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In this work, a transmission polarizer is described by using a frequency-selective surface to transform linearly polarized waves into
circularly polarized waves. Te linear to circular (LTC) polarizer consists of four layers. Two types of unit cells are designed in the
LTC polarizer to improve design freedom. As a result, two orthogonal polarized components of transmission waves display nearly
90° phase diferences while maintaining nearly high transparency for the generation of CPWs. Te less than 3 dB axial ratio with
a fractional width of over 76.8% from 9.20 to 20.67GHz for this LTC polarizer is obtained. Even when the incident angle reaches
20°, its operating frequency band covers 9.69 to 20.21GHz. Compared with the converters proposed before, the one proposed in
this paper has a wider bandwidth. In order to evaluate the design strategy, a prototype is manufactured and tested. Te results of
the simulation and the experiment are in good accord.

1. Introduction

On the one hand, circularly polarized waves (CPWs) can
reduce fading that is attributed to multipath scattering. On
the other hand, a rotation of the electric feld vector of
linearly polarized waves may lead to degradation in the link
budget, while CPWs do not have this problem. Terefore,
CPWs are of essence for the wireless and satellite com-
munication systems. Utilizing the radiators with non-
canonical shapes [1] or unique feed arrangements, such as
using a circularly polarized waveguide as the feed, which
ensures the required conditions can be satisfed, is the
traditional technique [2] for achieving CPWs. However, this
way frequently results in design complexity and has a limited
bandwidth due to the cutof frequency of the waveguide.
Another way to generate CPWs is to combine a linearly
polarized antenna with a polarizer. Te combination of the
wideband antenna and the wideband polarizer can greatly
expand the bandwidth. Terefore, the design of the wide-
band LTC polarizer is crucial in wireless and satellite
communications.

Recently, metasurfaces have been widely used in various
applications, including anomalous refraction and refection

[3–5], focusing lenses [6], polarization manipulation [7–16],
the propagation of wave-to-surface wave coupling [17, 18],
as well as the reduction of radar cross-sections [19–21],
among many others [22–27]. Frequency-selective surface
(FSS) is a signifcant type of metasurface that ofers benefts
for the LTC polarizer. For one component, the FSS can
exhibit inductance characteristics, and for the other, it ex-
hibits inductance characteristics. As a result, the transmitted
wave has a phase diference between its two polarized
components. Cascading the FSS can boost the transmission
coefcient magnitude and bandwidth of the LTC polarizer.
Tere have been numerous designs of LTC polarizers re-
ported in the literature. In recent years, researchers have
conducted extensive studies of LTC polarizers and obtained
fruitful achievements. In [13], the researchers integrated the
common dipole and square ring-basedband-pass FSS while
modifying the dimensions of the FSS structure to control the
high-efciency pass bands and transmission phases for two
orthogonal polarizations; an axial ratio of less than 3 dB was
obtained, with a bandwidth of about 23.8%.

By utilizing multiple cascaded FSS layers, we propose
a novel wideband LTC polarizer. Some previous literature
has mentioned the idea of exploiting multiple cascaded

Hindawi
International Journal of Antennas and Propagation
Volume 2023, Article ID 8624191, 7 pages
https://doi.org/10.1155/2023/8624191

https://orcid.org/0000-0002-4068-1969
mailto:yuanyi@mail.nwpu.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/8624191


layers in LTC polarizers [11–13, 15, 16]. However, these
solutions adopt the same cascading layers, which are
characterized by high insertion loss (IL), low design free-
dom, and narrow bandwidth. In view of the above limitation,
we propose an LTC polarizer that ofers a wide operating
frequency range with low IL and high design freedom. Te
paper is structured as follows: in Section 2, the LTC polarizer
in this paper is designed and the equivalent circuit model is
analyzed. In Section 3, we discuss the manufactured pro-
totype and measurements. Finally, the conclusion is de-
scribed in Section 4.

2. Analysis and Design of the Proposed
LTC Polarization

As shown in Figures 1(a) and 1(b), the proposed LTC
polarizer consists of two diferent types of unit cells.Te split
square ring andmetal wire in the center make up the top and
bottom layers. Te two middle layers consist of a wire and
four square patches. Te wire in the top and bottom layers is
identical to the wire in themiddle layers.Te unit cell of each
layer has a period of a. For the split square ring unit cell, l1
represents the length of the split square ring, and w1 is the
width of the split square ring. g1 and g2 represent the gap of
the split square ring in the x and y directions, respectively.
For the square patches unit cell, l2 and w2 are the length and
width of the square patches, respectively. Te four square
patches have the same dimension. g3 represents the distance
of the patches in the x direction, and g4 is the distance of the
patches in the y direction. Te width of the metal wire is w.
Te structure is printed on the F4B dielectric substrate with
the εr � 2.2 and the thickness is h.

Figure 1(c) shows the structure of the four layers of
the LTC polarizer. Te distance between each layer is t.
Te two outer layers adopt the same split square ring, and
the two inner layers adopt the same square patches. It is
worth noting that for both the split square ring and
square patches unit cells, due to the presence of the metal
wire, they show asymmetric structures in the x and y

directions. Te asymmetric structures of the unit cell
make the phase diference between the x and y polari-
zations possible. It is well known that an incident wave
polarized 45° from the x-axis can be decomposed into two
waves with x and y polarizations, E(i)

x and E(i)
y , that are

equal in magnitude and phase. A wave of this type can be
represented as

E(i)
� E(i)

x + E(i)
y � E0 ax + ay ejkz, (1)

where ax is the unit vector in the x direction, ay is the one in
the y direction, E0 is the amplitude of the incident wave, and
k is the wave number.

Ten, the transmitted wave after such incident wave
passes through the surface can be expressed as

E(t)
� E(t)

x + E(t)
y � E0 Txxax + Tyyay ejkz,

Txx � Txxe
jφxx ,Tyy � Tyye

jφyy ,
(2)

where Txx and φxx are the transmission coefcient mag-
nitude and phase in the x direction and Tyy and φyy are the
ones in the y direction. Te conditions for generating CPWs
are as follows:

Txx � Tyy,

∆φ � φxx − φyy � 90°.
(3)

When the conditions are met, the incident wave po-
larized 45° from the x-axis can be converted to a CPW. As
shown in Figure 2, the equivalent circuits of the proposed
LTC polarizer are described. By controlling the width and
distance of the metal wire, the value of the inductance and
capacitance can be controlled independently. Te main
property of the spilt square ring resonator is the resonant
behavior of its refection coefcient. Tis resonant refection
occurs when the circumference of the ring is approximately
equal to the wavelength. For the split square ring unit cell,
the split square ring is equivalent to a series resonant circuit
L1 − C1. Because the structure of the split square ring is
symmetric, the capacitance C1 and inductance L1 are equal
in the x and y directions. Cx and Cy represent the coupling
capacitance between the unit cells in the x and y directions.
Te inductance will be generated in the x direction due to
the metal wire. Tus, the structure is inductive in the x

direction and capacitive in the y direction. Tis results in
a phase diference in the x and y directions. By adjusting the
distance of the gap and the width of the metal wire, the
transmission band and phase diference in the x and y

directions can be changed. For the square patches unit cell,
the square patches produce capacitance C2 and C3 in the x

and y directions, respectively. Te length and width of the
patches can be changed to alter the coupling capacitance in
both directions. In the x direction, the metal wire and square
patches are equivalent to a parallel resonant circuit L3 − C3,
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Figure 1: Te structures of (a) the split square ring, (b) the square
patches unit cell, and (c) the LTC polarizer.
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while in the y direction, only capacitance is present. Ad-
ditionally, the structure is capacitive in the y direction and
inductive in the x direction. By changing the size of the patch
and the width of the wire, the capacitance value and the
inductance value can be adjusted to control the resonant
frequency. For the two diferent unit cells, the introduction
of split square ring and square patches provides greater
freedom for the design of the LTC polarizer. Te in-
troduction of the multilayer structure makes the polarizer
generate multiple resonant frequency, thus broadening the
bandwidth of the polarizer. Te dielectric substrate is
modeled as Tsub using a transmission line. Te air space on
both sides of each layer is modeled with a transmission line
as a characteristic impedance η � 377Ω.

Te equivalent circuit model was used to design the
original LTC polarizer. Te subsequent optimization of the
structural parameters is carried out in ANSYS HFSS. Te
periodic boundary condition is used to simulate the infnite
period array along the x and y directions, and the Floquet
port is used to simulate the x-and y-polarized wave incident
in the z direction.Te structural parameters of the proposed
LTC polarizer are shown below: a � 11mm, l1 � 6.6mm,
l2 � 3.3mm, w � 0.2mm, w1 � 1.5mm, w2 � 1.5mm,
g1 � 1.5mm, g2 � 1.1mm, g3 � 4.6mm, g4 � 1.1mm,
h � 0.381mm, and t � 5.5mm.

Figure 3(a) presents the simulated results, containing
transmission coefcient magnitudes |Txx| and |Tyy|, trans-
mission phases φxx and φyy, and the phase diference ∆φ. A
transmission coefcient magnitude better than 0.9 has
a bandwidth of about 70.2% between 8.88 and 18.49GHz.
Te bandwidth of the phase diference ∆φ about 90° is from
10.80 to 20.64GHz.

Te axial ratio (AR) for this LTC polarizer can be de-
termined as

AR �
Txx
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(4)

Te simulated AR value of the diferent layers is shown in
Figure 3(b). As shown in Figure 3(b), there is a less than 3 dB
axial ratio over 76.8% from 9.20 to 20.67GHz for the LTC
polarizer. By comparing the AR values of diferent layers,
although the AR values of three and four layers are less than
3 dB, the AR value of four layers is obviously better than that
of three layers within the operating bandwidth. Te trans-
mission feld may be combined to express the left-hand
circularly polarized (LHCP) and right-hand circularly po-
larized (RHCP) wave components. Figure 4(a) shows the
LTC polarization transmission results. It can be concluded
that the proposed LTC polarizer has low cross-polarization.

Te performance of the LTC polarizer is directly con-
nected to variations in incident angle for the periodic
structure. Te simulated AR value of several incident angles
is shown in Figure 4(b). Te simulated AR bandwidth is
comparatively steady when θ is varied from 0° to 20°, staying
under 3 dB from 9.69 to 20.21GHz. When θ is varied from
20° to 30°, the bandwidth of the polarizer becomes narrow.
When θ is greater than 30°, the performance of the polarizer
deteriorates, especially at high frequencies. Te values of
various layer spacings t are then examined in order to
comprehend the impact of assembly errors on the perfor-
mance of the LTC polarizer. All other parameters remain
constant when t changes.

Te variation trend of β � (|Txx|/|Tyy|) and ∆φ for
diferent t is shown in Figure 5(a). Te bandwidth of ∆φ �
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Figure 2: Te equivalent circuit models of the polarizer. (a) Te split square ring unit cell in the y direction for y polarization. (b) Te split
square ring unit cell in the y direction for x polarization. (c)Te square patches unit cell in the x direction for y polarization. (d)Te square
patches unit cell in the x direction for x polarization.
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90° progressively moves to the left as t increases. Te AR
value for diferent t is shown in Figure 5(b). It shows that
when t varies within a certain range, the proposed LTC
polarizer can still obtain a good AR bandwidth in the op-
erating frequency, which is benefcial to the manufacture
and assembly of the polarizer.

3. Experimental Verification

To verify the performance of the wideband LTC polarizer,
a prototype has been fabricated, as shown in Figure 6(a). Te
LTC polarizer contains 19 × 19 unit cells with dimensions of
209 × 209 × 16.5mm. Te cascade of the four FSS layers has
been fxed by nylon screws. In Figure 6(b), two linear po-
larized horn antennas are linked to a vector network analyzer.
Ten, the performance of the LTC polarizer is measured.

Figures 7(a) and 7(b) show the comparison of the
magnitudes of the simulated and measured transmission
coefcient magnitudes as well as the transmission phase
diference between x-polarization and y-polarization.TeAR
value can be determined using the measurement results by
using equation (4), as shown in Figure 8.Tus, the conclusion
is that measured transmission magnitudes, phase diference,
and AR values are consistent with simulated ones in general.
Tere are two main factors for the slight diferences. In one
instance, a small distance during the test will change the
phase, while in another instance, the tolerance employed in
fabrication and assembly will cause the diference.

In the end, the key results of the proposed wideband LTC
polarizer are concluded in Table 1. As shown in Table 1,
compared to the LTC polarizer presented in previous lit-
erature, the LTC polarizer in the paper has a broader
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Figure 3: (a) Simulated transmission coefcient magnitude, transmission phase, and phase diference. (b) AR value for diferent layers.

LHCP
RHCP

–10

–8

–6

–4

–2

0

LP
-L

H
CP

 T
ra

ns
. A

m
pl

itu
de

 (d
B)

9 10 11 12 13 14 15 16 17 18 19 20 218

Frequency (GHz)

–35

–28

–21

–14

–7

0

LP
-R

H
CP

 T
ra

ns
. A

m
pl

itu
de

 (d
B)

(a)

θ = 0°
θ = 10°
θ = 20°

θ = 30°
θ = 40°

0

3

6

9

12
A

R 
(d

B)

9 10 11 12 13 14 15 16 17 18 19 20 218

Frequency (GHz)

(b)

Figure 4: (a) Magnitudes of LHCP and RHCP. (b) AR value of diferent incident angle θ.
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Figure 6: (a) LTC polarizer manufactured prototype. (b) Te measurement setup.
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bandwidth and lower IL. At the same time, due to the
limitation of the thickness and the angle stability, the ap-
plication of a polarizer in a compact system and a beam
scanning antenna is limited.

4. Conclusions

A novel wideband LTC polarizer is proposed. Using a four-
layer structure, the polarizer provides a wideband, high-
efciency transmission band. A transmission coefcient
magnitude better than 0.9 has a bandwidth of about 70.2%
between 8.88 and 18.49 GHz. Tere is a less than 3 dB axial
ratio over 76.8% from 9.20 to 20.67 GHz for this polarizer.
Te operating frequency range of the polarizer remains
9.69 to 20.21 GHz even when the incident angle is in-
creased to 20°. Besides being simple to construct and as-
semble, the wideband LTC polarizer proposed in this
paper is also inexpensive and has a wide range of practical
applications.
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