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Abstract
In this paper, a single-layer band-stop frequency selective surface (FSS) by combination ofMike
Kastle unit and square ring unit is proposed to achieve wide angular stable shielding. Owing
to the rotational symmetry of the structure, the designed FSS is insensitive to polarization.
By the combination design, the wide angular stability can be achieved as the incident angle
increases from 0∘ to 85∘, with only a maximum frequency deviation of 0.012 GHz. Meanwhile,
themechanism of the proposed FSS is investigated by the parametric analysis of equivalent cir-
cuit model.The prototype wasmanufactured andmeasured to verify the design and simulation
analysis, and the measurement results were in good agreement with the simulation results.

Introduction

Frequency selective surface (FSS), an artificial periodic array of metal patches [1–4], has been
widely used in the various fields of microwave engineering such as electromagnetic interference
shielding, absorber, and radome [5–9]. As one of the most important properties, the angular
stability is crucial for the performance of FSS and is thus required to be specially considered in
the design procedure. Under the excitation condition of the incident electromagnetic wave with
different angles and polarizations, the output response of FSS changes in a difficultly predictable
way. In this condition, if the response is unstable under different excitations, the FSS suffers
degraded performance and even loses the expected function.Therefore, designing the FSS with
the wide angular stability property becomes a topic of great interest to researchers.

The miniaturization is most frequently adopted to enhance the angular stability of FSS.
Under this background, much work has been made to realize 2D structures with miniaturiza-
tion [10–13]. In a study by Natarajan et al. [10], an FSS with a modified swastika structure is
proposed and applied to 5G shielding, which can achieve angular stabilization up to 60∘ with
a miniaturization of 0.117λ0. Ghosh and Srivastava [11] present an FSS structure capable of
achieving up to 75∘ angular stabilization with a miniaturization level of 0.065λ0. In the pre-
sented structure, two meander strips are designed to obtain the dual-band characteristic and
independent polarization. In a study by Zhao et al. [12], the designed FSS consists of a swastika
structure and four identical second iterations of H-shaped fractal parts.This design features the
angular stability up to 80∘ and the polarization insensitivity due to the rotational symmetry. A
single-layer band-stop FSS loaded with lumped elements is investigated in [13], which provides
high inductance and capacitance values in the unit plane. By this means, a high level of minia-
turization can be obtained, but the manufacturing cost is relatively expensive. At the same time,
as the manufacturing technology gets mature, 2.5D/3D structures of FSS have gained more and
more concerns [14–16]. The bandpass 2.5D FSS structure proposed in a study by Zhao et al.
[14] is composed of a folded swastika slot and a vertical metal vias, which can implement the
independent polarization and the angular stabilization up to 75∘. Abidin et al. [15]. design a
band-stop FSS to achieve a wide bandwidth of 1–4.5 GHz around the operating frequency of
2.4 GHz. This design links the upper and lower layers of metal patches through metal vias,
enabling it to acquire the unit size of 0.04λ0 and guarantee the angular stability up to 75∘. In a
study by Li et al. [16], a 3D FSS structure based on hybrid slotted and microstrip lines makes
full use of the vertical space, so that the unit cycle size is reduced and the angular stability is
satisfied from 0∘ to 60∘.

In comparison to 2D structures, 2.5D/3D structures are more suitable to achieve sharp filter
response and high angular stability due to the utilization of vertical space. However, 2.5/3D
structures are relatively of thick size, so that they are less applicable inmany certain scenarios. In
addition, it is not easy to realize 2.5D/3D structures due to the relative complexity of fabrication.
By contrast, as the simplest 2D structure, the single-layer FSS has the advantage that it is more
convenient to analyze,machine, and apply.Therefore, the single-layer FSSwith the wide angular
stability property is always the most valuable option.
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Figure 1. Structure of the designed FSS unit: (a) top view and (b) side view. FSS =
frequency selective surface.

Table 1. FSS structural parameters (mm)

l1 l2 l3 w1 p d t

2.75 2.6 0.44 0.1 8 7.5 1

Figure 2. Component units of the designed FSS. FSS = frequency selective surface.

In this paper, a single-layer band-stop FSS with wide angu-
lar stability is proposed by integrating the square-loop unit with
Mike Kastle (MK) unit. During the design process, the frequency
response of the proposed FSS structure is simulated with the com-
mercial software CST DESIGN ENVIRONMENT. Meanwhile, the
equivalent circuit model (ECM) is established and used to describe
the behavior of the FSS. Then, by combining the simulated results
from both CST and ECM, the characteristic parameters of FSS are
analyzed and optimized. Through the iterative design, the angular
stability can be achieved up to 85∘ in both the transverse elec-
tric (TE) and the transverse magnetic (TM) polarization modes.
Finally, after fabrication and measurement, the performance of

the designed FSS is verified. In addition, by comparison with
some other recent work, the superiority of the designed FSS is
also illustrated. Therefore, the structure proposed in this work
can be effectively used to shield sub-6G signals and serve as
a reference unit for subsequent research on angular stability
structures.

Theory

Figure 1 shows the structure of the FSS unit designed in this work.
The orange and green parts represent the metal patch and the
dielectric substrate, respectively.Thematerial of the dielectric sub-
strate is F4BK300, with a relative dielectric constant of 3 and a loss
angle tangent of 0.001. The specific structural parameters of this
FSS unit are given in Table 1.

Structural design and simulation

As shown in Fig. 2, the FSS unit structure integrates a square ring
unit with anMK unit. As the incident angle changes from 0∘ to 85∘,
the transmission coefficients of square ring unit and MK unit are
simulated by CST. Figure 3 shows that the square ring unit works
at a resonant frequency of 6.34 GHz with a maximum deviation
of 0.34 GHz (5.36%). Also, it can be observed from Fig. 4 that the
resonant frequency of the MK unit is 10 GHz and the maximum
deviation of the resonant frequency is 0.14 GHz (1.4%).

The angle stable properties of both the square ring unit and
the MK unit are obvious from Figs. 3 and 4, so this work com-
bines them together to further enhance the angular stability and
the miniaturization. As shown in Fig. 5, when the incident angle
changes from 0∘ to 85∘, the resonant frequency of the proposed
FSS remains 3.76 GHz with a maximum deviation of 0.012 GHz
(0.32%). It can be seen that under the TE polarization, the band-
width of |S21| increases with the incident wave angle 𝜃, while under
the TM polarization, the bandwidth of |S21| decreases with 𝜃.
This is because the characteristic impedances of TE and TM are,
respectively, defined as Z0/cos(𝜃) and Z0cos(𝜃), which suggests the
opposite bandwidth trends of TE and TM with the angle 𝜃 [17].
From Table 2, it is summarized that the designed FSS has the best
miniaturization and the smallest deviation with the incident angle
from 0∘ to 85∘.

Figure 3. Transmission coefficient of the square ring unit. (a) TE polarization. (b) TM polarization.
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Figure 4. Transmission coefficient of the MK unit. (a) TE polarization. (b) TM polarization.

Figure 5. Transmission coefficient of the designed FSS unit. (a) TE polarization. (b) TM polarization. FSS = frequency selective surface.

Table 2. Comparison of the three different units

Unit type Unit size (mm) Miniaturization Deviation (GHz)

Square ring unit 8 0.169λ0 0.34

MK unit 8 0.26λ0 0.14

Designed FSS unit 8 0.1λ0 0.012

ECM analysis

From Fig. 6, it can be seen that the inductance L1 and the capaci-
tance C1 correspond to the strip of unit and the gap between units,
respectively. In addition, the capacitance C2 is introduced to repre-
sent the electric field at the center of the unit. In the case of normal
incidence, the values of the lumped elements can be approximated
by referring to the analysis and derivation in [18, 19] as follows:

L1 = Z0l
𝜔p F ( p, s, 𝜆) (1)

C1 = 4
Y0d1
𝜔p F ( p, g1, 𝜆) 𝜀eff (2)

C2 = 4
Y0d2
𝜔p F ( p, g2, 𝜆) 𝜀eff (3)

where
⎧{{{{
⎨{{{{⎩

l = d + 6 × l2
d1 = 2 × l1 + 2 × l3 + 4 × w1
d2 = 3 × l3
s ≈ 2 × w1
g1 = p − d
g2 = d − 2 × l2 − 2 × w1

(4)

F (p,w, 𝜆) =
p
𝜆 [ln(csc 𝜋w

2p ) + G (p,w, 𝜆)] (5)

G (p,w, 𝜆) =
0.5(1 − 𝛽2)2 [2A(1 − 𝛽2

4
) + 4𝛽2A2]

(1 − 𝛽2

4
) + 2A𝛽2 (1 + 𝛽2

2
− 𝛽4

4
) + 2𝛽6A2

(6)

A = 1

√1 − ( p

𝜆
)
2

− 1 (7)

𝛽 = sin(𝜋w
2p ) . (8)
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Figure 6. Field-circuit analysis of the designed FSS unit. (a) E-filed distribution. (b) Lumped-element circuit. FSS = frequency selective surface.

Figure 7. Comparison between ECM and CST. ECM = equivalent circuit model.

Using equations (1)–(3), we obtain the following result of the
resonant frequency:

f0 = 1
√L1 (C1 + C2)

. (9)

The values of inductance and capacitance can be calculated
using equations (1)–(3), i.e., L1 = 9.2055 nH, C1 = 0.17765 pF,
and C2 = 0.014328 pF.Then, by using Advanced Design System to
analyze the equivalent circuit of FSS, the corresponding transmis-
sion coefficients are simulated and compared with the CST results,
as shown in Fig. 7.

Based on the above equations (1)–(9), the influence of the
lumped-element values on the resonant frequency is investigated
and described in the following paragraphs.

The resonant frequency is fine-tuned by adjusting the dimen-
sional parameter l2, which has an impact on C2. As shown in equa-
tion (4), the intermediate variable g2 is decreased if l2 is increased,
which leads to an increase in the capacitance C2 calculated using

Figure 8. |S21| with variation of l2.

equation (3). Simultaneously, it is obvious from equation (1) that
the inductance L1 increases with l2. In Fig. 8, the CST simulation
results prove that the change in trend of the resonant frequency
with l2 is consistent with the above analysis.

In the meantime, the resonant frequency can be effectively reg-
ulated by changing the cycle length p. By adjusting the parameter
p to alter the intermediate variable g1 defined in equation (4),
the capacitance C1 is correspondingly changed and determined by
equation (2). Figure 9 shows the change in trend of the resonant
frequency with cycle length p.

It can also be deduced from equation (1) that the inductance
L1 is affected by the strip width w1. With the increase of w1, the
inductance L1 decreases, resulting in an increase in the resonant
frequency, as shown in Fig. 10.

Measurement

In order to verify the performance of the proposed FSS, a pro-
totype with 50 × 50 (Fig. 11) units was fabricated and measured
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Figure 9. |S21| with variation of p.

Figure 10. |S21| with variation of w1.

by the free-space measurement method. The size of the FSS sam-
ple is 400 mm × 400 mm, and the dielectric substrate is F4BK300,
which has a relative permittivity of 3, a loss angle tangent of 0.001,
and a thickness of 1 mm. As shown in Fig. 12, with the FSS sam-
ple mounted on a rotatable table, two standard dual-ridge horn
antennas and Agilent 5063A are used for measurements.Themax-
imum aperture of the antenna is 16 mm, and the frequency range
is 1–18 GHz. In practical measurements, relevant components are
installed according to far-field conditions: the distance between the
transmitting antenna and FSS is 0.7 m, the distance between the
FSS and the receiving antenna is 1.8 m, and the antenna is 0.8 m
above the ground.

Considering that the actual processing thickness of the metal
layer is 0.035 mm, the transmission coefficient under different
angles of irradiation is re-simulated by CST, as shown in Fig. 13. As
the incident angle changes from0∘ to 85∘, the resonant frequency of
the proposed FSS keeps around 3.95 GHz with a maximum devi-
ation of 0.013 GHz (0.33%). Compared with the results in Fig. 5
(where the thickness of the metal layer is not considered), the ten-
dency with angle variation remains unchanged only with a small
difference in the resonate frequency.

Figure 11. FSS sample. FSS = frequency selective surface.

Figure 12. Measurement environment.

To evaluate the angular stability of the FSS sample, experiments
are implemented according to the setting as described in Figs. 11
and 12. From Fig. 14, it can be found that the measured resonant
frequency of the FSS is 3.915 GHz, which is shifted about 45 MHz
in comparison with the simulated result in Fig. 13. The tendency
for the TE polarization in Fig. 14(a) is that the bandwidth becomes
wider as the angle of the incident wave increases, while the oppo-
site tendency is observed for the TM polarization in Fig. 14(b).
Evidently, the observed tendency from measurements is in accor-
dance with that by the CST simulation shown in Fig. 13, where
the resonant frequency is 3.95 GHz and the angle range is from 0∘

to 85∘.
Figure 15 shows a comparison of the polarization stability to

demonstrate the good agreement between simulation and mea-
surement results.

Through the analysis, it is inferred that the shift of resonant fre-
quency between the simulation and the measurement is mainly
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Figure 13. Transmission coefficient with the metal layer thickness of 0.035 mm considered. (a) TE polarization. (b) TM polarization.

Figure 14. Measured angular performances of FSS sample. (a) TE polarization. (b) TM polarization. FSS = frequency selective surface.

Figure 15. Polarization stability.

caused by the following three reasons: (1) leakage and the bypass
are unavoidable during the measurement process; (2) it is difficult

to guarantee the flatness of the substrate since the manufactured
FSS is just 1mm thick; and (3) the size of the FSS sample is not large
enough to complete the accurate measurement above 80∘. In con-
clusion, the measured results demonstrate a high angular stability
of the designed FSS.

In Table 3, the comparison between some recent reported work
and this work is made to show the superiority of the designed FSS.
It can be seen that the FSS unit structure proposed in this work has
the advantages of miniaturization (0.01λ0), low profile (0.0125λ0),
and wide angular stability (up to 85∘).

Conclusion

In this paper, a single-layer FSS of simple structure is imple-
mented to achieve angular stability, miniaturization, and low
profile through the combination of two different angular stable
units. With the help of the software simulation, the FSS struc-
ture is designed and optimized, exhibiting a resonant frequency of
3.95 GHz and angular stability up to 85∘. To further investigate the
mechanism of the FSS, an ECM is developed and the impact of
the key dimensional parameters on the frequency response is ana-
lyzed. Finally, the prototype was fabricated, and the measurements
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Table 3. Comparison with other related FSS designs

Ref. Type of FSS Resonant frequency (GHz) Incident angle Deviation (GHz) Unit size Thickness (mm)

[20] 2D, 1 layer 5.76 0∘–85∘ 0.08 0.158λ0 1

[21] 2D, 1 layer 6.29, 8.35 0∘–60∘ <0.418 0.168λ0 1

[22] 2D, 2 layers 3.31 0∘–80∘ 0.06 0.067λ0 0.127

[23] 2D, 2 layers 29.6 0∘–75∘ 0.118 0.355λ0 0.2

[24] 2.5D 1.6 0∘–60∘ – 0.034λ0 1.6

[25] 2.5D 2.4, 5.5 0∘–85∘ 0.024 0.52λ0 1.6

[26] 3D 2.45 0∘–80∘ 0.01 0.195λ0 ≈ 4.78

This work 2D, 1 layer 3.95 0∘–85∘ 0.013 0.1λ0 1

were performed to verify our design.The results show that the pro-
posed FSS structure can achieve angular stability from 0∘ to 80∘, a
miniaturization of 0.1λ0, and a low profile of 0.0125λ0.
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