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Abstract – A compact and high-performance shielding
enclosure designed by metamaterial structure based on
frequency selective surface (FSS) is proposed. The
enclosure has large holes for convenience of airflow and
cable access. However, it can achieve great shielding
performance by maintaining more than 40 dB attenuation. The shield is composed of n × n unit cells,
and each unit cell is designed by knitting the 2.5dimensional loop-type elements interconnected through
vias. This design shows promising capability of size
reduction, bandwidth expansion, and shielding effectiveness enhancement. Moreover, the enlarged holes on
the FSS are helpful for the ventilation and heat dissipation. The size of the proposed 2.5-D FSS is only
0.097λ0 ×0.097λ0 , where λ0 corresponds to free space
wavelength of resonance frequency. The proposed structure provides 3.38 GHz (3.21–6.59 GHz) wide shielding
bandwidth. Furthermore, it has stable response to the
wide-angle incident wave ranging from 0◦ to 85◦ with
more than 40 dB attenuation at 4.83 GHz for both xpolarization and y-polarization. The proposed FSS is
practically useful for the shielding of fifth generation
(5G) wireless systems, WiMAX, and WLAN.
Index Terms – Electromagnetic shielding, fifth generation (5G) wireless systems, frequency selective surfaces
(FSSs), metamaterial, ventilation.

I. INTRODUCTION
A metallic enclosure is often used as a shield to protect sensitive and critical electronic devices from electromagnetic interference. It is indispensable as a part
of electronic products to block against unwanted electromagnetic signals [1–3]. The high-frequency signals
in the fifth generation (5G) communication bring a challenge to the shielding design of electronic products.
The wireless signals will be coupled into the interior
through the holes on the metallic enclosure and cause
electromagnetic interference [4]. In some cases, metallic
shields are huge and heavy, which are inapplicable for
compact and lightweight electronic products [5–7].
The influence of holes on shielding effectiveness
(SE) of a shield has been widely investigated [8–10].
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The literature shows that the size of hole significantly
affects the SE. The ventilation may degrade severely due
to blockage of deposit dust in smaller holes. The relationship among SE, the diameter of holes, and the frequency (wavelength) is given as follows [11]:
 
SE = 20 log λ 2d ,
(1)
where SE represents shielding effectiveness, λ denotes
free space wavelength, and d is hole diameter. When
the SE remains unchanged, the smaller hole diameter is
required for higher frequency. For example, if the SE is
required to be more than 26 dB for 5G signal, the hole
diameter should be smaller than 1.5 mm. However, the
small hole is more likely to deposit dust due to blockage,
which may threaten the security of electronic equipment.
Therefore, well-performed shielding designs with holes
are in demand, and frequency selective surface (FSS) is
an optimal choice.
FSS is a periodic structural array printed on a dielectric substrate. In some frequency bands, FSS can act
as a band-stop or band-pass filter [12–14]. The frequency selective behavior of FSS depends on the geometry of cells and resonance frequency. Recently, FSS for
shielding has been proposed. In [5], a reconfigurable
metamaterial for electromagnetic interference shielding
is proposed, and PIN diodes are used to interconnect
components to control the specific polarization properties. In [15], a compact dual band-stop FSS is proposed.
It consists of a modified double square loop with folded
strips into the inner space at the four corners of square
loops to control resonant wavelengths. In [16], knitting
the loop-type FSS elements in 2.5-D is proposed, where
segments of the loop are placed alternately on the top
and bottom surfaces of the substrate and then interconnected through metallic vias. In [17], a dual-frequency
miniaturized FSS with a closely spaced band of operation is proposed, and its SE is less than 20 dB. In [18],
the new miniaturized FSS is based on interconnecting the
convoluted segments, which are arranged alternately on
both sides of the substrate. The SE does not exceed 30
dB. In [19], a compact FSS based on the 2.5-D Jerusalem
cross is designed whose SE is less than 40 dB. A compact
FSS composed of a swastika unit cell with the smallest
https://doi.org/10.13052/2021.ACES.J.361113
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dimension of 7 mm × 7 mm is described in [20]. The SE
is less than 35 dB. Very closely located dual-band FSSs
are discussed in [21]. And the SE is less than 20 dB.
A novel dual-band FSS designed by [22] with closely
spaced frequency response is proposed. The SE is less
than 35 dB. A convoluted and connection FSS unit cell
is reported in [23] for shielding 5G electromagnetic signals. The SE is less than 40 dB. In the above literature,
the maximum angular stability does not exceed 75◦ , and
the heat dissipation is poor due to the seamless structure.
Although so many FSSs for electromagnetic interference
shielding have been proposed, high SE, stable incidence
angle, and sufficient heat dissipation are still tricky problems. Therefore, a miniaturized FSS with high shielding
performance and vent holes is in demand.
In [4], an FSS with holes is proposed. Although
the SE is more than 40 dB, the unit cell size (0.46λ0
× 0.46λ0 , where λ0 corresponds to free space wavelength of resonance frequency) is too large for miniaturized electronic devices. Therefore, a novel compact
FSS for shielding 5G signals is proposed in this paper.
The FSS unit cell has a large square aperture with 3.2
mm length. However, the SE is more than 40 dB and
the heat dissipation is better than metallic enclosure and
other FSSs in published literature. In addition, the unit
cell of the proposed FSS has a compact size of 0.097λ0
× 0.097λ0 through knitting the square loop in 2.5-D. The
resonance frequency of the proposed FSS is stable as the
incidence angle increases from 0◦ to 85◦ .
The paper is organized as follows. The details of the
FSS geometry design and performance are described in
Section II. The parameter analysis and equivalent circuit
model is introduced in Section III. Section IV provides
the conclusion.

II. FSS DESIGN AND PERFORMANCE
The structure of the unit cell of the proposed FSS is
shown in Figure 1.
Compared with plane FSS, the proposed 2.5-D FSS
is improved by square-loop unit consisting mainly of
three parts. The first part is metal vias, which connect
metallic split rings across two sides of substrate. Vias are
an important part of FSS for miniaturization, which elongate total loop perimeter and increase equivalent inductance and capacitance [16]. The second part is the metallic segments at the top and bottom layers. The resonance frequency can be adjusted by extending the loop
perimeter through inward convolution. The square loop
is selected because of its excellent performance in the
stability for various incidence angles, cross-polarization,
bandwidth, and band separation [24]. The third part is
the substrate, which is FR-4 lossy layer with relative permittivity of 4.3 and loss tangent of 0.025. The effective

Fig. 1. Structure of the unit cell of the proposed FSS. (a)
Top view. (b) Perspective view.

Table 1: Parameters of the unit cell
No.
Parameters
1
Ls
2
g
3
w
4
r
5
s
6
d
7
t
8
θ

Value
6 mm
0.32 mm
0.36 mm
0.36 mm
1 mm
3.2 mm
2 mm
45◦

dielectric constant is calculated as follows [25]:
q

εeff = (εr + 1) 2.

(2)

The resonance frequency will decrease as the dielectric
permittivity increases. Therefore, it is very important
to consider the dielectric properties of the substrate in
FSS design. In addition, the thickness of the substrate
can also significantly affect the shielding performance,
which will be analyzed in Section III.
For sufficient heat dissipation and wiring, the diameter (d) of the hole is set to 3.2 mm and the thickness (t)
is 2 mm. Finally, the proposed FSS is designed to provide more than 40 dB shielding attenuation at the center frequency of 4.83 GHz. The width of the loop, the
gap (g) between adjacent loops, the side length (Ls ) of
the whole unit, and the radius (r) of vias of loops are
given in Table 1. The design details of one of the triangular strips and right-angled strips are given in Table 2

CUI, SHI, SUN, LIU: A COMPACT AND HIGH-PERFORMANCE SHIELDING ENCLOSURE BY USING METAMATERIAL DESIGN

Table 2: Design details of triangular and right-angled
strips
Point Name
Coordinate
P1
(0, 2.25456, 0)
P2
(–0.372721, 2.62728, 0)
P3
(0.372721, 2.62728, 0)
Q1
(0, 1.7455, 0)
Q2
(–0.627279, 2.37272, 0)
Q3
(0.627279, 2.37272, 0)
M1
(2.32, –2.32, 0)
M2
(2.32, –1.5, 0)
M3
(1.5, –2.32, 0)
N1
(2.68, –2.68, 0)
N2
(2.68, –1.5, 0)
N3
(1.5, –2.68, 0)

set in the x-axis and y-axis to represent the infinite periodic FSS array and the proposed FSS is excited by Floquet ports in the z-axis. Besides, the open (add space)
boundaries are required to be set in the z-axis in CST
simulation.
Here, the transmission coefficient is chosen to evaluate the shielding performance of the proposed FSS and
smaller transmission coefficient represents better shielding performance. The transmission coefficients at normal incidence of the proposed FSS simulated by CST
and HFSS are shown in Figure 3. The results of two electromagnetic simulators are basically consistent, which

and other strips can be obtained by means of rotation or
translation.
The array of the proposed FSS is shown in Figure 2.
The entire model is simulated in CST Microwave Studio based on finite integral technique (FIT) method and
ANSYS HFSS based on finite element method (FEM),
respectively. FIT method describes Maxwell’s equations
on a grid space with no restriction on grid type, which is
widely applied in solving electromagnetic field problems
in both time and frequency domains. By discretizing
a large system into finite elements, FEM method converts some complex boundary value problems to a system of simple equations, which is also a common numerical method in the electromagnetic field. In two simulation softwares, the periodic boundary conditions are

Fig. 2. Array of the proposed FSS.

Fig. 3. Transmission coefficients at normal incidence
from –z and +z directions for x-polarization and ypolarization simulated by (a) CST and (b) HFSS.
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further verifies the validity of the proposed FSS. Simulation results show that the proposed FSS provides more
than 40.74 dB attenuation for a bandwidth of 3.38 GHz
(3.21–6.59 GHz) at the center frequency of 4.83 GHz
and can fully meet the shielding requirement. It can be
seen that the results with excitation from both +z and
–z directions are the same. In addition, the proposed
FSS behaves identically for both x-polarization and ypolarization, which provides stability in shielding.
The angular stability is also investigated. The S21
at different incidence angles from –z and +z directions
for x-polarization and y-polarization is shown in Figures 4 and 5. Simulation results show that the S21 with
excitation from both +z and –z directions is the same.
It can also be seen that the resonance frequency of the
proposed FSS deviates less than 0.5% at various incident
angles. Therefore, for x-polarization and y-polarization,
the proposed FSS can provide a stable S21 up to 85◦
incident angle at the frequency of 4.83 GHz. As shown
in Figures 4 and 5, the S21 for x-polarization decreases
when the incidence angle increases. However, the S21
for y-polarization increases when the incidence angle
increases. The phenomenon is mainly attributed to wave
impedance change, which validates the basic theory of
FSS mentioned in [25].

III. PARAMETER ANALYSIS
The distribution of surface current at the resonance
frequency of 4.83 GHz is illustrated in Figure 6.
The substrate thickness t is much less than free space
wavelength of resonance frequency. The surface current flows through the metal vias, which provide additional inductance due to elongation of the loop conductor. Moreover, vias also enhance the capacitance due to
coupling between adjacent elements. The equivalent circuit model is shown in Figure 7 and the resonance frequency is calculated as follows:
 p
(3)
f = 1 2π (L + Lt ) (C +Ct ),
where L and C represent the inductance and capacitance
of metallic strip, respectively. Lt and Ct are introduced
by the metallic vias. Lt is contributed by vias itself and
Ct is generated by the adjacent vias in two neighboring
units. According to formula (3), the resonance frequency
of 2.5-D structure decreases compared with the plane
structure with the same size. Thus, vias show a capability for reducing the size of FSSs.
Because transmission coefficients with excitation
from –z and +z directions are the same, the results for
–z direction are used in the following discussion and
analysis. The comparison of transmission coefficients
between 2.5-D FSS and plane FSS with the same size for
normally incident plane wave is represented in Figure 8.
As shown in Figure 8, the resonance frequency of the
2.5-D FSS is lower than that of plane square-loop FSS,

Fig. 4. Transmission coefficients at different incident
angles from –z and +z directions for x-polarization simulated by (a) CST and (b) HFSS.

which validates the previous analysis. Hence, the band
characteristics can be adjusted by changing the total
perimeter of the 2.5-D square loop. Compared with the
design in [4] with size of 0.46λ0 × 0.46λ0 , the unit cell of
the proposed FSS has a more compact size of 0.097λ0 ×
0.097λ0 . This indicates that the proposed FSS achieves
the structure miniaturization.
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Fig. 6. Distribution of the surface current.

Fig. 5. Transmission coefficients at different incident
angles from –z and +z directions for y-polarization simulated by (a) CST and (b) HFSS.

The comparison of transmission coefficients
between 2.5-D FSS and a metal plate with hole at
normal incidence with excitation from –z direction is
illustrated in Figure 9. It can be seen that there is not
much difference between two S21 values at 4.83 GHz.
However, in the case of similar shielding performance,
the proposed FSS with FR-4 lossy substrate is much
lighter than a metal plate with the same size, which is
more suitable for small lightweight electronic products.
The relative dielectric constant εr of the dielectric
substrate is 4.3, and the thickness t of the dielectric sub-

Fig. 7. The equivalent circuit of the unit cell of the proposed FSS.
strate changes from 1.8 to 2.2 mm at 0.2-mm intervals to
investigate the influence of dielectric substrate thickness.
Because the results for x-polarization and y-polarization
at normal incidence from –z and +z directions are the
same, the results for x-polarization at normal incidence
from –z direction are taken as an example to be analyzed and shown in Figure 10. When the thickness of the
dielectric substrate increases, the resonance frequency

1488

1489

ACES JOURNAL, Vol. 36, No. 11, November 2021

Table 3: Comparison with other structures in published
literature
FSS

Holes

Size Attenuation Bandwidth
(λ 0 )
[26]
Without 0.30 40 dB
Not
reported
[17]
Without 0.08 20 dB
Not
reported
[18]
Without 0.037 30 dB
Not
reported
[20]
Without 0.125 35 dB
400 MHz
(–20 dB)
[21]
Without 0.216 20 dB
Not
reported
[22]
Without 0.088 35 dB
315 MHz
(–15 dB)
[23]
Without 0.069 40 dB
950 MHz
(–10 dB)
[4]
With
0.458 40 dB
2 GHz
(–30 dB)
Proposed With
0.097 40.74 dB
3.38 GHz
(–10 dB)

Stability
45◦
60◦
60◦
60◦
45◦
60◦
60◦
60◦
85◦

Fig. 8. Comparison of transmission coefficients between
2.5-D FSS and plane FSS at normal incidence simulated
by (a) CST and (b) HFSS.

Fig. 9. Comparison of transmission coefficients between
2.5-D FSS and a metal plate at normal incidence simulated by (a) CST and (b) HFSS.

will decrease due to the inductance and capacitance contributed by vias.

Fig. 10. Influence of dielectric thickness on transmission coefficients simulated by (a) CST and (b) HFSS
simulator.

Finally, the comparison between the proposed 2.5D FSS and the results from published literature are listed
in Table 3. It can be seen from Table 3 that the proposed 2.5-D FSS shows excellent performance in minia-
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turization. Especially compared with the FSS with holes
[4], the unit cell size is significantly reduced. The proposed FSS has a large attenuation bandwidth, which is
about 3.56 times larger than that in [23]. A Compact and
High-Performance Shielding Enclosure by Using Metamaterial Design. In addition, the proposed 2.5-D FSS
has small S21 and the angular stability is up to 85◦ .

IV. CONCLUSION
An effective and novel metamaterial structure is proposed for 5G electromagnetic shielding. It provides
40.74 dB attenuation and 3.38-GHz bandwidth to suppress interference signals operating near 4.83 GHz. In
particular, the proposed FSS overcomes the difficulty
that the heat dissipation of the metal shielding deteriorates significantly for small apertures. It demonstrates
the advantage of high shielding performance, small size,
and excellent heat dissipation. This design can be further
extended to the application of WLAN, ISM, GSM, and
Wi-Fi shielding.
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