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Abstract: An ultra-broadband angular-stable reflective linear to cross polarization converter based
on metasurface is developed. The unit cell of the converter is formed by a slant end-loaded H-shaped
resonator. The slant arrangement is to create polarization conversion. The end-loaded stubs are useful
for miniaturization and the slots are responsible for enlarging bandwidth. The simulated results
show that the polarization conversion ratio of the proposed design is better than 90% in the range of
9.83-29.37 GHz, corresponding to a relative bandwidth of 99.69%. It is also demonstrated that the
mean polarization conversion ratio is larger than 80% even though the incident angle reaches 40°
for both x-polarized and y-polarized incidences. To validate the design, a prototype of the proposed
structure is fabricated and measured. Satisfactory agreement has been observed between measure-
ment and simulation. Compared with the designs in the literature, the developed converter exhibits
good performance of high efficiency, ultra-broadband and angular stability. Potential applications
can be expected in polarization-controlled devices, stealth surfaces, antennas, etc.

Keywords: polarization converter; ultra-broadband; angular stability; metasurface; polarization
conversion ratio

1. Introduction

The polarization of a train of electromagnetic (EM) waves refers to the oscillating
direction of its electric field in the plane perpendicular to the propagation direction [1].
Effective controlling or manipulating of polarization state is frequently required in many
applications [2,3]. Traditional methods for polarization control include making uses of
the birefringence effect and optical activity of natural materials [4-7]. However, these
methods usually lead to a bulky thickness. Over the past decade, great efforts were devoted
to the investigation of planar periodical structures, also called metasurfaces (MSs) due
to their fascinating functionalities that cannot be found in conventional materials, such
as negative refraction [8], superlens [9], invisibility cloak [10,11], perfect absorption [12]
and so on. Metasurfaces also provide an efficient approach to polarization control in
sub-wavelength scale [13-15]. In particular, by utilizing this method, the thickness may be
significantly reduced.

In recent years, polarization converters based on anisotropic MSs have been intensively
studied. In general, MS-based polarization converters can be classified into two types, i.e.,
the transmission type and the reflection type. Many of them have been reported over the
microwave [16-18] and terahertz [19,20] ranges. For the transmission type, broadband
polarization converters are frequently realized by staking multilayer structures [21-23].
However, its complex structure makes it less convenient to be fabricated. In contrast, the
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reflection type is capable of creating high-efficiency and broadband polarization conversion
using monolayer MSs [24-29].

For instance, Zheng et al. [26] developed a polarization converter based on a modified
H-shaped resonator that achieved linear polarization conversion with a bandwidth <61%.
Li et al. [27] proposed another reflective polarization converter based on the square split-
ring resonators. The bandwidth was increased to 94% for polarization conversion ratio
(PCR) greater than 80%. However, it is difficult for this design to maintain high conversion
efficiency over a wide bandwidth. To increase the conversion efficiency, a perforated array
was used [28,29], and the bandwidth could be as broad as 111%. Meanwhile, the PCR was
better than 89% over the whole range. To further broaden the bandwidth and produce
better PCR, Jia et al. [30] presented two cascaded dielectric-layer structure. Unfortunately,
it only demonstrated a good efficiency for normal incidence.

Improvements have also been made to broaden both the bandwidth and the angular
stability [31-36]. Karamirad et al. [31] introduced an oval pattern periodic array based on
multiple plasmon resonances and surface magnetic field distributions. The bandwidth
of this design was about 67% with an angular stability of 30°. Another design [32] using
cross-shaped resonators enhanced the angular stability to 40°, but the bandwidth was not
sufficiently wide. Wu et al. [36] presented a broadband design that consisted of hollow oval
sheet and rectangle patch, providing a bandwidth up to 90% for the first band. However,
this design was very sensitive to the incident angle, and only operated efficiently with 25°
angular stability.

It is seen that, for a polarization converter, there is a dilemma between bandwidth, ef-
ficiency and angular stability. Therefore, investigating the development of easy fabrication,
wide bandwidth and large angle stability cross-polarization converter is still worthy of a
great deal of effort.

In this work, an ultra-broadband angular stable linear polarization-converter based
on MS is developed. It is composed of a single layer slant end-loaded H-shaped resonator.
The slant arrangement is to create polarization conversion. The end-loaded stubs are useful
for miniaturization. Moreover, the slots are responsible for enlarging bandwidth. It will
be demonstrated that the PCR efficiency of this design is better than 90%. Even when the
incident angle reaches 40°, the mean PCR remains above 80%. It will also be demonstrated
that a good tradeoff between bandwidth, PCR and angular stability has been obtained. The
fabricated prototype confirms a good agreement between simulation and measurement.

2. Design and Simulation

The unit cell evolves from a simple slant dipole, as shown in Figure 1a. Following on,
two U-shaped stubs are loaded with each end of the dipole, so that the unit cell is partly
miniaturized without destroying polarization conversion, see Figure 1b. To enlarge its
bandwidth, two slots are cut at the ends, forming an H-shaped resonator, as depicted in
Figure 1c, cutting slots in a common way to enhance bandwidth in antenna design [37].
This technique is used in this design to enhance the bandwidth of polarization conversion.
The dielectric layer is PTFE having a relative dielectric constant (e;) of 2.2 and a loss tangent
(tan d) of 0.0009. The thickness () of the substrate is 2.5 mm. The metallic layers are copper
with thickness of 0.035 mm and electrical conductivity of o = 5.8 x 107 S/m. By using low
loss substrate, it is possible to create a higher conversion efficiency. The resultant dimen-
sions of the structure are p = 6 mm, s = 6.28 mm, w = 0.28 mm, g =2.2 mm, /; = 1.61 mm,

I, =1.62 mm, I3 = 0.65 mm. The unit cell has an overall size of 6 x 6 x 2.5 mm?.
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Figure 1. Evolution of the unit cell. (a) The slant dipole; (b) the end-loaded dipole; (c) the front view
of the proposed polarization converter unit cell; (d) the schematic diagram of the port setting and
boundary conditions for simulation.

A series of numerical simulations by using Ansoft HFSS are conducted to check
the design. In the simulation model, the four boundaries are assigned as master/slave
periodic conditions, as shown in Figure 1d. Since the unit cell shows mirror symmetry
along its diagonal line, only the amplitudes of rxy and ryx along with their phase differ-
ence A@yy = arg(rxy) — arg(ryx) under normal incidence for x-polarization are plotted in
Figure 2. It is seen that the amplitudes of 7y, are smaller than —10 dB and that of ryy are
better than —1 dB in the range of 9.90-29.34 GHz. The phase differences A¢yy are plotted in
Figure 2b, where it is seen that Agy, is close to £ (21 + 1)90° (1 is an integer) in the whole
frequency region. These simulation results indicate that x-polarization at normal incidence
is converted into y-polarization within the operating band.

Another parameter used to characterize polarization conversion is the PCR of the
reflected wave, which is usually defined as [26]:

PCR = rﬁx/(rjx + ryzcx) =1- razcx/(rjx + ryzcx)‘ 1

The calculated PCR of the proposed design is plotted in Figure 3a. It is observed that
the PCR is better than 90% in the range of 9.83-29.37 GHz, and reaches nearly 100% at
the three resonance frequencies. The relative bandwidth is up to 99.69%, being broader
than the designs in the literature [31-36]. Additionally, Figure 3b shows the polarization
azimuth angle « to describe the angle between the major polarization axis and x-axis, which
can be calculated as [25]:

a = arctan(ryy/7xx) 2)
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Figure 2. The simulated results of the proposed polarization converter under normal incidence for
x-polarization. (a) The magnitudes of rxy and ryx; (b) the phase difference Agyy between ryy and ryyx.
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Figure 3. The simulated results for (a) PCR; (b) polarization azimuth angle «.

This is a more intuitive parameter describing frequency dependent polarization con-
version. It is seen from Figure 3b that the polarization azimuth angle « is larger than 72° in
the range of 9.83-29.37 GHz. The values of « approach 90° at three resonance frequencies
of 10.68, 18.74 and 28.10 GHz. These results further confirm that the high-efficiency cross
polarization conversion has been realized from x-polarized to y-polarized over the broad
frequency bands [27].

A comparison of PCRs for each cell in Figure 1 is plotted in Figure 4. It can be found
that the slant dipole array is capable of stimulating polarization rotation. However, the
bandwidth of PCR does not appear to be any better compared with the other two design,
though the structure is simpler. The end is then loaded two U-shaped stubs to minimize
the design, which leads to an increase in resonance points. The resultant bandwidth of this
structure is about 94.2% with PCR as high as 0.9. It is recognized that a wider bandwidth
may be obtained by introducing slots to the structure [33]; two slots are cut in the slant
dipole, as shown in Figure 1c. Such modification increases the bandwidth to 99.69%.
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Figure 4. Simulation results for unit cells. (a) Reflective coefficients; (b) PCRs.

Another merit of the polarization converter is its angular stability. The PCR is assumed
to be dependent on the incident angle. As shown in Figure 5, the PCRs for different incident
angles are plotted for x-polarized and y-polarized incidences. It is apparent that the
PCR bandwidth of the polarization converter gradually reduces when the incident angle
increases from 0° to 40°. In the higher frequency region (around 26 GHz), the influence
due to the increase in the incident angle is more pronounced, which may be attributed
to the destructive interference caused by the extra path traveled by the wave inside the
substrate [38]. Even though there is a decrease in the PCR bandwidth, it is seen from
Figure 5a that a wide angular stability up to 20° can be observed from 10.4 to 26 GHz
for the x-polarized wave. This frequency range is defined in terms of 90% PCR. For the
y-polarized wave, the corresponding range is from 10.33 to 25.93 GHz. Therefore, it is seen
that the polarization converter is independent from the polarization state of the incident
wave. Moreover, even for 30° incidence, the PCR can be more than 85% from the range of
(10.29-24.66 GHz). Furthermore, the mean PCR is still better than 80%, even though the
incident angle is up to 40°. This is a piece of good evidence showing that the proposed
converter has a satisfactory angular stability over the range of 0-40°. It should be noted that
the proposed polarization converter has a cell periodicity of 0.197Amax and a thickness of
0.082A max, where Anay is the free-space wavelength corresponding to the lowest frequency
in the frequency range of 9.83-29.37 GHz.
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Figure 5. The PCR under different oblique incidences for (a) x-polarized wave; (b) y-polarized wave.
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Actually, this design loads a U-shaped stub at each end of the dipole as resonator so
as to reduce side length, which is a typical technique for miniaturization. It is recognized
that the resonance characteristic of the structure is dependent on the geometric parameters
of structure [31,38]. By decreasing the size of the unit cell, the resonance characteristic is
better met. To study the influence of the size of the unit cell on the incident angle stability,
the amplitudes of ryy for different parametric sweep on incident angle vs. the size of unit
cell are plotted in Figure 6. It can be seen that with the decrease in the size of unit cell,
the resonant frequency of ry, at lower frequencies almost remains stable, while that of ryy
at higher frequencies shifts towards higher frequencies, when the incident angle is kept
constant. Moreover, the dip values of the resonance frequencies are better at different
incident angles when the size of the unit cell gradually decreases, especially for middle
resonance frequencies. It is evident that this structure will produce better PCR or wider
bandwidth for the miniaturization of the unit cell, as shown in Figure 7. Therefore, the wide
incident angle stability of the proposed converter can be attributed to the miniaturization
of the unit cell.
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Figure 6. The amplitudes of ryy for normal x-polarization incidence. (a) 6 = 10°; (b) 8 =20°; (c) 8 = 30°;
(d) 6 =40°.
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Figure 7. The PCRs for normal x-polarization incidence. (a) 6 = 10°; (b) 6 = 20°; (c) 6 = 30°; (d) 6 = 40°.
3. Analysis and Discussion
3.1. Theoretical Analysis of Linear to Cross Polarization

To understand the underlying physical mechanisms of the proposed polarization
converter, a new coordinate system (the u-axis and v-axis) is usually defined to analyze the
structural anisotropy. They are obtained via rotating the x-axis and y-axis counterclockwise

—i
by 45°. The x-polarized incident EM wave (E,) can be decomposed into two components

—1 —
along the u-axis (E ;) and v-axis (E,), as shown in Figure 8a. Thus, the incident and reflected
electric fields can be expressed as [26]:

—1

Eu

i

E

—

i i ) —i i —i
E,=x|E,|=xEe® =E,+ E, = u|E,|+ 0 |E,|. ®)

The reflection coefficients aligned along the u-direction and v-direction can be defined
as 7y, and ryy, respectively. Then, the reflected field can be written as [31]:

—r —r —r
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Figure 8. Simulated reflection coefficients of the proposed polarization converter under u- and
v-polarized normal incidences. (a) Amplitude; (b) Phase.

For the lossless case, both of the incident and reflected waves can be regarded as a
composite wave composed of u- and v-polarized components with equal amplitude for
x-polarized incidence. If the reflection coefficients and phase difference between r,,;, and
7yp satisfy the conditions of [33]:

Tuy = Tyop =71
. 5
{ APuy = Quy — Qo= T ©)

a perfect cross-polarization conversion will be formed. If Ag,, # 0° or Ag,, # £180°,
the reflected wave will be elliptically polarized. Specifically, when the phase difference
A@yp = 90°, the reflected wave will be a circular polarization one, which means that linear
to circular polarization conversion is obtained.

Illuminating the structure with polarization along the u- and v-axes, respectively, the
reflection coefficients (r,;, and ) can be obtained, as plotted in Figure 8a. It is seen that the
magnitudes of r,,;, and r, are both nearly equal to one (better than 0.98) over the simulation
frequency range (6-32 GHz). In addition, there are three minimum values located at 10.36,
22.12 and 29.92 GHz, indicating that three resonance modes are excited by u-polarized
and v-polarized cases, respectively. In fact, the cell of the polarization converter can be
equivalent to an LC parallel resonator, wherein the equivalent capacitance C are caused
by the charge accumulations in the gaps between the adjacent metal patches, and the
inductances are created by the metal patches of the polarization converter [36]. Due to the
anisotropy of the structure, the values of the equivalent capacitance C and inductance L are
both different at different resonant frequencies, which implies that the Q values of these
resonant modes are also different [24,36]. However, the phase delay along the u-direction
and v-direction has to be £180° (n is an integer) to form a cross polarization converter.

The phase variations and phase difference of r,;, and r,, are plotted in Figure 8b. It
is seen that there are different phase variations for r,;, and ry, at three resonance modes.
Evidently, ¢, and ¢, decrease rapidly at the first resonant mode (10.36 GHz), resulting in
large phase differences, which make the phase difference A¢,, fluctuate around +180°
before the appearance of the next resonance mode. Subsequently, the phase difference Ay,
can be kept close to £180° for the second resonant mode (22.12 GHz) due to a smaller Q
value. However, ¢, and ¢, quick asynchronously for the third resonant mode (29.92 GHz),
which broke the relative stability of Ag,,. Therefore, the phase difference A, is close
to £180° in the frequency range of 10.36-29.92 GHz, showing that the anticipated cross
polarization conversion has been realized in this ultra-wide frequency range.
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To elaborate further on the physical mechanism behind the polarization conversion, the
surface current distributions on the top layer and metallic ground plane are investigated for
normal incidence in response to the v- and u-components with various resonant frequencies
of 10.36, 22.12 and 29.92 GHz, as shown in Figure 9. It is seen that the current directions on
the top and bottom metallic layer are anti-parallel at 10.36 and 22.12 GHz, which implies
that a strong magnetic field is generated inside the substrate sandwiched between the two
layers. Moreover, a current loop is formed in the intermediate dielectric layer, which is
known as magnetic resonance. In contrast, the surface currents of top layer are parallel to
those on the background sheet at 29.92 GHz, corresponding to electric resonance. Actually,
the ultra-broadband enhancement operation results from the superstition of multiple PCR
peaks around resonance frequencies. Therefore, multiple resonances are vital to realize
high-efficiency and ultra-broadband cross-polarization conversion.
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Figure 9. Surface current distributions on top layer and metallic ground plane for normal inci-
dence in response to the v- and u-components with various resonant frequencies of (a,b) 10.36 GHz;
(c,d) 22.12 GHz; (e,f) 29.92 GHz.

3.2. Parametric Analysis
3.2.1. Dependence of PCR on Unit Cell Periodicity

A systematic parametric study has been conducted to analyze the sensitivity of some
critical dimensions. Since the periodicity p and substrate thickness i of unit cell have a
larger dimension versus the length g, s, I, I and I3 or width w of unit cell, the step is set to
100 pm for p and h, but the length g is less sensitive for dimensional changes, the step is also
set to 100 um. A much smaller step (20 pm) is applied for other parameters. Following this,
to investigate the relationship between the sensitivity of each parameter and fabrication
accuracy, the PCRs are plotted for various parameters in Figure 10. The periodicity p of
unit cell is varied in the range of 5.9-6.1 mm in a step of 0.1 mm, while other parameters
are kept constant, as shown in Figure 10a. It is evident that the bandwidth of the working
band is decreasing with the increase from 5.9 to 6.1 mm, while the polarization conversion
efficiency increases slightly. Considering both operating bandwidth and the performance,
the final value of p is chosen as 6 mm.
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Figure 10. The PCR variation dependence on different parameters of the unit cell. (a) p; (b) /; (¢) &;
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3.2.2. Dependence of PCR on Substrate Thickness

In addition, in order to make the working frequency band meet the requirements
of specific applications, the changes of dielectric layer thickness /1 and other parameters
of the unit cell are simulated. Figure 10b shows the PCR of the proposed converter as a
function of 4 in the range of 2.4-2.6 mm without altering the other parameters. Obviously,
by increasing h, the operating frequency of the proposed converter is shifted to a lower
frequency range. Accordingly, the polarization conversion becomes strong reaching to
almost 1 at low frequencies when & increases from 2.4 to 2.6 mm. Contrary to PCR in low
frequencies, the PCR reduces to 0.9 with increasing & in high frequencies. Considering the
desired broadband performance and commercially available thicknesses of the substrate
layer, 1 = 2.5 mm is concluded as the optimized dimension.

3.2.3. Dependence of PCR on Unit Cell Length

After the p and h are determined, Figure 10c-g gives the PCR for various parameters
versus the length g, s, 1, I and I3 of unit cell. When g varies from 2.1 to 2.3 mm in 0.1 mm
steps, and s, I1, I and I3 increase in 0.02 mm steps, it is evident that in the 14-22 GHz
frequency range, the polarization conversion almost remains stable. However, the data
curves of the PCR still have a slight shift within the whole frequencies. Furthermore,
the response of the PCR for different values of width w of unit cell is also depicted in
Figure 10h. When w changes in the range of 0.26-0.3 mm, the polarization conversion
efficiency increases slightly at low band, and plays an opposite role at high band. These
simulation results imply that 10 um fabrication accuracy is sufficiently good for this design.
The design parameters are determined while considering both operating bandwidth and
performance. Based on the above analysis, we can obtain the optimized structure shown in
Figure 1.

4. Experimental Results

To verify the design, a prototype is fabricated using the standard print circuit board
(PCB) technique. It consists of 41 x 41 unit cells over an area of 246 mm x 246 mm. The
fabricated sample is examined by an industrial microscope, as shown in Figure 11. It can
be observed that the fabrication accuracy is well within 10 um, which is sufficient to obtain
the stability of bandwidth and angular incidence.

Figure 11. The fabricated sample and its unit cells under an industrial microscope.
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The measurement setup is shown in Figure 12. Two horn antennas are connected to a
vector network analyzer (Ceyear AV3672D). Radar absorbing materials (RAM) are mounted
around the structure to avoid diffraction and spillover from the edge. The horn antennas
are placed at the same height to ensure that the EM wave can be illuminated to the center
of the structure. For the reflection coefficients measurement, the separation angle between
two antennas is set at 5°, which corresponds to the normal incidence measurement in the
experiment. By rotating the receiving horn antenna, the test setup is capable of dealing with
both horizontal and vertical polarization, so the 7y, and rx can be measured. Moreover, in
order to obtain the background, a sheet metal of the same size as the sample is measured to
calibrate the system.

:l— - Sample

Receiver
(LP)

Transmitter
(LP)

° 3
portli  VNA  port2

Figure 12. Structure diagram of the measurement setup.

Due to the limitation of our measurement components, the measurement on reflection
coefficients is conducted from 15 GHz to 30 GHz. The measured co-polarized and cross-
polarized reflection coefficients and the corresponding calculated PCRs at a different oblique
incident angle are plotted in Figure 13. It can be seen from Figure 13 that the experimental
results are in good agreement with the simulated ones. It has to be mentioned that normal
incidence is not measured because of the blockage between the transmitting and receiving
horns. Instead, the incident angle of 5° is measured trying to mimic normal incidence.
Obviously, at near-normal incidence (oblique angle of 5°), 7xx is smaller than —10 dB and
ryx is higher than —3 dB in the frequency range of 15-27.42 GHz. Therefore, the calculated
PCR is higher than 90%. These results solidly confirm that the illuminated x-polarized
wave has been efficiently converted to y-polarized wave after reflection from the converter.
Although the PCR decreases with the increase in incident angle, it is always larger than 78%
in frequency ranges of 15-23.21 GHz even for a 40° incident angle. Such a result indicates
that the proposed converter is insensitive for a wide range of incident angles.
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Figure 13. Simulated and measured results for different oblique incident angle. (a) Co-polarized
reflection coefficient ryy; (b) Cross-polarized reflection coefficient ryy; (c) PCR.

A comparison between the proposed converter with other polarization converters
reported recently is presented in Table 1. As can be seen from Table 1, the proposed
polarization converter presents a wider bandwidth compared with those reported in
Refs. [25-27] and Refs. [31-36]. Although there are a few designs [28-30] that outperform
the bandwidth of the one proposed in this work, these structures are developed using via
connection or multi-layer dielectric substrates, and only operates efficiently with normal
incidence. The presented structure can provide a good angular stability for the oblique
incidence angle in Refs. [32-34], but the bandwidth is not wide enough. Both types of
broadband design are obtained in Refs. [35,36], but the angular stability is not improved.
From the comparison, it can be concluded that good angular stability with satisfactory
bandwidth have been realized using the design proposed in this work.

As a matter of fact, it is always a challenge to create large angle stability with a
broad bandwidth. One reason is that broadband polarization conversion requires multi-
resonances to ensure enough bandwidth. However, for large angle incidence, higher order
resonances cannot be always ensured. Therefore, one way is to minimize the unit cell
using a folded patten. However, this will introduce difficulty to the realization of low order
resonance. To overcome this difficulty, one may cut slots to prolong the current path so
that low order resonance may be obtained. However, if larger angle stability and wider
bandwidth are required, these techniques may not be sufficient. Therefore, more techniques
may need further investigation.
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Table 1. Performance comparison of polarization converters.
. . Metallic o
Ref. Frequency (GHz) Bandwidth PCR Thickness Layers Angle Stability
[25] 4.4-5.3,9.45-13.6 18.56%, 36.01% 90% 0.044Amax 2 0°
[26] 7.74-14.44 60.41% 90% 0.077Amax 2 0°
[27] 8.2-23 94.87% 80% 0.082Amax 2 0°
[28] 6.7-23.4 110.96 90% 0.073Amax 2 0°
[29] 16.2-57 111.47% 89% 0.082Amax 2 0°
[30] 7.8-34.7 126.56% 90% 0.104Amax 3 0°
[31] 10.2-20.5 67% 90% 0.068Amax 2 30°
[32] 11.5-21.8 61.86% 90% 0.076Amax 2 40°
[33] 17.97-40.23 76.49% 90% 0.071Amax 2 40°
[34] 6.36-6.59, 10.54-13.56 3.55%, 25.06% 90% 0.05Amax 2 45°
[35] 17-42 84.7% 90% 0.085Amax 2 20°
36] 4.6-12.27 90.93% 90% 0.076Amax 2 25°
This work 9.83-29.37 99.69% 90% 0.082Amax 2 40°
5. Conclusions
An ultra-broadband reflective polarization converter based on anisotropic metasurface
is proposed. The structure converts the linearly polarized incident wave into its orthogonal
counterpart over a wide frequency range of 9.83-29.37 GHz. It has been verified that
the PCR of the proposed converter is above 90% within the operating band and nearly
reaches 100% at three resonant frequencies of 10.68, 18.74 and 28.10 GHz. With surface
current distribution analysis, the ultra-broadband polarization conversion is created due
to the multiple resonances between top and bottom layers. Moreover, for a wide-angle
incidence, this efficiency can be maintained higher than 80%, even though the incident
angle reaches 40°. A fabricated prototype is measured, and confirms that the experimental
results are in good agreement with the simulation. Compared with other designs in the
literature, the proposed polarization converter has a good performance of high efficiency,
ultra-broadband and angular stability.
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