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Abstract – A frequency selective surface (FSS) with
metal gratings (FSSMGs) is proposed for insensitive
cross polarization conversion in an ultra-wide band-
width. To obtain the ultra-wide bandwidth, a multiple-
resonance structure of metal gratings are selected as the
sub-units. The unit of FSSMGs is composed of four
grating-via-grating (GVG) modules. Each GVG module
is made up of two layers of vertically arranged metal
grids, quasi-wave-guiding structures (metalized vias),
and shielded floors. To ensure the FSSMGs convert
waves in arbitrary polarization directions, the four GVG
modules in the unit are rotationally symmetric arranged.
Simulated results show that the cross-polarization trans-
mission coefficient is greater than −1 dB in an ultra-
wide band of 8.17–18.5 GHz (77.5%), in which the PCR
(polarization conversion ratio) and the ECR (energy
conversion ratio) are greater than 90%. Meanwhile, the
designed FSSMGs is insensitive for arbitrary polarized
angles. In addition, the proposed FSSMGs can operate
in the band 8.17–12 GHz (38.0%) and 15–18.5 GHz
(20.9%) when the incident angle is less than 45◦. To
verify the simulated results, the proposed FSSMGs was
fabricated and measured, and the measured results are in
good agreement with the simulated ones.

Index Terms – Grating-via-grating (GVG) module,
incidence stability, polarization converter, polarization
insensitivity, ultra-wideband.

I. INTRODUCTION
A frequency selective surface (FSS) is a type

of spatially selective filter composed of a periodic
array of metallic resonant elements arranged in a two-
dimensional plane. It exhibits a transmission/reflection
response that is highly dependent on the frequency
of the incident electromagnetic wave, thereby enabling
the spatial filtering of electromagnetic radiation [1,
2]. Polarization converters, a type of FSS, have been

found important applications in reducing radar cross-
sections [3], wireless communication [4], chiral sens-
ing [5], among other fields. In practical applications,
the polarization converter is typically placed between
transmitter and receiver antennas to facilitate polariza-
tion conversion. In general, polarization converters can
be categorized into transmission type [3, 4, 6–10] and
reflection type [11–13] according to their transmission
mode. They can also be classified into line-to-line polar-
ization conversion [6–13], line-to-circular polarization
conversion [14, 15], and circular-to-circular polarization
conversion [16] in accordance with their polarizing cat-
egory. Polarization converters have been researched for
over a decade. Heretofore, extensive studies have been
conducted on performances of polarization converters
such as low profile [17], multi-functionality [18], wide
bandwidth [19], oblique incidence stability [12], and
reconfigurability [20]. However, the majority of tradi-
tional polarization converters can merely receive waves
in a single polarization direction [6–13], which restricts
their applications.

In recent years, a new type of polarization-
insensitive cross polarization converter (PICPC) has
been designed. Unlike traditional polarization convert-
ers, PICPCs can receive arbitrary polarized waves and
convert them into cross-polarized waves, which have
strong angle stability [8–10]. In [8], an insensitive polar-
ization converter was proposed. The unit of the polariza-
tion converter consists of four monopole-via-monopole
(MVM) modules, which can receive waves in four
polarization directions and it exhibits a 3.0-dB transmis-
sion bandwidth ranging from 5.5 to 6.18 GHz (12%).
In [10], a bi-isotropic Huygens’ metasurface (BIHMS) is
proposed for polarization-insensitive cross-polarization
conversion in the bandwidth from 8.4 to 11.2 GHz
(27.7%). Though there have been numerous papers on
PICPCs, bandwidth limits their potential applications.
To obtain ultra-wide bandwidth, several novel converters
[21–23] according to the theory of multiple resonances
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have been presented. In [21], an ultra-wideband tri-layer
transmissive linear polarization converter is designed
for terahertz waves. It achieves a conversion efficiency
of more than 80% in the band from 0.2 to 1.0 THz
(133%). In 2023, a polarization converter with collective
coupling was proposed in [13]. The converter consists
of two layers of strip-shaped grids and serrated grids,
which can convert linearly polarized waves into cross-
polarized ones in an ultra-wide band, and the conversion
efficiency is above 80%. How to achieve an ultra-wide
bandwidth with a conversion efficiency of more than
90% is still a challenge.

To obtain a conversion efficiency of over 90% in an
ultra-wide bandwidth for arbitrary polarization angles,
an FSSMGs is proposed in this paper. The unit of
proposed FSSMGs consists of four grating-via-grating
(GVG) modules, with a size of 0.16 (8.25 GHz) and
a section thickness of 0.13. The four GVG modules
are placed vertically in such a way that the proposed
FSSMGs can achieve polarization insensitivity and inci-
dence stability. Simulations show that the proposed
converter is capable of transforming linearly polarized
waves into cross-polarized waves (90◦ polarization rota-
tion) in the band from 8.17 GHz to 18.5 GHz (77.5%), in
which the polarization conversion ratio (PCR) is above
90% on average. The presented FSSMGs is polarization-
insensitive under arbitrary polarized angles. In addition,
the proposed FSSMGs can obtain oblique incidence
stability in the band 8.17–12 GHz (38.0%) and 15–
18.5 GHz (20.9%) when the incident angle is less
than 45◦.

II. DESIGN PROCESS AND OPERATION
PRINCIPLE

A. Design process

Fig. 1. Grid structures in different directions and their
equivalent circuit models.

To achieve the required frequency band, gratings
are selected as the sub-units of FSSMGs, and the cor-
responding equivalent resonance circuit can be mani-
fested as depicted in Fig. 1. When perpendicular to the
electric field direction, gratings behave as capacitance
(C0) [23], and thus the structure possesses low-pass
filtering characteristics in Fig. 1 (a). When parallel to

the electric field direction, gratings behave as inductance
(L0) and thus the structure exhibits high-pass filtering
characteristics [24] as shown in Fig. 1 (b). Therefore,
to obtain a band-pass response, the unit of FSSMGs are
designed as in Fig. 1 (c), which consists of gratings in
two vertical directions, and the grids behave as a parallel
resonance circuit of inductance and capacitance.

Bandwidth depends mainly on the number of metals
in each grating. Gratings made up of 3, 4, or 5 metals
in the proposed unit were designed and the co-polar
reflection coefficient Ruu of the FSSMGs in the three
situations is simulated in HFSS, as depicted in Fig. 2. It
can be observed that, as the number of metals increases,
the number of resonances increases, as does the band-
width of the FSSMGs. Considering the actual processing
precision, the optimum number of metals in each grating
is determined to be 5, as shown in Fig. 3.

Fig. 2. Simulated Ruu of the FSSGMs with 3, 4, or 5
metals in each grating.

Fig. 3. (a) Configuration of the proposed FSSMGs, (b)
exploded view, (c) top view, (d) 3D view.



SONG, LU, YANG, LI, XIONG, ZHANG, WANG: ULTRA-WIDEBAND FREQUENCY SELECTIVE SURFACE WITH METAL GRATINGS 1004

Figure 3 shows the final configuration of the pro-
posed FSSMGs. The unit consists of four GVG modules.
In each GVG structure, the receiving metal grating and
the transmitting metal grating are etched on a dielectric
substrate (F4BM265, εr = 2.65, tanδ = 0.003) and
connected by a metalized via, which contributes a unit.
The four GVG modules are placed with a fourfold rota-
tionally symmetric method, thus can effectively convert
waves in arbitrary polarization direction, resulting in
polarization insensitivity and incidence stability. The
dimensions of the parameters in Fig. 1 are h1 = h3 =
h5 = 0.035 mm, h2 = h4 = 2.5 mm, r1 = 1 mm, d1 =
9.42 mm, d2 = 4.5 mm, d3 = 3.6 mm, d4 = 2.52 mm,
p = 11.3 mm, and k = 0.65 mm.

B. Operation principle

Fig. 4. Equivalent circuit model of a transmission-type
polarization converter.

The sub-unit of FSSMGs consists of a receiving grid
on the top layer, metalized vias, and an emitting grid on
the bottom layer. The receiving and the emitting grid
structure can be equivalent to parallel resonant circuits
(C1,L1), and the metalized vias (waveguide structures)
can be represented by a series resonant circuit (L2,C2
and R1 are related to electric energy storage, magnetic
energy storage and medium loss), as shown in Fig. 4.

The frequency response of FSSMGs can be illus-
trated by S-parameters, which can be defined as [25]:

S11 =
A11 +A12/Z0 −A21 ·Z0 −A22

A11 +A12/Z0 +A21 ·Z0 +A22
, (1)

S21 =
2

A11 +A12/Z0 +A21 ·Z0 +A22
, (2)

where A11,A12,A21, and A22 are the elements of the
two-port network transmission matrix. According to
transmission line theory, the transmission matrix of the
FSSMGs can be represented as:

T =

(
A11 A12
A21 A22

)
=

 1 0

jωC1 +
1

jωL1
1

,

×


cos(βd) jZ2sin(βd)

jsin(βd)(
L2
C2

) 1
2

cos(βd)



×

 1 0

jωC1 +
1

jωL1
1

 , (3)

β = 2π f
√

L2C2. (4)

During transmission, the phase is delayed and
caused by the metalized vias in FSSMGs. Equation (4)
represents the phase constant of the metalized vias,
where f is the operation frequency, L2 and C2 are
the inductance and capacitance per unit length of the
metalized vias, respectively, and Z2 is the characteristic
impedance. The values of the inductance and capaci-
tance of the polarization converter in the form of an
infinite array can be optimally designed through the
following equation [16]:

L1 =
Wm

|IL|2
, C1 =

|Ic|2

2ω2We
, (5)

where Wm and We represent for the magnetic and electric
energies stored around the grid cell, IL and Ic denotes the
currents associated with the inductance and capacitance
of the grid, respectively.

To verify the analyzed results, the equivalent circuit
simulator is utilized to simulate the transmission and
reflection coefficients. The extracted current parameters
used in the equivalent circuit are: L1 = 6.612 nH, C1 =
0.049 pF, L2 = 3.211 nH, C2 = 0.002 pF, R1 = 10.8 Ω.
The simulated Ruu results by the equivalent circuit sim-
ulator are shown in Fig. 5, which are compared with
results simulated by ANSYS HFSS at the polarization
angle of 0◦. From analysis of the equivalent circuit
in Fig. 1, it can be obtained that the width of the
grating metal k has a significant impact on S-parameters.
Therefore, Fig. 5 demonstrates the compared Ruu results
of different parameter k. It can be illustrated from

Fig. 5. Ruu at ϕ = 0◦ calculated by equivalent circuit
models and HFSS when (a) k = 0.45 mm, (b) k = 0.55
mm, (c) k = 0.65 mm, and (d) Ruu simulated by HFSS at
different k values.
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Figs. 5 (a–c) that the results by equivalent circuit sim-
ulator are in good agreement with those by HFSS.
Moreover, it can be obtained from Fig. 5 (d) that the
widest bandwidth of the proposed FSSMGs is observed
at a k value of 0.65 mm.

Fig. 6. Simulated Ruu of proposed FSSMGs with differ-
ent values of main parameters, including d2 and h2.

Full wave simulation based on Floquet mode is
conducted in ANSYS HFSS. All parameters, except k,
d2 (dimension of the sub-unit) and h2 (thickness of
the dielectric substrates), have significant impact on the
simulation results. Figure 6 depicts the simulated Ruu of
the proposed FSSMGs with different values of d2 and h2.
It can be seen from Fig. 6 (a) that, when h2 increases, the
resonant frequencies move to the low frequency band,
and the bandwidth of Ruu is wider when h2 = 2.5 mm.
Therefore, parameter h2 is chosen as 2.5 mm, which is
also beneficial for processing. In Fig. 6 (a), when d2
increases, the resonant frequencies moves to the low
frequency band. Moreover, the dimension of d2 has an
effect on the two lower resonant frequencies. To ensure
the Ruu value to be lower than −10 dB, d2 is selected as
4.5 mm.

In order to visually validate the polarization insen-
sitivity of FSSMGs, the electric field vector distributions
at the receiving and radiating ends were analyzed at
8.56 GHz. The receiving and radiating ports of the
FSSMGs unit were placed on two mutually perpendic-
ular planes, with the angle between the receiving plane
and the x-axis set as ϕ . Figure 7 depicts the electric
field vector distribution on the receiving and radiating
planes of FSSMGs at polarization angles of ϕ = 0◦,
15◦, 30◦, and 45◦. It can be observed that the electric
field direction of incident and transmitted waves are
perpendicular to each other, which demonstrates the
cross-polarization conversion of the proposed converter.
The energy levels of transmitted waves at the four
polarization angles are almost identical, which verifies
the polarization-insensitivity of the designed FSSMGs.

III. ANALYSIS OF SIMULATION RESULTS
FSSMGs can be considered as a dual-port device,

and its transmission characteristics can be demonstrated
using S-parameters. When the polarization angle of
electromagnetic wave ϕ is not equal to 0 or 90 deg,

Fig. 7. Electric field vector distribution at input and
output ports of the FSSMGs for an incident LP wave in
(a) ϕ = 0◦, (b) ϕ = 15◦, (c) ϕ = 30◦, and (d) ϕ = 45◦.

Fig. 8. Simulated (a) Ruu, (b) Tvu, and (c) phase of
Tvu of FSSMGs when ϕ is equal to 0◦, 15◦, 30◦, 45◦,
respectively.

the performance of the polarization converter can be
demonstrated by the co-polarized reflection coefficient
(Ruu) and cross-polarized transmission coefficient (Tvu).
The proposed polarization converter is stable for any
angle of polarization. Due to the rotational symmetry of
the structure, the results at the polarization angle of 0–
45◦ are taken as examples to analyze the performance of
the polarization converter. Full wave simulation based
on Floquet mode is conducted in ANSYS HFSS, and the
3D frequency-domain solver is used to obtain the prop-
agation characteristic of the FSSMGs at copolar- and
cross-polarized incidence within the required frequency
band.

Figure 8 shows the simulated amplitude of Ruu,Tvu,
and the phase of Tvu at polarization angles from 0◦ to
45◦. It can be found that the Ruu at different polariza-
tion angles are approximately consistent, which demon-
strates the polarization insensitivity of the proposed
converter. The frequency bandwidth in Fig. 8 (a) at
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the Ruu of less than −10 dB is from 8.25 GHz to
18.7 GHz, which is consistent with the bandwidth from
8.17 GHz to 18.5 GHz at Tvu of more than −1 dB
in Fig. 8 (b). Therefore, the polarization converter
can realize polarization conversion in the band from
8.17 GHz to 18.5 GHz.

PCR =
T 2

vu

T 2
vu +T 2

uu
, (6)

ECR =
T 2

vu

T 2
vu +T 2

uu +R2
vu +R2

uu
. (7)

For the purpose of evaluating the polarization con-
version efficiency, the PCR and energy conversion ratio
(ECR) [13] of are defined and expressed in equations (6)
and (7).

Fig. 9. Simulation results at ϕ = 0◦, 15◦, 30◦, and 45◦.
(a) PCR. (b) ECR.

Figure 9 depicts the PCR and ECR of the proposed
converter at different polarization angles. It can be seen
that the PCR value is more than 90% in the frequency
range of 6.72–19.1 GHz, and the maximum PCR value
reaches 97% at 11 GHz. Figure 8 (b) shows that the ECR
value in the band of 8.28–18.14 GHz is averagely more
than 90%. Moreover, the simulated results at different
polarization angles in Fig. 8 are completely consistent.
In conclusion, the proposed FSSMGs exhibits high
polarization conversion efficiency and high polarization
insensitivity.

Furthermore, the amplitude and phase of Tvu under
oblique incidence were simulated under the oblique
incidence θ from 0◦ to 45◦, as depicted in Figs. 10 (a)
and (b), respectively. Due to polarization-insensitive
characteristic, ϕ was defined as 0◦ in Fig. 9. It can
be illustrated that, the proposed FSSMGs has excellent
oblique incidence stability in the frequency band of
8.17–12 GHz (38.0%) and 15–18.5 GHz (20.9%) when
the incident angle is less than 45◦.

IV. EXPERIMENTAL VERIFICATION
To verify simulations, a prototype of the polariza-

tion converter with 21× 21 units was made, as shown
in Fig. 11. The part inside the dashed rectangle is
enlarged. The prototype has a size of 238×238 mm. The
transmission characteristic parameters of the FSSMGs

Fig. 10. The (a) amplitude and (b) phases of Tvu at the
incident angle-θ of 0◦, 15◦, 30◦, and 45◦.

were measured using two standard horn antennas in a
microwave anechoic chamber, and the distance between
horn antennas and the fabricated converter is 100 cm.
The installation diagram and the measured environment
is shown in Fig. 12.

Fig. 11. Fabrication of the proposed FSSMGs.

Fig. 12. Experimental setup.

Figure 13 illustrates the measured amplitude of Ruu
and Tuv at ϕ = 0◦, 15◦, 30◦, and 45◦. It is evident that
the curves at different ϕ are almost coincident, which
validates the polarized insensitivity of the proposed
converter. The bandwidth of the measured Tvu ranges
from 8.21 GHz to 18.62 GHz (77.6%), closely aligning
with simulated ones.

Finally, to emphasize the benefits of the proposed
FSSMGs, a comparison with several related PICPCs is
provided in Table 1. Compared with existing PICPCs,
the FSSMGs introduced in this letter demonstrates a
broader transmission bandwidth along with higher polar-
ization conversion efficiency.
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Table 1: Data comparison of the most advanced polarization-insensitive polarization converters

Ref. Unit Cell Dimension Num. of Layer Bandwidth (GHz) PCR ECR
[8] 0.23λ0 2 9.14-9.5 (4%),10.9-11.4 (5.1%) / >79%
[9] 0.31λ0 3 5.5-6.18 (12%) >90% >50%
[10] 1.13λ0 3 9.5-10.9 (13.7%) >99% >95%
[11] 0.35λ0 7 26-32 (21%) / >50%
[12] 0.33λ0 2 8.4-11.2 (27.2%) >92% >60%

This work 0.16λ0 (8.21 GHz) 3 8.21–18.62 (77.6%) >94% >92%

Fig. 13. Measured and simulation results: (a) Ruu and (b)
Tuv with polarization angles at ϕ = 0◦, 15◦, 30◦, and 45◦.

V. CONCLUSION
A novel FSSMGs is proposed to achieve insensi-

tive polarization conversion in an ultra-wide bandwidth.
The unit is made up of four rotationally symmetric
GVG modules. Compared to existing PICPCs, the pro-
posed FSSMGs demonstrates an ultra-wide bandwidth
by designing innovative multiple-resonance unit. Polar-
ization conversion occurs within the band 8.21–18.62
GHz (77.6%), during which the polarization conversion
efficiency is higher than 90% and the proposed converter
can achieve polarization conversion in arbitrary polar-
ized angles. The high polarization conversion efficiency
and ultra-wide bandwidth suggest potential prospects in
applications such as X/Ku communication for military
unmanned aerial vehicles and multi-band polarization
multiplexing in satellite communications.
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