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A linear-to-circular polarization converter based on I-shaped
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In this paper, a linear-to-circular polarization converter using a three-layer frequency selective surface based on I-
shaped circular structure resonant is presented and investigated. Numerical simulations exhibit that when the normal y-
polarized waves impinge on this device propagating towards +z direction, the two orthogonal components of the transmitted
waves have a 90◦ phase difference as well as the nearly equal amplitudes at the resonant frequency of 7.04 GHz, which
means that the left-hand circular polarization is realized in transmission. For validating the proposed design, a prototype
which consists of 25× 25 elements has been designed, manufactured and measured. The measured results are in good
agreement with the simulated ones, showing that the polarization conversion transmission is over −3 dB in the frequency
range of 5.22–8.08 GHz and the axial ratio is below 3 dB from 5.86 GHz to 7.34 GHz.
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1. Introduction
Circularly polarized (CP) wave is preferred in many ap-

plications, such as long distance communication and remote
sensing systems, in terms of its simplified transmitter–receiver
alignment and its robustness against the environment interfer-
ence. For this purpose, a variety of CP antennas have been
carried out in the literature.[1–4] Conventional methods to re-
alize circular polarization consist of introducing radiating sys-
tems with a planar array and special feed configurations. An
alternative approach of generating CP waves is to insert a LP-
to-CP converter on top of linearly polarized (LP) array, which
can convert LP waves to the CP ones effectively. Therefore, a
lot of efforts have been conducted to manipulate the polariza-
tion state of EM waves. Conventional devices for polarization
conversion are mainly designed by using the optical gratings
and birefringent materials. However, such methods generally
lead to the bulky volume, which prevents the polarization con-
verter being applied to particular engineering systems.

Metasurface is a two-dimension equivalent of material,
which has been investigated widely for their unique electro-
magnetic and optical properties over the past decades.[5–9] Re-
cently, metasurface has been considered as a particular case of
broadband polarization converter based on open planar struc-
ture for high-gain antenna system. This structure can be im-
plemented by using frequency selective surfaces (FSS) which
provide different transmission characteristics of two orthogo-
nal components of the incident LP waves. The FSS can be
inductive impendence for one component and capacitive im-

pendence for another component. Thus, a phase difference
between two components of the transmitted wave can be ob-
tained. If the two components have the same amplitude and
the phase difference is equal to 90◦, the incident LP wave can
be transformed into a CP wave. For this case, different struc-
tures of FSS for LP-to-CP converters have been introduced
in the literature, including cross-shaped dipoles,[10,11] spilt-
ring slots,[12–15] meander lines,[16,17] T-shaped slots,[18] and
bisected split-ring.[19] In spite of the advantages tendered by
the aforementioned structures, they tend to be low-gain and
operate at narrow bandwidth, which have still been the main
shackle for particular applications.

In this paper, a novel I-shaped circular patch element is
proposed to design the LP-to-CP polarization converter based
on three-layer patch–aperture–patch (PAP) FSS. Ansoft HFSS
software is used to model the element and investigate the per-
formance of elements. By investigating the transmission char-
acteristics for x- and y polarization, we present that the pro-
posed device is competent to transmit incident LP waves into
the CP ones. The proposed polarization converter can main-
tain a stable performance for the various incidence angles, and
the simulation and measurement results are in good agree-
ment. Compared to the previous designs in Refs. [10]–[19],
the proposed polarization converter has a simpler geometry but
the wider axial ratio bandwidth, higher transmittance and less
insertion loss, indicating that it may possess potential applica-
tions in the design of CP antennas.
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2. Design of linear-to-circular polarization con-
verter
Figure 1 illustrates the topology of the LP-to-CP con-

verter. This device is an anisotropic structure, which can con-
vert the incident LP wave into a CP wave. Consider an inci-
dent normal y-polarized LP wave 𝐸i, which travels towards
the +z direction onto the polarization converter. The elec-
tric filed vector of the incident EM wave can be expressed as
𝐸i = 𝐸y = 𝑎yE0 ejkz, and it can be decomposed into the ver-
tical and horizontal components. The polarization converter
behaves differently in frequency response of these two com-
ponents. Therefore, the electric fields of the transmitted wave
can be expressed as

𝐸t = E0(Txy𝑎x +Tyyay)ejkz, (1)

where E0 represents the magnitude of the incident LP wave; ax

and ay indicate the unit vectors along the x- and y- directions,
respectively; k represents the free space wave number; and j
=
√
−1. Txy = txy ej∠Txy and Tyy = tyy ej∠Tyy are defined to repre-

sent the transmission coefficients of the device for the x- and y-
polarizations, respectively. To obtain a CP output wave within
the operating frequency range, the amplitudes and phases of
transmission coefficients Txy and Tyy should be related based
on

txy = tyy, (2)

∆φ = ∠Tyy−∠Txy =±
π

2
, (3)

where ∆φ represents the phase difference between y- and x
component of the transmitted wave, which determines the
form of the CP output wave. If ∆φ = π/2, the transmit-
ted wave is left-handed circular polarized (LHCP), while the
transmitted wave is right-handed circular polarized (RHCP) if
∆φ =−π/2.
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Fig. 1. (color online) Schematic illustration of the linear-to-circular polar-
ization under the incident normal y-polarized EM wave.

The unit cell of the proposed LP-to-CP converter is shown
in Fig. 2(a). It consists of two overlapped dielectric substrates

separated by a metallic ground sheet with a small circular
aperture to achieve a second-order band-pass response.[20,22]

Based on the theory of PAP FSS, we combine the design idea
of I-shaped circular micro-strip patches in the design of LP-to-
CP converter. Two back-to-back I-shaped circular patches are
printed on opposite sides of the dielectric substrates, and the
geometry of the patch element is depicted in Fig. 2(b).
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Fig. 2. Unit cell of the proposed polarization converter with (a) 3D view
and (b) top view.

To elucidate the operation principle of the polarization
converter based on three-layer PAP FSS, the electric field of
y-polarized incident LP wave 𝐸i on the top patch will be de-
veloped, as shown in Fig. 3(b). Since the proposed metasur-
face is an anisotropic structure with a pair of mutually per-
pendicular symmetric axis, the y-polarized incident wave can
be resolved into two orthogonal components 𝐸1 and 𝐸2. The
equivalent circuit model of the radiative element valid for the
components 𝐸1 and 𝐸2 are shown in Fig. 4, where the mid-
dle structure resonator is an ensemble of coplanar-waveguide
(CPW) resonator. In this circuit model, the components 𝐸1

and 𝐸2 will see the new unit cell with the impendences Z1 and
Z2, respectively, given by

Z1 = R1 + j
(

ωL1−
1

ωC1

)
, (4)

Z2 = R2 + j
(

ωL2−
1

ωC2

)
. (5)
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Fig. 3. (color online) (a) Top patches of the polarization converter. (b)
New unit cell of the top patches.
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Fig. 4. Equivalent circuit model of the polarization converter seen by (a)
𝐸1 and (b) 𝐸2.

It can be seen from Fig. 3 that there is a phase difference be-
tween Z1 and Z2 due to the different gap spacing between diag-
onal patches. Since the impendence Z1 is less capacitive and
more inductive than Z2, the components 𝐸1 will lead 𝐸2 by
ang(Z1−Z2) after going through the top patch. If |Z1| = |Z2|
and ang(Z1 − Z2) = 90◦ by adjusting the dimensions of the
patches, the y-polarized incident LP wave can be converted
into a LHCP one.

In addition, based on the design in Ref. [23], we intro-
duce the circular structure into the CPW resonator to obtain
a second-order band-pass response. The CPW resonator and
two patches are coupled at localized coupling points, where
the CPW resonator structure can be altered to carry a net mag-
netic current, and the dimension of CPW resonator determines
the coupling degrees. In the circuit model, the two patches are
modeled as two series LC resonators, and the circular aper-
ture presents a resonance at the center frequency. Therefore,
we combine the design idea of I-shaped circular micro-strip
patches and the theory of PAP FSS to design LP-to-CP con-
verter. By adjusting the dimensions of the patches as well as
the dimension and position of the aperture, an incident lineal
EM wave at the certain frequency can be received effectively
by the upper micro-strip patch, and the transmission wave as
the radiant wave of the nether micro-strip patch would be the
circularly polarized one.

In this design, the repetition period of the unit cell is p =

12 mm, the radius of the circular patch element is r = 5.5 mm,
and the radius of the circular aperture is r1 = 3.6 mm. The ge-
ometrical parameter w is the width of the slot in the I-shaped
circular patch, and l is the length from the center of patch
to the slot. The thickness of both two dielectric substrate is

d = 1.8 mm, and the relative dielectric constant and loss tan-
gent are εr = 2.65 and tanδ = 0.001, respectively. In addition,
the thickness of the metallic groundsheet is t = 0.017 mm.

For investigating the performance of our design, the ele-
ment is simulated by using the commercial full-wave electro-
magnetic solver Ansoft HFSS. Periodic boundaries and Flo-
quet mode excitations are introduced to implement the infinite-
array approach for element analysis. In order to obtain better
performance of the proposed polarization converter, a param-
eter study is implemented to evaluate the effects of the param-
eters w and l on the axial ratio (AR) at different frequencies.
The AR of the transmitted wave can be calculated by

AR =

(∣∣txy
∣∣2 + ∣∣tyy

∣∣2 +√a∣∣txy
∣∣2 + ∣∣tyy

∣∣2 +√a

)1/2

, (6)

a =
∣∣txy
∣∣4 + ∣∣tyy

∣∣4 +2
∣∣txy
∣∣2 ∣∣tyy

∣∣2 cos(2∆ϕ). (7)

The calculated AR versus different parameters w and l
are shown in Fig. 5(a) and 5(b), respectively. From the op-
timization process, it can be found that the AR curves have
two lowest dips at around 6.2 and 7.1 GHz. The blue curves
show the AR performance by using the optimized parameters,
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Fig. 5. (color online) Simulated results of the axial ratio with different (a)
w and (b) l.
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and the dimensions for these parameters are w = 1.8 mm and
l = 2.9 mm. It can be seen clearly that AR is lower than 3 dB
in the frequency range from 5.86 GHz to 7.34 GHz, and it has
two lowest dips of 0.46 and 0.17 dB at 6.16 and 7.08 GHz,
while a peak of 2.27 dB at 6.64 GHz between the two lowest
dips.

As shown in Fig. 5(a), when the parameter w is decreased
from 1.8 mm to 1.7 mm by 0.05 mm, the frequency range of
3-dB AR remains almost the same, but the values of two low-
est dips are larger, while the peak between the two lowest dips
goes higher. When the parameter w is increased from 1.8 mm
to 1.9 mm by 0.05 mm, the values of two lowest dips and in-
band peak are a littler smaller, but the frequency range of 3-dB
AR is narrower. Figure 5(b) shows that, when the parameter l
is decreased from 2.9 mm to 2.8 mm by 0.05 mm, the values
of two lowest dips and in-band peak are a littler smaller, but
the frequency range of 3-dB AR is much narrower. When l
is increased from 2.9 mm to 3 mm by 0.05 mm the frequency
range of 3-dB AR remains almost the same, but the values
of two lowest dips are larger, while the in-band peak goes
higher. Considering the factors of 3-dB axial ratio bandwidth
(ARBW) and the minimum AR value, we select the element
with geometrical parameters of w = 1.8 mm and l = 2.9 mm
for our design.

3. Simulation and analysis
As for the designed polarization converter, numerical

simulation was performed by using Ansoft HFSS. The sim-
ulated results under y-polarized EM wave normal incidence
from +z direction are presented in Fig. 6, where rxy and ryy

represent the amplitudes of reflection coefficients for x- and
y- polarization, respectively. As shown in Fig. 6(a), the ampli-
tudes of reflection coefficients rxy and ryy are both close to zero
around the resonant frequency of 7.04 GHz, while the values
of txy and tyy are nearly unity. In addition, from Fig. 6(b) it
can be seen that the phase difference ∆φ is very close to 90◦

at the frequency of 7.04 GHz, which means that a nearly pure
CP wave is obtained. Thus, it can be concluded that the y-
polarized wave is converted into a LHCP one at the frequency
of 7.04 GHz.

To assess the performance of the proposed polarization
converter at different frequencies, we consider the axial ratio
AR and total transmittance T . The axial ratio and total trans-
mittance can be calculated respectively by using Eq. (6) and

T =
∣∣tyy
∣∣2 + ∣∣txy

∣∣2 . (8)

Figure 7 presents the calculated results of the axial ratio
and total transmittance. It can be seen that the total trans-
mittances areall over −3 dB in the frequency range from
5.22 GHz to 8.08 GHz, corresponding to a relative bandwidth

of 43%. Besides, in the frequency range of 5.86–7.34 GHz, the
values of maximum and minimum insertion loss are 2.47 dB at
5.86 GHz and 0.007 dB at 6.96 GHz, respectively. The band-
width of 3-dB axial ratio is about 22.4% from 5.86 GHz to
7.34 GHz, while the axial ratio at the resonant frequency of
7.04 GHz is about 0.39 dB.
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Fig. 6. (color online) Simulated results of the polarization converter at y-
polarized normal incidence. (a) The magnitudes of cross and co-polarized
reflection and transmission coefficients. (b) The phase difference between
the co-polarization and cross-polarization transmitted waves.
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Fig. 7. (color online) Simulated results of axial ratio and total transmit-
tance at y-polarized normal incidence.
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To evaluate the response of the proposed polarization con-
verter to the angle of incidence, simulations have been carried
out under different angles of incidence. The calculated results
of total transmittance, together with the axial ratio for various
angles of incidence from 0◦ to 60◦ in x–z plane are shown in
Fig. 8. It can be observed that for incidence angle in the range
of 0◦–45◦, the proposed polarization converter operates in a
relatively stable situation in term of total transmittance and
axial ratio. When the incidence angle increases to 60◦, the to-
tal transmittance of the transmitted signal is depressed quickly
with a minimum insertion loss of 0.68 dB at 7.3 GHz. In addi-
tion, the frequency range of 3-dB axial ratio is from 6.02 GHz
to 7.28 GHz with a relative bandwidth of 18.9%.
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Fig. 8. (color online) Response of the proposed polarization converter for
various angles of incidence: (a) total transmittance and (b) axial ratio.

4. Experimental validation
In order to validate the performance of the proposed po-

larization converter, a sample containing 25× 25 unit cells
with the size of 300×300 mm2 is fabricated by using printed
circuit board (PCB) technique, and the photograph of the fab-
ricated prototype is shown in Fig. 9. The measurement setup
contains two standard gain horn antennas both connected to
the two ports of an Agilent E8363B network analyzer. One
horn antenna acts as a transmitter while the other one acts as

a receiver. The fabricated prototype is placed between the two
horn antennas. The frequency responses of the fabricated pro-
totype were measured under the normal incident y-polarized
wave in a frequency range of 4–10 GHz, and the axial ratio
was calculated by using Eq. (4). The simulated and measured
results of the total transmittance and axial ratio are plotted in
Fig. 10. It is found that a good accordance between the mea-
sured results and the simulated ones is obtained. It should be
pointed out that the random phase error, losses in elements and
substrate, blockages of gain horn antennas and measurement
errors could affect the performance of polarization converter
negatively.

 

Fig. 9. Photograph of fabricated prototype.
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lated results of (a) total transmittance and (b) axial ratio.

094201-5



Chin. Phys. B Vol. 26, No. 9 (2017) 094201

5. Conclusion
In this work, we have proposed a linear-to-circular po-

larization converter based on three-layer PAP FSS. A novel
I-shaped circular patch element has been introduced and opti-
mized to achieve a desirable radiation performance. Numeri-
cal simulations exhibit that the polarization conversion trans-
mission is over 3 dB in the frequency range of 5.22–8.08 GHz,
while the minimum insertion loss is only 0.007 dB. The axial
ratio is below 3 dB from 5.86 GHz to 7.34 GHz. The fre-
quency response of the proposed device is stable for the vari-
ous incidence angles from 0◦ to 45◦. A prototype of the polar-
ization converter was fabricated and experimentally validated.
The measured results and the simulated ones are in good ac-
cordance, indicating that the proposed polarization converter
possesses the ability to generate CP signals for particular en-
gineering systems.
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