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Abstract: A wide passband frequency selective surface (FSS) is proposed using a five-layer stacked structure. The proposed structure applies

four layers of dielectric plates and five layers of metal patiches to provide a passband and exhibits more stable frequency responses and lower

insertion loss under wide-angle oblique incidence compared with the typical three-layer metal-dielectric structure. According to the simula-

tion results, the proposed FSS can achieve a passband range of 1.7-2.7 GHz with an insertion loss of less than 0.5 dB and a relative band-

width of 44.1%, and it can preserve stable transmission characteristics with the incident angle ranging from 0° to 45°.
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1 Introduction
requency selective surfaces (FSS) are a periodic array
structure composed of metal patch units on the dielec-
tric substrate or aperture elements on the metal screen.
FSS arrays are essentially spatial filters that can select
the working frequency and polarization mode of electromag-
netic waves, such as transverse electric (TE) and transverse
magnetic (TM), according to the relationship between electric
and magnetic fields and the incident plane!' . The patch
type FSS shows the band-stop characteristic and the aperture
type FSS shows the band-pass characteristic. FSS is fre-
quently employed in radomes, antenna reflectors, electromag-
netic shielding, etc!”. For the radome loaded on the filter an-
tenna, the wave transmission characteristic is mainly deter-
mined by the loaded FSS array. FSS is a versatile structure
that plays a crucial role in controlling and manipulating elec-
tromagnetic waves for various applications, with their charac-
teristics determined by the design of the FSS unit, arrange-
ment period, and dielectric properties of the substrate.
Broadband communication systems have proposed stricter
bandwidth requirements in recent years". The wide passband
FSS can achieve low insertion loss electromagnetic wave trans-
mission under a broad band and large angle incidence. Mul-
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tiple works have studied the design of wide passband FSS. In
Refs. [6] and [7], a planar broadband FSS composed of three
layers of patches is introduced. It exhibits a relative band-
width of 42% under vertical incidence, although its insertion
loss deteriorates significantly at large angles of incidence. A
capped dielectric inserted perforated metallic plate bandpass
frequency selective surface is reported in Ref. [8]. It can
achieve 40° oblique incident stability with a low profile, but
its performance is susceptible to fabrication tolerances. In
Ref. [9], a three-dimensional FSS with sharp roll-off sidebands
is proposed, which has 62% relative bandwidth and sharp roll-
off sidebands under the incident wave of TE polarization
modes. The demands of dual polarization applications cannot
be met by this 3D FSS since it only supports a single polariza-
tion wave. A dual-band FSS alternative solution with a com-
plex manufacturing process and a high-dimensional structure
is provided in Ref. [10] and can satisfy the demands of appli-
cations involving curved surfaces"'l. Ref. [12] proposes a
broadband FSS load with charged inductance. Based on multi-
layer cascaded FSS, the characteristics of broadband, low pro-
file, and miniaturization are achieved by increasing the
lumped inductance. A passband with a reflection coefficient
below —10 dB was obtained at 0.1 - 1.2 GHz, and a stopband
with a transmission coefficient below —10 dB was obtained at
5.8 = 12 GHz. Ref. [13] proposes a relatively simple FSS struc-
ture for antenna beam control applications, where the FSS
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structure utilizes a small number of active components to
achieve reconfigurability, good transmission and reflection
characteristics required for wireless communication applica-
tions. In Ref. [14], the FSS bending effect is considered and
the performance of FSS deteriorates with increasing curvature.
Few studies have been conducted on broadband oblique-
incidence stable F'SS, which cannot satisfy communication sys-
tems’ demands for broadband stable FSS. The goal of this pa-
per is to investigate this issue and propose a better framework.

In this paper, a bandpass FSS with a patch-dielectric cas-
cading structure is proposed. It uses two kinds of circular
patches with different radii and cross-slotted patches to
achieve three transmission poles in the passband. Simulation
results indicate a satisfactory —0.5 dB bandwidth spanning
from 1.7 GHz to 2.72 GHz, maintaining angular stability from
0° to 45°. Compared with the three-layer FSS, the designed
FSS has a wider passband and better oblique incidence fre-
quency response. The relative bandwidth of this FSS is
45.2%, which has low insertion loss and oblique incident sta-
bility under both TE and TM polarization. In the meantime,
equivalent circuits are provided to check the accuracy of elec-
tromagnetic simulations.

2 Design Principle

The design principle of the angular stability FSS is essen-
tially electromagnetic wave impedance matching under
oblique incidences. An electromagnetic wave vector is only
along its propagation direction. Assume that the vectors of in-
cident, reflected and transmitted waves are k;, k, and k,, re-
spectively. The incident, reflection and refraction angles are
0,0 and 6,

The phase matching condition on the interface is k; sin 6, =
k. sin@, =k, sin6, where k, =k, =k, and k, = k,. From the
above formula, the Snell’ s law can be obtained. There are two
laws in total, namely, the Snell reflection law and the Snell re-
fraction law. The reflection law states that the reflection angle
is equal to the incident angle, that is, 8, = 6. The law of re-
fraction is expressed as the relationship between the refractive
angle and the incident angle, that is, sin,/sinf, = k,/k,,

where k, = w /&, ., and k, = @ ./ &,4,. The Snell’ s laws re-
flect the laws of reflection and refraction of electromagnetic
waves and have a wide range of applications.

According to the boundary conditions, the polarization char-
acteristics will not change when waves are reflected and re-
fracted on the plane boundary, regardless of whether it is a ver-
tically polarized plane wave or a parallel polarized plane wave.
When the electromagnetic wave is oblique incidence, the reflec-
tion and transmission coefficients are related to the polarization
characteristics of the wave. It is viable to derive the formula for
the plane wave’ s reflection and transmission coefficients with

two different polarization characteristics.

_M,cos0, —m, cosb,

r
' m,cosf, +m, cosh,

2m, cos 6,

T =
t m,cos0, + m, cosb,

where 1, and 7, are the characteristic impedance of medium1
and medium?2, respectively. Similarly, for parallel polarized
plane waves, we obtain that

ro=m cosf, — m, cos0,

" M, cos 0, + M, cos 0, 3)

21, cos 0,

(4).

T =
I 7, cos, + m, cos b,

It is well known that when the electromagnetic wave is
oblique incidence on the surface of the medium, partial reflec-
tion and partial transmission occur. In particular, Eqs. (1) and
(3) demonstrate that, in the case of vertical polarization, when
media is

the characteristic impedance of the two

1,/M, =cos 8 /cos 0, the reflection coefficient is equal to 0; in

the case of horizontal polarization, when the characteristic im-
pedance of the two media satisfies 1,/1, =cos,/cos0,, the

reflection coefficient is equal to 0, and there is no reflected
wave. The key to improving the stability of oblique incidence
is the matching of wave impedance under oblique incidence.
The wave vector of an electromagnetic wave and the normal
vector at the interface of the incident medium form the inci-
dent plane. There are two different types of polarized waves in
the case of oblique incidence: TE polarization (where the elec-
tric field is parallel to the incident plane) and TM polarization
(where the magnetic field is parallel to the incident plane).
The vector transmission line equation can be used to deter-
mine the characteristic impedance of the transmission line for
the two polarization modes or the impedance of free space
waves for the two polarization modes with oblique incidence.

ZTE —

L (5),
&

By substituting the relevant formula and the permeability
and permittivity of free space, the characteristic impedance of
free space under vertical incidence is 377 (), and the above

formula is simplified to Z;" = 377cos6, Z," = 377/cos 0. The

wave vector of electromagnetic waves and the normal vector at
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the interface of the incident medium form the incident plane.
When the electric field is perpendicular to the incident plane,
it is a TE wave; when the magnetic field is perpendicular to
the incident plane, it is a TM wave. Fig. 1 shows that the wave
impedance of free space under oblique incidence is related to
the polarization mode of electromagnetic waves, and the wave
impedance of free space under TE and TM modes has the op-
posite trend with the incident angle.

3 Configuration and Discussion

3.1 FSS Configuration

The multi-layer FSS performs better than the single-layer
FSS in terms of bandwidth, oblique incidence transmission co-
efficients, passband flatness and other factors. In this paper, a
multi-layer metal-dielectric stack structure is used to design a
broadband oblique-incidence stable FSS. The top and bottom
layers feature circular patches, while the middle layer em-
ploys cross-shaped slots to provide the first resonance point
and control the coupling between the upper and lower layers
to generate a second resonance point. The circular patches re-
duce the effective size variations for oblique incidence. The
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Figure 1. Wave impedance of free space under oblique incidence

cross-shaped slots can minimize changes in the electric field
direction. To further increase the number of resonance points,
an additional layer of dielectric and patch structures is intro-
duced, resulting in a four-layer dielectric and five-layer patch
FSS unit.

As shown in Fig. 2, based on the three-layer patch FSS, a
five-layer metal patch structure is proposed to expand the
bandwidth and reduce the insertion loss deterioration under
oblique incidence. The relative permittivity of each dielectric
substrate in designed FSS is 3, and the loss tangent is 0.001 3
@ 10 GHz. This five-layer design has been determined to be a
simple and efficient FSS structure through contrasting various
patch and analysis structures.

Fig. 2a shows the three-layer FSS, which consists of two lay-
ers of circular patches with the same radius and a cross slot in
the middle layer to form a resonant structure. This structure
typically has two transmission poles available. When the up-
per patch completely covers the cross slot, the cross slot deter-
mines the position of the low-frequency transmission pole, the
thickness of the medium controls the distance between the two
poles, and the radius of the patch controls the passband fre-
quency. Fig. 2b shows the proposed FSS structure, adding two
layers of circular patches with a larger radius to the traditional
two-layer circular patch structure to increase the transmission
poles and improve the oblique incidence stability. Fig. 2¢
shows the dimensions of the cross slot in the middle layer.

To achieve better results, we discuss and optimize the
main parameters of the structure. Fig. 3a shows the simula-
tion results of the frequency responses with changing length [
of the cross slot. It is shown that the length of the cross slot
has more effect on the first and second resonant frequencies,
and less effect on the third resonant frequency. As [ in-
creases from 23.14 mm to 25.14 mm, the first and second
transmission poles gradually move away from each other, and
the relative bandwidth increases from 42.4% to 47.8%. Simi-
larly, Fig. 3b shows the simulation results of the frequency
responses for changing the top patch radius R,. Changing R,
has little effect on the first transmission pole, but signifi-
cantly affects the second and third poles. When R, increases
to 15.7 mm, FSS can no longer support a passband.

|
Circular '—'{ .
patch (&,) ™ ) R, ] g, .
T
(&,) Th* yer (&,
Circular » —h,
patch (&,) .

(c) (d)

FSS: frequency selective surface

Figure 2. Geometry of the proposed wideband FSS: (a) 3D view of three-layer FSS; (b) 3D view of the proposed FSS (unit: mm; P = 36, R, = 14.7,
R,=13.5,h, =7, and h, = 2.81); (c) 3D view of the interlayer cross slot of the proposed FSS (unit: mm; / = 24.14 and w = 7.29); (d) side view
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Figure 3. Simulation scattering parameter results of FSS unit cell: (a) results with different cross slot lengths /; (b) results with different top patch
radii R ; (c) results with different middle patch radii R,

Fig. 3¢ shows the simulation results of the frequency re-
sponses with different middle patch radii R,. The value of ra-
dius R, has less effect on the second transmission pole but
more effect on the first and third transmission poles. As R, in-
creases, the first and third transmission poles move to lower
frequencies, and the relative bandwidth gradually narrows. In
addition, the frequency response of FSS is very sensitive to the
thickness of the dielectric substrate. Different thicknesses will
affect the position of the resonance frequency, bandwidth,
oblique incidence performance, etc., so it needs to be consid-
ered comprehensively in the design.

3.2 Simulation Results and Discussion

Fig. 4 compares the simulation results of the three-layer
FSS and the proposed five-layer FSS. As previously men-
tioned, the three-layer FSS has a passband from 1.944 GHz
to 2.562 GHz, and there are two transmission poles in the
passbhand located at 2.064 GHz and 2.418 GHz, respec-
tively. The relative bandwidth of the conventional FSS is
27.4%. It makes sense that the generated broadband is
formed by splicing multiple passbands. The vertical inci-
dence simulation results of the proposed five-layer FSS are
also shown in Fig. 4b. The passband is from 1.716 GHz to
2.716 GHz. There are three transmission poles in the band
located at 1.816 GHz, 2.152 GHz and 2.64 GHz, respec-
tively, and the relative bandwidth is 45.1%. The designed
FSS achieves broadband oblique incidence stable transmis-
sion of 1.71 — 2.69 GHz with a thickness as small as pos-
sible relative to the center frequency wavelength, a relative
bandwidth of 44.5%, and a stable angle of 45°, and sup-
ports TE and TM dual polarization. The simulation results
for the polarization conversion and insertion loss character-
istics of the FSS are displayed in Fig. 5. The FSS demon-
strates good performance with minimal polarization conver-
sion and insertion loss. The average insertion loss in the
band is less than 0.5 dB, which is at a relatively advanced
level in similar works.

Magnitude/dB

~60 L L L | L 1 L
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Simulation results of the three-layer FSS
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Simulation results of the proposed five-layer FSS

FSS: frequency selective surface

Figure 4. Simulation results of the TE model

To validate the correctness of the designed structure, we
extract the equivalent circuit models of the FSS for both the

three-layer and five-layer configurations. The results of the
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electromagnetic simulations of the equivalent circuits are
then compared with those of the circuit simulation. Our pro-
posed structure is reliable and valid, and the results indi-
cate a high level of consistency.

In Fig. 6a, h, and h, represent two dielectric layers, while
Z s represents the equivalent circuit of each layer, and they
are connected through cascades. In Fig. 6b, L, represents
the equivalent circuit of a circular patch, which is equiva-
lent to an inductance. Considering the coupling relationship
with other F'SS units, a series capacitor C,, is added; C, rep-
resents the cross gap, equivalent to capacitance; L, and C
consist of a series inductor and a parallel capacitor. In addi-
tion, it is also necessary to consider the coupling relation-
ship between each layer and add parallel capacitors C,,. The
model of the equivalent circuit has been added to Fig. 6.

Different from the three-layer structure, the interlayer
coupling effect of the five-layer structure is stronger, so the
position of the transmission pole is affected by multiple
structural parameters. A more complex model of the five-
layer FSS is shown in Fig. 6c¢.
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Figure 5. Insertion loss and polarization conversion
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Figure 6. Equivalent-circuit model of FSS

Comparing electromagnetic simulation with equivalent
circuits in Fig. 7, we find that equivalent circuits can effec-
tively match the FSS model. Comparing the transmission co-
efficients of the three-layer F'SS and the five-layer FSS, we
can see that the five-layer FSS has a wider passbhand.

The frequency response of the FSS unit cell under
oblique incidence is shown in Fig. 8. In Fig. 1, as the inci-
dent angle changes, the incident impedance also changes in
the opposite direction in TE and TM modes. In the TE
mode, as the incident angle increases, the first resonant fre-
quency moves to a lower frequency, and the second and
third resonant frequencies move to higher frequency. It can
be seen that under the 45° oblique incidence, both modes
can provide —10 dB bandwidth from 1.71 GHz to 2.7 GHz.
The —0.5 dB transmission coefficient bandwidth of FSS is
from 1.71 GHz to 2.68 GHz, and the highest insertion loss
in the band is 0.48 dB. Under the 0 - 45° oblique incidence,
FSS can support a relative bandwidth of 44.1% and the trans-
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Figure 7. Comparison results of equivalent circuit simulation with elec-
tromagnetic simulation

mission coefficient is slightly deteriorated around 1.95 GHz,
but still greater than —1 dB. The resonance existing at 3 GHz
can be avoided by changing the size of the structure, but doing
so will lead to a decrease in performance within the passband.
Therefore, we choose to retain the presence of the resonance
point at this location.

4 Conclusions

In this paper, a wide passband FSS with angular stability
and low insertion loss is proposed. The FSS is designed by a
five-layer metal patch stack structure. The upper and lower
layers of patches are circular to improve the oblique inci-
dence stability, and the middle layer uses cross slots to con-
trol the passband frequency. Simulation results show a wide
bandwidth from 1.71 GHz to 2.71 GHz while the insertion
loss is less than 0.5 dB. Compared with the three-layer FSS,
the designed FSS has a wider passband and better oblique in-
cidence frequency response, which has broad application
prospects.
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Figure 8. Simulated scattering parameter results of the FSS unit cell
under oblique incident angles
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