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Abstract

Periodic conductive geometries that exhibit filtering behavior are referred to as frequency-selective surfaces
(FSSs) in the literature. The frequency response of FSSs depends on their geometries, the angle of incidence,
frequency, and polarization of the incoming electromagnetic wave. The distance “g” between periodic
conductor geometries is an essential parameter for FSSs. However, the effect of this parameter on the frequency
stability of FSSs has not been sufficiently investigated. Four different FSS geometries are selected to reveal this
effect in this work. Simulations of these FSS geometries were carried out by Ansoft HFSS software. The most
important result obtained from the FSS geometries is that when the distance between periodic conductor
geometries is reduced below the 0.1 resonance wavelength, contrary to expectations, the incidence angle
stability of the FSS is significantly reduced. The interference effect between different places on the conductor
paths of neighboring unit cell geometries leads to an unstable frequency response.
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Birim Hiicreler Aras1 Mesafenin Frekans Secici Yiizeylerin Frekans Kararhihigina

Etkisi

Oz

Periyodik iletken geometriler literatiirde frekans segici ylizey (FSY) olarak adlandirilmaktadirlar.
Geometrilerine bagli olarak filtre davramisi sergileyen FSY'lerin frekans yamitlari geometrilerine,
elektromanyetik dalganin gelis acisina, frekansina ve polarizasyonuna baglidir. Periyodik iletken geometriler
arasindaki mesafe FSY'lerin en 6nemli parametrelerinden birisidir ve frekans cevabi lizerine olan etkisi
literatiirde bugiine kadar yeterince arastirilmamistir. Bu ¢alismada dort farkli FSY geometrisi segilerek
periyodik iletken geometriler arasindaki mesafenin FSY’lerin frekans kararliligi iizerine olan etkisi
incelenmistir. Secilen FSY geometrilerinin benzetimleri Ansoft HFSS yazilimi tarafindan gerceklestirilmis ve
oldukga ilging bir sonug elde edilmistir. Periyodik iletken geometriler arasindaki mesafe “0.1” rezonans dalga
boyunun altina diisiiriildiigiinde beklenenin aksine FSY'in gelis acis1 kararliliginin énemli Slgiide azaldigi
gorilmiistiir. Literatiirde birim hiicre boyutu azaldik¢a FSY’lerin frekans kararliliklarinin arttigi ifade
edilmektedir. Periyodik iletken geometriler arasindaki mesafe “0.1” rezonans dalga boyunun altina diistiigiinde,
komsu hiicrelerin iletken yollar1 arasinda meydana gelen girisimler baskin hale gelmekte ve FSY’in kararsiz
frekans yanitina sahip olmasina yol agmaktadir.

Anahtar Kelimeler: Frekans se¢ici yiizey, FSY, periyodik yapilar, gelis agis1, kararlilik
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1. Introduction

Periodic conductive geometries that exhibit filtering behaviour are referred to as frequency-
selective surfaces (FSSs) in the literature. The frequency response of FSSs depends on their
geometries, the angle of incidence, frequency, and polarization of the incoming electromagnetic
wave (Munk, 2000). Radomes (Costa and Monorchio, 2012; Narayan et al., 2018), microwave
ovens, absorber surfaces (Li et al., 2012), parabolic antennas (Brandao et al., 2017), and
reduction of the interference between wireless communication systems (Sung et al., 2006;
Doken and Kartal, 2017; Yang et al., 2020; Yin et al., 2018; Barros et al., 2017) are some of
the application areas of FSSs. Most of these applications require stable frequency response
against the changes in the angle of incidence of the electromagnetic wave. Multiple FSS
structures have been proposed to achieve a stable frequency response (Yan et al., 2015; Zhao
et al., 2016; Azemi, Ghorbani, and Rowe, 2015). The common feature of these works is the
proposal of various methods to reduce the FSSs' unit cell sizes. A miniaturized FSS that is
angularly stable up to 60 degrees of incidence angles is presented in (Varuna, Ghosh, and
Srivastava, 2016). In (Mingbao et al., 2014), an anchor-shaped FSS with dual-band stopping
behaviour is proposed, which exhibits excellent miniaturization with "0.065A x 0.0761", where
"A" represents the free-space wavelength of the resonance frequency. In (Kartal, Golezani, and
Doken, 2017), a hybrid FSS geometry is proposed to achieve multiple stopbands and stable
frequency response in small cell sizes.

The frequency responses of FSSs are achieved by executing commercial electromagnetic
simulators. The equivalent circuit (EC) models, based on the approximation of the frequency-
selective surface as a lumped circuit, are mostly used in the literature to reveal the relationships
between the frequency responses and the parameters of FSSs (Langley and Parker, 1982; Using
et al., 2017; Fallah, Ghayekhloo, and Abdolali, 2015). EC models are valid up to the frequency
at which grating lobes occur (Munk, 2000). In (Borgese and Costa, 2020), the higher-order first
harmonic Floquet effect is considered by including an additional lumped element. In (Costa,
Monorchio, and Manara, 2012), the transmission and reflection characteristics of FSSs are
evaluated using a simple and accurate first-order circuit approach. This work also analyses and
models the oblique incidence effect on the impedance of the frequency-selective surface.

FSSs are defined by various parameters depending on their geometries. Among these
parameters, the distance parameter (“g” in Figure 1) between periodic conductor geometries is
essential. However, the effect of this parameter on the frequency stability of FSSs has not been
sufficiently investigated to date, except the work in (Costa, Monorchio, and Manara, 2012),
which analyses and models the oblique incidence effect on the impedance of the frequency-
selective surface.

This study aims to investigate the effect of the distance (g) (Figure 1) between unit cell
geometries on the frequency response of FSSs. Four different FSS geometries are selected for
this purpose. Simulations of these FSS geometries were carried out by Ansoft HFSS software.
The EC model is also used to determine the relationship between its parameters and the
frequency response of FSS.
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Figure 1. The distance (g) between unit cell geometries.
2. Materials and Methods

In this work, four different FSS geometries, shown in Figure 2, are employed to reveal the effect
of the “g” parameter on the frequency response of FSSs: Square Loop (SL), Circle Loop (CL),
Four-Legged Loaded (FLL), and Modified Four-Legged Loaded (MFLL). These well-known
loops typed FSS geometries have almost stable frequency responses and their resonant
wavelengths are almost equal to the length of their circumferences [7].

e

(b) () (d)

Figure 2. a) Square Loop b) Circle Loop c¢) Four-Legged Loaded d) Modified Four-Legged Loaded.

EC model is efficiently used in the design and optimization stages of this work to determine the
effect of the parameters of the FSS on its frequency response. As an example, a single-resonance

band-stop FSS geometry and its EC model are shown in Figure 3. The arrow next to E denotes
the direction of electric field lines in Figure 3. The equivalent capacitance (Coc%) is defined by

the width of the gap (w) and the distance (g) between periodic element geometries, while the
equivalent inductance (Loc %) is defined by the length (d) and width (w) of the current path.

Since the FSS behaves like a metal wall when its impedance approaches zero, the resonance
frequency of the FSS is derived as shown in Eqg.1. As it is clear from Eg. 1, the resonant
frequency of the FSS depends on its geometrical parameters.
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Figure 3. A sample FSS and its EC.
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In the first stage of this work, the resonance frequency of each FSS geometry is optimized in
the 2.5-3.5 GHz frequency band while maintaining the unit cell dimensions to be close to each
other. Therefore, FSSs' incident angle behaviour is not affected by the dimensions of the unit
cells. In the second stage of the work, the incident angle stability of FSS geometries is
researched by simulating the FSS geometries for different incidence angles ang “g” parameter
values.

fe 1)

3. Results and Discussion

In the first stage of this work, the resonance frequency of each FSS geometry is optimized in
the 2.5-3.5 GHz frequency band while maintaining the unit cell dimensions to be close to each
other. The achieved unit cell dimensions and resonant frequencies for TE polarization at normal
incidence angle for 1 mm spacing between unit cells (g) are SL (21 mm, 2.42 GHz), CL
(21.4 mm, 3.10 GHz), FLL (21 mm, 2.89 GHz), and MFLL (21 mm, 2.48 GHz). The resonant
frequency of the CL geometry occurs at a higher frequency due to the shorter conductor path
length.

In the second stage of the work, the FSS geometries are simulated from normal to 50 degrees
of incidence angles (0) at TE (Transverse Electric) and TM (Transverse Magnetic)
polarizations. Significant conclusions are revealed from the achieved simulation results.

The average ratio of the difference between the resonance frequencies at “g=2 mm” and
“g=0.1 mm” to the resonance frequency for “g=2 mm” is given in Table 1 for each FSS
geometry. The average ratios were calculated from all incidence angle results. Variation of
resonant frequencies with respect to “g” values for normal incidence angle is also given in
Figure 4. The FSS geometries in this work are symmetrical with respect to the "x" and "y" axis
and their simulation results for normal incidence angle are same for TE and TM polarizations.
Therefore, only TE polarization results are given in Figure 4. As shown in Table 1 and Figure 4,
achieved resonance frequencies are significantly reduced with the decrease of "g" values at all
polarizations. This issue can easily be expressed by using EC theory. As the distance between
unit cell geometries decreases, the equivalent capacitance increases and resonance frequency
decreases (Eg. 1). As expected, the maximum change in resonant frequency occurs at the SL

geometry due to having maximum equivalent capacitance value between unit cell geometries.
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Figure 4. Variation of resonant frequency with “g” values (6=0°, TE polarization).

Table 1: The average ratio of the change in resonance frequency between “g=2 mm” and “g=0.1 mm” to the
resonance frequency for “g=2 mm”: (fg=omm - Fg=0.1mm)/Fg=2mm.

TE TE TE TE ™ ™ ™ ™
RL CL FLL MFLL RL CL FLL  MFLL
55.11% 16.89% 15.44% 19.39% 56.04% 16.92% 19.11% 23.48%

The resonance wavelengths corresponding to the "g" parameter values for each FSS geometry
are denoted in Table 2. According to the results in Table 2, 0.1 mm of "g" value is less than 1%
of the resonance wavelengths, and the 2 mm of "g" value is approximately equal to the value
of 2% of the resonance wavelengths.

Table 2: The resonance wavelength correspondence value of the “g” parameter at 8=0°,

TE TE TE TE ™ TM ™ ™
2mm  1mm 05mm 0.1mm 2mm 1mm 0.5mm 0.1mm
RL 1.92% 0.81% 0.34% 0.04% 1.92% 0.82% 0.33% 0.04%
CL 2.22% 1.03% 0.49% 0.09% 2.23% 1.03% 0.49% 0.09%
FLL 2.05% 0.97% 0.46% 0.08% 2.05% 0.97% 0.46% 0.08%
MFLL 1.80% 0.83% 0.40% 0.07% 1.80% 0.83% 0.40% 0.07%

Achieved transmission (S21) resonance frequencies with respect to incidence angles are given
in Figures 5-12 for “g" parameter values between 0.1 mm to 2 mm at TE polarization. It is clear
from the simulation results that the frequency response of the FSS is unstable when the "g"
value is less than 0.1% of the resonance length. On the other hand, when the "g" value
approaches 2% of the resonance length, the change in the frequency response of the FSS
becomes almost stable and sudden changes in resonant frequency do not appear.
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Figure 5. The variations in resonance frequencies for different incidence angles (SL, TE polarization).

TE 1mm TE 0.5mm e=—=TE 0.1mm

seseeTE2mm

2.0%

1.5%

1.0%
0.5%

(%) @8ueyd 'y

Theta (degree)

Figure 6. The variations in resonance frequencies for different incidence angles (CL, TE polarization).
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Figure 7. The variations in resonance frequencies for different incidence angles (FLL, TE polarization).
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Figure 8. The variations in resonance frequencies for different incidence angles (MFLL, TE polarization).

According to the simulation results in Figures 9-12, the resonance frequencies increase with the
increase of incidence angle at TM polarization. This issue can easily be expressed by using EC
theory. The stored electric field energy between unit cells decreases with the increase of the
incidence angle at TM polarization, which leads to decreased equivalent capacitance values. As
a result, resonance frequency increases (Eq. 1).
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Figure 9. The variations in resonance frequencies for different incidence angles (SL, TM polarization).
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Figure 10. The variations in resonance frequencies for different incidence angles (CL, TM polarization).
Figure 11. The variations in resonance frequencies for different incidence angles (FLL, TM polarization).
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The results in Table 3 are the mathematical summary of the results achieved from Figures 5-
12. In this table, the instability of the resonance frequencies for the value of g=0.1 mm is clear.

Table 3: The ratio of the maximum resonance frequency variation between 0-50 degrees of incidence angles to
normal incidence: (fmax a6 - fe=0)/f e=0.

TE TE TE TE ™ ™ ™ ™
2mm Imm 0.5mm 0.1mm 2mm Imm 0.5mm 0.1mm
RL 1.56% 2.85% 5.96% 19.01% 2.18% 2.20% 6.46% 9.90%

CL 0.30% 1.61% 1.16% 1.82% 1.25% 2.84% 3.33% 3.20%
FLL 0.33% 0.14% 1.02% 7.52% 2.87% 2.83% 3.50% 3.56%
MFLL 2.30% 3.30% 1.25% 4.27% 6.13% 6.36% 4.17% 4.77%

4. Conclusion

The most crucial result revealed in this study is that the distance (“g”) between periodic
conductor geometries significantly affects the incidence angle stability of the FSS. An
interesting result is revealed that the angle stability of the FSSs deteriorates as the "g" parameter
decreases. As the value of the "g" parameter decreases, the unit cell size of the FSS decreases.
It is known from the FSS theory that the incidence angle stability increases as the unit cell size
decreases. This result does not coincide with the general theory of FSS. The incidence angle
stability of the observed FSSs greatly decrease when the "g" value is almost reduced below
0.1% of the resonance wavelength. The observed "0.1%" resonance wavelength value varies
according to the type of FSS geometry and its parameters. However, it can be specified that the
decrease in the distance between the periodic geometries increases the interference effect
between the conductor geometries. Consequently, as the angle of incidence of the
electromagnetic wave changes, the interference at different places of neighbouring unit cell
geometries leads to unstable frequency response. This issue should be considered during the

design phase of FSSs.
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