processing actual near-field distributions of any EM sources [27].
However, researchers are trying to design broadband and single-layer cross-polarizers.
In [28], the authors present a lightweight reflective polarizer constructed in an oval-shaped
design that enables wideband CPC in the 10.2–20.5 GHz frequency range. Several effec-
tive and wideband cross-converters using a single layer have been described, including a
slotted semicircle [29], a square-split-ring metasurface [30], a W-shaped metasurface [31],
and a T-shaped metasurface [32]. Nevertheless, these structures only support CPC as a
single operation.

In addition, many researchers have focused on different metasurfaces to integrate
many functionalities into a single structure. A polygon-shaped linear-to-circular (LP–CP)
converter, with a 46% axial ratio (AR) bandwidth from 7.62 to 12.16 GHz, was recently
proposed by Kundu et al., using anisotropic impedance surfaces in reflection mode [33].
This converter is capable of achieving both left- and right-handed circular polarization. A
reflection-based single-layered multiband polarization converter in the K and Ka bands
was proposed by Coskun et al. [34]. The structure was based on a hexagonal-shaped
metal patch enclosed in a hexagonal ring, with a diagonal split only in the ring. It acts
as a linear-to-circular polarization converter in dual bands, from 16.23 to 16.75 GHz and
48.6 to 48.8 GHz. The study in [35] describes a reflective multiband converter achieving
maximum CPC at 13, 16, and 18 GHz. In [36], a novel polarization-twisting antenna config-
uration is presented that uses a linear polarization conversion metasurface to transform
the radiated LP wave into an x-polarized wave. In low- and high-frequency bands, the
dual linear-to-circular polarization converter can change the x-polarization wave into a
left-handed circularly polarized (LHCP) wave and a right-handed circularly polarized
(RHCP) wave. The limitations are that the composite structure is quite complex, large in
size, and has a narrow bandwidth. A low-profile, multifunctional metasurface converter
that is small in size and has both CPC and LP–CP functions is described in [37]. However,
the additional air layer and the consequences of angular tolerance are not addressed. Be-
cause the designs mentioned above are unable to meet the conditions of multifunctionality
and integration needed for the large-scale communication systems in use today [38], the
application of polarization converters is severely limited. Today, the focus of researchers
is on creating polarization converters that have multiple functions, are small in size, and
have a larger bandwidth.

In light of the above limitations of polarization converters, a new single-layer re-
flective multiband polarization converter for LP–CP and CPC is proposed in this paper.
LP–CP conversion is realized across five distinct frequency bands, with incident vertical
polarization by the metasurface converter. On the other hand, CPC is achieved across four
frequency bands. To better comprehend the physical insights on the reflective metasurface
and to investigate its performance, analysis of the surface current distributions has been
carried out. Despite its simplicity, our design has potential applications in polarization
manipulation, including antenna design and wireless communications.

2. Unit Cell Design

Figure 1 depicts the complete structure of the unit cell and evaluation process. The
proposed unit cell for the polarization converter is composed of a PTFE substrate, with a
thickness of h = 1.6 mm, ϵr = 2.1, and tan δ(tangent loss) = 0.0002. The top pattern and
metallic ground plane are composed of copper, which has a thickness of 35 µm and an
electric conductivity of 5.8 × 107 S/m.
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Figure 1. The evaluation process for the proposed meta-atom: (a) semicircle (type I); (b) slotted
rectangular patch (type II); (c) the proposed meta-atom; (d) schematic diagram of the proposed
meta-atom (green represents substrate and yellow indicates the metallic patch).

Figure 1 depicts the two evaluation processes for the meta-atom. In the evolution
stage of the meta-atom, the semicircle patch structure (type I) is depicted in Figure 1a. In
step 2, the slotted rectangular patch (type II) is shown in Figure 1b. Finally, the proposed
meta-atom is constituted by combining a slotted rectangular patch with a semicircle, as
shown in Figure 1c. The schematic figure of the proposed meta-atom is illustrated in
Figure 1d. The equivalent LC circuit of the slotted rectangular patch combined with a
semicircle is shown in Figure 2. The red dotted box shows the equivalent circuit of the
slotted rectangular patch and the blue dotted box indicates the equivalent circuit of the
semicircle. The optimized dimensions of the proposed meta-atom are tabulated in Table 1.

Figure 2. Equivalent LC circuit of a slotted rectangular patch with a semicircle.

Table 1. Physical parametric values of the meta-atom (in mm).

P r w L a b

6 1.1 0.52 5.0 4.40 0.20
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3. Simulated Results and Discussion

The proposed meta-atom was designed and simulated using CST Microwave Studio
2021, in the reflection mode. The boundary conditions were defined as a unit cell on the x-
and y-planes, and a Floquet port was used for excitation in the z-direction. We used the
x- and y-polarized wave as the incident wave and defined the co- and cross-polarization
reflection coefficients as follows:

rxx =
Exr

Exi
and ryy =

Eyr

Eyi
(1)

ryx =
Eyr

Exi
and rxy =

Exr

Eyi
(2)

An electric field is denoted by E. Moreover, ‘i’ and ‘r’ denote the incident and reflected
EM wave, respectively. The polarization conversion ratio (PCR) can be employed to
evaluate the CPC performance of a meta-atom. The PCR for an incident wave with linear
polarization can be calculated using the following formulas [37]:

PCRx =

∣∣ryx
∣∣2∣∣ryx

∣∣2 + |rxx|2
and PCRy =

∣∣rxy
∣∣2∣∣rxy

∣∣2 + ∣∣ryy
∣∣2 (3)

where the reflection coefficients for cross-polarization are rxy and ryx. The co-polarization
reflection coefficients are expressed by ryy and rxx, respectively. In Equation (3), PCRx
and PCRy represent the polarization conversions for x- and y-polarized incidence waves,
respectively. The simulated results under normal x- and y-polarized incidence waves are
illustrated in Figure 3. In the unit cell’s evolution stages, the semicircle patch structure,
depicted in Figure 3a, performs as an LP–LP converter at 39.74 GHz, with a magnitude
value of 1.0 for rxy and ryx, respectively. In general, an amplitude of more than 80% or a
magnitude of less than −10 dB (ryy or rxx < −10 dB) is deemed effective for co-polarization.
Furthermore, an efficient performance requirement for the cross-polarization reflection
coefficient is 0 dB < ryx < −3 dB or 0 dB < rxy < −3 dB. As depicted in Figure 3b, in
single-frequency bands, covering from 17.77 to 26.01 GHz, the cross-polarization coeffi-
cient (ryx) has a magnitude that is expressively greater than the co-polarization coefficient
(rxx). Finally, the slotted rectangular patch was added with a semicircle to enhance the
polarization conversion mechanism. By integrating a slotted rectangular patch with a semi-
circle, the improvement in the rxy and ryx values can be tailored for particular frequency
bands. As shown in Figure 3c, the resulting rxy and ryx values at the frequencies 13.81 GHz,
25.75 GHz, and 39.65 GHz, are about one, demonstrating effective CPC. Hence, in the subse-
quent Equation (3), the PCR values achieve 100% at 13.10–14.72, 25.43–26.00,
32.46–32.56, and 39.14–39.59 GHz, as indicated in Figure 3d. The simulated result verifies
the efficiency of the proposed structure as an LP converter in the above frequency ranges.
In addition, the proposed structure also performs another important function known as
LP–CP conversion, or the quarter-wave plate operation (QWP). In reflection mode, two
main conditions must be satisfied to accomplish LP–CP conversion. The amplitude of the
reflected co- and cross-polarization components must be nearly equal

(∣∣rxy
∣∣ = ∣∣ryy

∣∣) and(∣∣ryx
∣∣ = |rxx|

)
, and the phase difference

(
∆φyx

)
between the co- and cross-polarization

components should be ±90
◦
, or an odd multiple of 90

◦
. Figure 3c shows that the co- and

cross-polarization reflection coefficients of the proposed structure, which has an LP–CP
function, have a comparable amplitude in five frequency bands: 12.29–12.63, 16.08–24.16,
27.82–32.21, 33.75–38.74, and 39.70–39.79 GHz. Furthermore, Figure 4a shows the phase
difference between the five frequency bands as mentioned above, which is nearly equal to
±90

◦
or an odd multiple of 90◦. Thus, both conditions for the LP–CP conversion have been

satisfied in the frequency ranges 12.29–12.63, 16.08–24.16, 27.82–32.21, 33.75–38.74, and
39.70–39.79 GHz. In addition, we express the AR to calculate the CP waves. In the design,
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an AR of less than 3 dB is generally considered a CP wave, and the AR can be determined
using the following equation [9]:

AR = 10 log10(|tan χ|) (4)

where ‘χ’ denotes the elliptical angle, and follows this equation:

χ =
1
2

arcsin(β) (5)

where ‘β’ is ellipticity and can be calculated as:

β =
2R sin ∆φ

1 + R2 and R =
rxy

ryy
(6)

where ∆φ = φyy − φxy denotes the phase difference of the reflection coefficients. Where the
corresponding co- and cross-polarization phases are φyy and φxy, respectively. According
to EM wave theory, the reflected wave is RHCP if χ = −45

◦(
∆φ = −90

◦)
and LHCP if

χ = 45
◦(

∆φ = 90
◦)

. Also, the reflected wave is LHCP if β = +1 and RHCP if β = −1,
respectively. Figure 4b, c show the AR and elliptical angle with the ellipticity curves of the
proposed structure. The AR is less than 3 dB in the five frequency bands of 12.29–12.63,
16.08–24.16, 27.82–32.21, 33.75–38.74, and 39.70–39.79 GHz; therefore, the LP incident waves
in these bands will be reflected as CP waves. The blue dotted line indicates the 3 dB region.

Figure 3. The simulated results for the magnitudes (rxy, ryx, ryy, and rxx): (a) semicircle (type I);
(b) slotted rectangular patch (type II); (c) proposed metasurface (yellow region indicates the CP
region where rxy = ryy and ryx = rxx); (d) PCR (%) (dotted circle shows the PCR reaches 100%).
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Figure 4. The calculated results for the proposed meta-atom using a y-polarized wave: (a) phase
difference; (b) axial ratio (dB) (blue dashed line represents 3 dB line); (c) elliptical angle with elliptical
ratio; (d) ideal characteristics

(
R =

∣∣rxy
∣∣/∣∣ryy

∣∣).
Figure 4c shows that the ellipticity is almost ±1 within the five frequency bands of

12.46, 16.78–23.14, 28.84–32.02, 35.04–38.46, and 39.76 GHz, respectively. Three frequency
bands have RHCP waves, namely 16.78–23.14, 28.84–32.02, and 35.04–38.46 GHz; the two
frequency bands that have LHCP waves are 12.46 and 39.76 GHz.

Additionally, Figure 4c demonstrates that the elliptical angle is approximately −45
◦

in three frequency ranges, namely 16.78–23.14, 28.84–32.02, and 35.04–38.46 GHz, and the
elliptical angle is close to +45

◦
in two frequency ranges, 12.46 and 39.76 GHz, demonstrating

that the reflected polarized waves are RHCP and LHCP, respectively. Figure 4d shows that
the reflection components ryy and rxy have nearly the same magnitude

(∣∣rxy
∣∣/∣∣ryy

∣∣ ≈ 1
)

for the frequencies 12.46, 16.88–23.11, 26.1–32.44, 34.97–38.49, and 39.75 GHz, where yellow
area represents that the ratio of co-and cross-polarization are nearly equal to 1. There
are several bands between 10 and 40 GHz where circular polarization is satisfied. It is
worth mentioning that the five frequency bands offer near-ideal CP conversion. These ideal
characteristics are attributed to the negligible loss in the substrate, equal power distribution,
and ±90

◦
(or an odd integral multiple of 90

◦
) phase difference between the two orthogonal

reflection components. Now, we express two LP–CP reflection coefficients (rRHCP−y and
rLHCP−y), PCR and PER [17], as the following equations:

rRHCP−y =

√
2

2
(
rxy + iryy

)
and rLHCP−y =

√
2

2
(
rxy − iryy

)
(7)

PCR =

∣∣rRHCP−y
∣∣2∣∣rRHCP−y

∣∣2 + ∣∣rLHCP−y
∣∣2 and PER = 20 log

(∣∣rRHCP−y
∣∣∣∣rLHCP−y
∣∣
)

(8)

Figure 5a illustrates the calculated reflection coefficients for the left-and right-handed
circularly polarized (rLHCP−y and rRHCP−y) waves in dB. The magnitude of rRHCP−y in the
frequency range 10–40 GHz is below −3 dB (approximately equal to 0 dB), and rLHCP−y
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in the multiband is below −20 dB, respectively. It indicates that the reflected wave at the
y-polarized incidence wave has entirely converted into multiple bands. The additional
components of the polarization reflection coefficient include the polarization conversion
ratio (PCR) and the polarization extinction ratio (PER). The PER is an approach that shows
potential for evaluating LP–CP conversion. The proposed metasurface performs perfect
LP–CP conversion at five frequencies, namely 12.46, 16.88–23.11, 26.1–32.44, 34.97–38.49,
and 39.75 GHz, respectively. The acquired PCR, shown in Figure 5b, also demonstrates
that the PCR can be sustained at greater than 95.0% in the abovementioned frequency
bands, covering the 3 dB AR band, indicating that the proposed converter has significantly
greater efficiency. The polarization conversion performance of an LP–CP converter is also
expressed through the PER, which defines the ratio of a wave’s RHCP component to its
LHCP component. Figure 5 illustrates that RHCP is obtained over three frequency bands,
16.88–23.11, 26.1–32.44, and 34.97–38.49 GHz, since the PER magnitude is greater than
+20 dB. Moreover, the LHCP mode is achieved by covering two frequencies, 12.46 and
39.76 GHz, because the PER value is smaller than −20 dB, as illustrated in Figure 5b.
So, the highly efficient metasurface converts the incident LP wave into a CP wave at
different frequencies.

Figure 5. The calculated results for: (a) rRHCP−y and rLHCP−y, and (b) PCR (LP–CP) with PER (dB)
(dashed line indicates the PER condition (20 dB line)).

4. Parametric Analysis

In this section, some efficient parameters have been analyzed to carry out a parametric
investigation. Optimized parameters are used to verify the polarization conversion ratio
and 3 dB linear-to-circular polarization bandwidth. To attain the optimal parameters,
we varied the values of the substrate thickness (h), angle of incidence (θ in degree), and
material properties (εr). The influence of the parameters on the phase difference and 3 dB
AR of the proposed metasurface unit cell was evaluated using some parameter simulations,
as only one of the components varies, while the other remains constant.

Figure 6 illustrates the calculated 3 dB AR and phase difference of the proposed
metasurface. The 3 dB AR is influenced by varying the parametric values of the substrate
thickness (h = 1.55, 1.60 and 1.65 mm), the angle of the incident wave (θ = 0

◦
to 30

◦
),

and material properties (εr = 2.0, 2.1 and 2.2), as illustrated in Figure 6a–c. However,
increasing the substrate thickness (from 1.55, 1.60, and 1.65 mm) will modify the bandwidth
of a metasurface, so 1.60 mm is preferred as the optimal size to achieve high polarization
conversion efficiency in multiband frequency, as illustrated in Figure 6a. In the meantime,
the AR performance is roughly influenced by varying the angle of the incident wave from
its optimal value, as shown in Figure 6b. It can be seen that at multiple frequency bands, the
AR values are stable up to 20

◦
. One more important parameter of the proposed metasurface

is the material properties. Figure 6c illustrates the response from varying the ‘εr’. The
material properties had no significant effect on the CP conversion, however, and had a
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slight impact on the overall bandwidth of the frequency bands, as depicted in Figure 6c. By
varying the substrate thickness, Figure 6d demonstrates that the phase difference is almost
±90

◦
or an odd integral multiple of ±90

◦
. From Figure 6d, it is clear the phase difference

remains the same when varying the substrate thickness.

Figure 6. The simulated results for the parametric variations: (black dashed line indicates 3 dB line)
(a) AR (h = 1.55, 16.0, 1.65 mm); (b) incident angle (θ = 0

◦
to 30

◦
); (c) material properties (εr = 2.0, 2.1

and 2.2); (d) phase difference (h = 1.55, 1.60, 1.65 mm).

5. Theoretical Analysis

To evaluate the polarization conversion mechanism of the proposed structure the u-
and v-axes are initiated, as illustrated in Figure 7. The proposed structure is explained
by reinterpreting the xoy as the uov coordinate system, by rotation 45

◦
anticlockwise. As

illustrated in Figure 7, the u- and v-axes are ±45
◦

with respect to the y-axis, respectively,
and the y-polarized incident wave can be decomposed into u and v components:

Figure 7. Decomposition of UV polarized geometrical configuration.
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→
E i = ŷ

→
E iyejkz =

(
ûEi

u + v̂Ei
v
)
ejkz

=
(√

2/2
)

Ei
y(û + v̂)ejkz

(9)

So, the equation for the reflected waves is as follows:

→
E r = (ûEr

u + v̂Er
v)e−jkz =

(
ûruEi

u + v̂rvEi
v
)
e−jkz

=
(√

2/2
)

Ei
y
(
û|ru|ejφu + v̂|rv|ejφv

)
e−jkz (10)

where ru and rv stand for the reflection coefficients of the co-polarized wave for the u-
and v-polarized incidence waves, and the corresponding reflection phases of the reflected
waves are indicated by φu and φv. The phase difference between them is the main factor
in the polarization conversion. The metasurface symmetry along the u- and v-axes results
in extremely low cross-polarization and significant co-polarization reflection. The phase
difference is typically described as ∆φuv = φu − φv. Reflected electromagnetic waves of
various polarization types can be obtained when the phase and magnitude of the reflected
wave along the u- and v-axes satisfy the requirements.

The following equation represents condition 1:

|ru| ≈ |rv| and ∆φuv = 180◦ ± nπ (11)

where n is a constant, and the reflected wave is an LP wave. The following equation
expresses condition 2:

|ru| ≈ |rv| and ∆φuv = ±90◦ ± 2nπ (12)

where Equation (12) represents a CP reflected wave. Figure 8a,b display the amplitude
of the reflection coefficients, and the reflection phase curves of the proposed metasurface
for the u- and v-polarized incidence waves, whereas Figure 8c shows the phase differ-
ence curve. In the distinct frequency ranges of 10.09–11.83, 16.34–23.90, 28.87–31.72, and
33.68–38.69 GHz, as anticipated, |ru| ≈ |rv|, and the phase difference is approximately
±180

◦
. It satisfies the above-analyzed Equation (11) and accomplishes the conversion

of the y-polarized wave into the x-polarized wave, or CPC. The conversion from an LP
wave to a CP wave is achieved in the distinct frequency ranges of 10.01–11.59, 15.33–25.15,
27.18–32.15, and 33.03–38.56 GHz; where |ru| ≈ |rv|, the phase difference is approximately
an odd integral multiple of 90◦, as shown in Figure 8c. Finally, the AR of the reflected
wave is calculated from the above data following the phase difference (∆φuv) obtained in
Figure 8c, and the resulting findings are displayed in Figure 8d. The derived AR essentially
agrees with one of the phase differences

(
∆φyx

)
, as shown in Figure 8d. By using the

surface current distribution, the conversion mechanism is evaluated. Figure 9 displays the
surface current distribution on the top and bottom layers in response to u and v compo-
nents at resonance frequencies of 13.59, 26.16, 32.59, and 39.70 GHz. These can be magnetic
resonances or electric resonances from the proposed converter. Furthermore, magnetic
resonance happens when a current flows in the opposite direction through the bottom
and top metallic plates. Figure 9b–d demonstrates that the surface currents at the top
of the layer are anti-parallel to the surface currents at the bottom, at the three resonance
frequencies 26.16, 32.59, and 39.70 GHz. The surface current density at the top and bottom
are parallel at 13.59 GHz. This indicates an electric resonance at 13.59 GHz, as seen in
Figure 9a. Table 2 provides a detailed evaluation of the proposed design in comparison to
recently reported single-layer converters.
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Figure 8. The calculated results for the u- and v-polarized incidence: (a) ru and rv; (b) φu and φv;
(c) phase difference (∆φuv) (yellow region indicates the 90◦ phase line); (d) axial ratio.

Figure 9. The surface current distributions for u and v polarization at: (a) 13.59 GHz, (b) 26.16 GHz,
(c) 32.59 GHz, (d) 39.70 GHz.
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Table 2. The proposed design in comparison with polarizers in recently cited papers.

Reference Substrate
Height h (mm)

Periodic Unit
Cell p (mm)

3 dB AR
(%) PCR (%) Substrate

Layer
Performance
Polarization No. of Bands

Ref. [9] 1.6 6.0 50.8 90 Single layer LP–CP 1

Ref. [17] 1.6 6.0 35.23/
26.62 NG Single layer LP–CP 2

Ref. [18] 3.5 9.5 69.51 NG Single layer LP–CP 1

Ref. [30] 1.0 8.0 13.3/31.8/
23.9 NG Single layer LP–CP 3

Ref. [37] 1.57 10.0 0.9/1.6/
1.7/1.72 NG Bi-layer LP–CP 4

This paper 1.6 6.0 40.15/14.6/
13.76/2.7/0.2 95 Single layer LP–CP

LP–LP
5
4

6. Experimental Results

We fabricated the metasurface and measured it to verify the simulated results.
Figure 10a illustrates the fabrication of 20 × 20 elements totaling 120 × 120 mm2 to
practically verify the attributes of the proposed metasurface. Metallic copper designs are
etched onto the thin layer of PTFE (ϵr = 2.1), using printing circuit technology. The metal
layer has a thickness of 0.035 mm, whereas the PTFE layer has a thickness of 1.6 mm. A
metallic copper plate is used on the back side of the substrate to achieve complete reflection.
As shown in Figure 10b, the experiments are performed in an anechoic chamber to elimi-
nate reflections and background noise, for accurate results. With the aid of two different
sets of LP horn antennas, the reflected waves in two frequency sweeps (8–18 GHz and
18–40 GHz) are measured. These horn antennas are associated with the Agilent vector
network analyzer N5230.

Figure 10. (a) Prototype metasurface array, (b) experimental setup in an anechoic chamber.

To collect the reflected waves from the metasurface, wideband two-horn antennas are
employed. To calculate the LP–CP conversion, both the co- and cross-polarized reflection
coefficients need to be measured. In order to measure the reflected co-polarized components,
both antennas are oriented horizontally (vertically) in the same direction. On the other hand,
the receiving antenna is placed horizontally, while the transmitting antenna is positioned
vertically, in order to measure the cross-polarized reflection coefficients. Figure 11a displays
the simulated and measured results of the co- and cross-polarization conversion. Also, the
PCR is measured and depicted in Figure 11b for LP–LP verification. We also measured
the LP–CP performance of the proposed structure. Figure 11c shows the measured AR of
the proposed metasurface. With slight discrepancies caused by fabrication tolerances, the
agreement between the simulation and measurement is considered satisfactory. Notably,
the measured resonant frequencies correspond with the values predicted by the simulations
for a typically incident y-polarized wave. Performance comparisons between the newly
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developed LP–CP and reflective CPC metasurface and previously published studies, in
multiple frequency bands, are shown in Table 2. Thus, the anticipated LP–CP conversion
and CPC are realized in multiple frequency bands, between 10 GHz and 40 GHz. As
discussed above, the angular stability of the design is analyzed over a wide range of
incident angles. The results of the AR are shown in Figure 6b, with θ varying from 0◦ to 30◦.
Figure 6b demonstrates the effect of oblique incidence on the dip in 3 dB resonance. The
third resonance 3 dB dip is sensitive to the incident angle, with the bandwidth shrinking at
a higher frequency. It can be reasonably concluded from the 3 dB dip resonances that the
designed metasurface is angularly stable over a wide range of incident angles, making it
suitable for various applications.

Figure 11. The measured and simulated results: (a) co- and cross-polarization conversion, (b) PCR
(%); (c) axial ratio (dB) (blue line indicates the 3dB axial ratio line).

7. Conclusions

In summary, a single-layer, multiband and multifunctional polarization converter was
designed in this paper. The design principle of the proposed polarizer, which is based
on a simple semicircle embedded with a rectangular slot, was thoroughly investigated,
and evaluated. The proposed polarization converter achieves LP–CP conversion at five
frequency bands and CPC at four frequency bands, with high efficiency. The physical
process of polarization conversion is proposed, while considering the surface current
distribution. Experimental measurements were carried out to verify and show good
agreement with the simulation results. Moreover, a comprehensive comparison of the
proposed structure with recently published single-layer polarization converters highlighted
its advantages.
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