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Abstract

In this work, we analyzed the effects of varying the size of the

shapes that compose a Sub-THz frequency-selective surface (FSS)
to study the impact of inter-element spacing. We designed and
simulated a unit cell with ring-shaped elements using finite
element software. The results demonstrated a significant redshift
(displacement toward lower frequencies) when the shapes are
positioned closer together, in contrast to the shift toward higher
frequencies observed at greater separations. Consequently, we
concluded that the resonance frequency shifts by 1.05 GHz when
the geometry increases by 0.0025 mm?, and approximately doubles
the frequency displacement when the area increases to 0.005 mm?.
This result indicates that doubling the unit of the geometry's area
causes the resonance frequency to shift by twice as much as well.

Keywords — Frequency selective surface (FSS), Sub-THz, 6G
wireless communications, Passive filters.

L INTRODUCTION

Frequency selective surfaces (FSSs) and emerging
technologies, such as metasurfaces[1], [2], [3], metamaterials
[4], [51,[6], [7], and 2D materials like graphene and the novel
MXenes, have attracted significant attention in the scientific
community in recent decades due to their impressive
mechanical, electrical, thermal, and optical properties[8], [9],
[10], [11], [12], as well as their ability to control
electromagnetic waves, as is the case with metasurfaces and
FSSs. These technologies' development represents a significant
advancement in creating compact micro- and nano-scale
components and devices that can be integrated into
optoelectronic and photonic systems, which are essential for
applications in various fields such as security, medicine, and
especially telecommunications.[13], [14], [15], [16], [17]. The
study of the FSSs began with a documented scientific exchange
between Francis Hopkinson and the American physicist David
Rittenhouse, published in 1786. Hopkinson described a curious
phenomenon involving a silk handkerchief, stating: “Agreeably
to my expectation I observed the filk threads magnified to the
size of very coarse wires; but was much surprised to find that,
although I moved the handkerchief to the right and left before
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my eyes, the dark bars did not seem to move at all, but remained
permanent before the eye.” [18] This observation motivated the
study of periodic structures, and it is reported thatthe first
patent related to FSSs was filed in 1919 by Marconi and
Franklin, who designed a parabolic reflector consisting of a
non-continuous surface made of horizontal wires. Later, FSSs
began to attract intensive research interest for military
applications around the mid-20th century.[19], [20], [21], [22],
[23]. Over time, with an increased understanding of this
technology and the development of other technologies, new
applications emerged (see Figure 1).

FSSs, like metasurfaces and metamaterials, are  based on
periodic patterns (see Figure 2). This technology consists of a
matrix of elements referred to as unit cells, which are analogous
to the atoms of a material. These unit cells define the periodicity
of the structure and the properties that characterize it [22], [24].

Technalugics + Applicatisns

Figure 1.- Representation of development road map for FSSs.[25]

The behavior and performance of FSSs depend significantly on
the geometry of their resonator elements. Over the past few
decades, numerous geometries have been studied and classified
into different categories, as shown in Figure 3.[22] These
studies aim to determine the resonance frequency, bandwidth,
and optimal control of electromagnetic fields efficiently,
enabling FSSs to selectively transmit or directionally reflect
electromagnetic waves across a broad spectrum, ranging from
microwaves to optics, including the Terahertz (THz) band gap.
[19], [21] Currently, FSSs have garnered extensive attention
because they are becoming increasingly crucial for sixth-
generation (6G) communication systems (see Figure 2b), as
well as for intelligent, reflective surfaces (IRSs), given their
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capacity to suppress interference and improve channel

quality.[25], [26], [27]

(b) FSS-assisted Air-Ground communications
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Figure 2.- a) Schematic representation of a Frequency Surface Selective with

ring elements. 'S' is the incident wave, '&' is the reflected wave, and 'S’ is the
transmitted wave. b) Illustration of FSS-assisted future 6G networks.[25]
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Figure 3.- Different shapes of resonant elements arranged in groups.[22]

In this work, we aim to contribute to the state of the art by
analyzing the effects of inter-element spacing and improving
the efficiency of frequency-selective surfaces (FSSs) through
precise prediction of their behavior. The novelty of this study
lies in presenting the relationship between changes in the area
of the resonator elements and the displacement in the resonance
frequency. We designed a unit cell and calculated its resonance
using a simple resonant circuit. Subsequently, we analyzed the
structure with different distances of the inter-element spacing
using finite element software. Finally, we discuss the results
and present our conclusions.

II. STRUCTURE DESIGN AND SIMULATIONS

This work considers a unit cell with loop-type
geometry elements, forming a Frequency Selective Surface
(FSS). The FSS is modeled using the equivalent circuit shown
in Figure 1b, which is only valid for normal incident waves. In
this simple resonant circuit, the copper ring represents the
inductive part, while the distance between the elements
represents the capacitance of the proposed structure (see Figure
4a). This method of design is used to approximately determine
the resonance frequency.
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Figure 4.- a) Schematic representation of two unit cells that form an FSS with

ring-type elements, where the rings are modeled as the inductive part (L) and
the distance between elements as the capacitive part (C).

b) Equivalent circuit of the FSS.
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Zy is the impedance of free, and Z 11 represents the substrate; L
and C are the equivalent inductance and capacitance,
respectively. To obtain the resonant frequency f, we need to
calculate L and C considering the following equations:[27],
[28], [29]

L= poy-log [sin™" ()] (1

C =€ g€y ~log [sin™t CD)] @)
L+l

Ceff = - 2+ 3)

€69

In this case, “p” is the periodicity of the elements the Imm,
w=0.2mm is the width defined by the inner diameter “d i,” and
the outer diameter “d ext”, g=0.0001mm is the inter-element
spacing, € is the relative permittivity of the substrate, &¢ris the
effective permittivity of the substrate, &o is the permittivity of
free equal to 8.854x 1072 [F/m], and o equal to
4mx10~7 [H/m] is the permeability. The resonant frequency
can be calculated as

1

f=57= “4)

2nViIC

A computational program was used, which provides various
numerical methods for solving problems and conducting
electromagnetic analysis, such as the Finite Element Method
(FEM). For the material properties used in the design and
simulation of the unit cell, copper was assigned an electrical
conductivity of 5.8x107 S/m. At the same time, Arlon AD 300D
was modeled with a relative permittivity of 2.98 and a loss
tangent of 0.002.

Cobre
B
B
din P I
Arlon AD 30051
D
P

Figure 5.- Representation of the FSS unite-cell, where “P” is the periodicity,
“din” is the inner diameter, and “w” is the broad of the ring.
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Figure 5 illustrates the unit cell structure, where the ring has an
inner radius “din” and an outer radius “dext”, which could be
modified by maintaining the same ring width  of “w” but
modifying the value of “g”. The dielectric thickness is 0.05 mm,
and the resonator thickness is 100 nm. Those geometric

parameters, including the ring width, remain constant
throughout the study, as shown in Figure 6.
a) b) | 0%

s *

Figure 6. In the figure, we can see a) the element with initial diameters and a
defined “w” and b) and c) how the radius is more significant, but “w” has the
same value.

The intention is to analyze the behavior when the varied
parameters are the internal and external diameters of the ring.
The analysis begins with an inner radius of 0.2 mm and an outer
radius of 0.4 mm (Figure 6a), incrementing in steps of 0.02 mm
until reaching an inner radius of 0.28 mm and an outer radius
of 0.48 mm. As a final case, an inner radius of 0.299 mm and

an outer radius of 0.499 mm are considered, resulting in a
spacing between resonators of 0.001 mm. Figures 6b and 6¢
show the chances of the resonator element.

III. RESULTS AND DISCUSSION

The resonance frequency can be calculated using
Equation (4), taking the values from Equations (1) and (2) with
p=Ilmm, g=0.000lmm, and w=0.0002mm. From these
calculations, we obtained L=0.252nH, C=0.384pF, and a
resonant frequency of 161.15GHz, similar to the resonant
frequency obtained from the simulation, as shown in the
following graph.

Trasmittance (dB)

-40 -
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Frequency (GHz)

Figure 7. Resonance response under normal incidence: The simulation results
are dashed lines, and the calculated by the equivalent circuit analysis is
indicated by a solid line.

After analyzing the resonance frequency, we considered
different sizes of the elements, adjusting each radius by
0.02mm and, in some cases, by half. The analysis started with
an outer radius ranging from 0.4mm to 0.49mm, given that the
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resonance at 161GHz was achieved with an outer radius of
0.45mm and an inner radius of 0.25mm. As previously
mentioned, this involved varying the inter-element spacing by
reducing or increasing the radius of the elements.
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Figure 8. The following graph shows a) the transmittance coefficient and b)

the reflectance coefficient.

Figure 8 shows the transmission (see Figure 8a) and reflectance
(see Figure 8b). We observe that when the inter-element
spacing increases, the resonant frequency shifts toward higher
frequencies, and when the spacing decreases, the resonance
shifts toward lower frequencies. In Table 1, we can see the
values and differences for each change. Notably, from an outer
radius of 0.4mm to 4.8mm, each increment of 0.02mm results

in a frequency displacement of approximately 14GHz, with one
exception highlighted in yellow in Table 1. In this case, the
increment was 0.0lmm for both diameters, resulting in a
displacement of approximately 12GHz, nearly the same
displacement observed when the radius is increased by
0.02mm.

Frequency (GHz)
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Figure 9.- Tendence of the displacement of the frequency versus the increase
of the radius where the dashed line is the trend.

In Figure 9, we can observe that the results indicate an almost
linear relationship between the increase in geometry (i.e., the
reduction in distance between the elements) and the
displacement toward lower frequencies. Based on this, we
expected a frequency displacement of approximately half the
value observed in the previous case when transitioning from
0.48mm to 0.49mm. It is essential to mention that, as shown in
Table 1, when the diameters are increased by 0.02mm, the area
of the resonant element changes by 0.05 mm2. Consequently,
when the area increases by 0.05mm 2, the displacement in
frequency is approximately 14GHz.
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Tabla 1.- Results of the case 1

fw W Af AS21 Area  AArea
i B B G BT N7 R Pty Ry 3|
04 02 02 19646 —47.97 075

042 022 02 18206 4763 144 034 08 005
044 024 02 1673 4923 1476 16 085 005

046 026 02 152 -5045 153 122 09 0.05
048 028 02 13706 5224 1494 179 095 0.05
049 029 02 125 -52.05 1206 -0.19 098 0.025

We investigated whether changes in the resonant area maintain
a linear behavior to analyze the behavior better when the
elements are very close together (given that the transition from
0.48mm to 0.49mm no longer exhibits a linear response). For
this purpose, we analyzed area changes of 0.005mm 2 and
0.0025mm 2. In other words, starting from an outer radius of
0.49mm, we increased it to 0.499mm. The results obtained are
shown in Table 2. We plot the frequency displacement changes
according to the radius variation, as shown in Figure 9.

Table 2.- Results of the case 2

AS21 Area AArea

Fout Tin w Af
prml ][] TICHEL SZTUBL yep Bl [om?] [mm]
049 029 02 15 5205 0981

0492 0292 02 12303 5033 198 -172 0986 0.005
0494 0294 02 120.3 —49.23 272 272 0991  0.005

049 029 02 152 —50.45 33 33 0.99  0.005
0498 0298 02 13706 5224 388 388 10012 0.005
0499 0299 02 125 —5205 342 342 1.0037 0.0025

In Table 2, we can observe that the frequency displacements are
somewhat similar when the area of the elements increases by
0.005mm 2. Additionally, as highlighted in yellow, we see that
when the area increases by 0.0025mm 2, the resulting frequency
displacement is similar to that observed for an increase of
0.005mm 2. This is consistent with the previous case, where just
like in this case we expected the frequency displacement to be
half of the observed value.

128

126

Frequency (GHz)

108
0439 049 0451 0492 0493 0454 0495 0496 0497 0498 0499
Rout [mm]

Figure 10.- The trend of frequency displacement as a function of increasing
radius is shown, with the dashed line representing the tren d.

With the intention of determining whether this case exhibits
linear behavior, we examined the case where the elements are
somewhat separated. The results in Table 3 and Figure 11 show
improved behavior, indicating that when the area increment is
of 0.005mm?2 the displacement in frequency is to similar anin
this case when the outer radius changes from 0.428mm to
0.429mm, the frequency displacement is approximately half,
how we expected and that this did not happen previous cases,
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where shorter distances between elements did not exhibit such

a trend.
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Figure 11.-. Tendence of the frequency displacement versus the radius
increase where the dashed line represents the trend.

Table 3.- Results of the case 3

Tout Fin w Af AS21 Area  AArea
GHz] 521[dB

ol o) L) 7 (G S2VEEL G gy 2] [

042 022 02 182.06  —47.63 0.805

0422 0222 02 180.26  —47.49 18 -014 081 0.005
0424 0224 02 17918 —49.04 108 155 0815 0.005
0426 0226 02 177.74  —4835 144 -069 082 0.005
0428 0228 02 17594 4865 18 0.3 0.825  0.005
0429 0229 02 175.04 —49.2 0.9 055  0.827  0.0025

IV. CONCLUSIONS

The results of this work indicate that controlling the area of the
resonators could be used to create a model that accurately
describes the operating frequency based on the geometry of the
resonator in the FSSs. Where obtained statistical values
through analysis suggesting that the frequency displacement
could double per area unit (see Table 4).

Table 4.- Statistical values

AArea [mm®]  AF

0.0025 1.026

0.005 2.25

0.025 8.532

0.05 15.435
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