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Abstract — This research investigates a multi-resonant
frequency selective surface (FSS) structure with convo-
luted meander line. An equivalent circuit analysis was
conducted in three different 10x 10 array structures hav-
ing 200 mm x 200 mm size with 10 mm x 10 mm
unit cell. The simple plus structure achieved a single res-
onant frequency of 10 GHz at —27 dB, dual frequen-
cies of 4.6 GHz at —22 dB and 11.6 GHz at —28 dB
while increasing the length of meander lines to three
turns. By adding an extra six turns for a total of nine
turns, the structure achieved three resonant frequencies
of 3.4G Hz at —28 dB, 10.6 GHz at —22 dB and 16 GHz
at —20 dB. The polarization insensitivity and transmis-
sion coefficient in transverse electric (TE) and transverse
magnetic (TM) modes has been validated with the equiv-
alent circuit model (ECM) and tested with measurement
also. The result demonstrates that the proposed FSS can
be applied for WiMax, X and Ka-band wireless commu-
nication and radar systems applications.

Index Terms — Convoluted meander line, frequency
selective surface, polarization insensitivity, transmission
coefficient, wireless communications.

L. INTRODUCTION

Frequency selective surfaces (FSS) have emerged
as a key technology in various fields of electromag-
netic wave engineering due to their ability to selec-
tively control the transmission and reflection of elec-
tromagnetic waves at specific frequencies [1H3l]. How-
ever, they might not fully address real-world problems
such as difficulty in fabrication, scaling concerns and
performance constraints in particular scenarios. Meander
line structures have been widely used in FSS design to
achieve multi-resonant behavior [4H6], further improved
by using convoluted meander lines. These works might
not include in-depth analyses of constrained bandwidth,
sensitivity to environmental changes and challenges in
attaining desired resonant behavior over a broad fre-
quency range. Convoluted meander line structures dif-
fer from traditional meander lines by incorporating folds
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or curves. Polarization insensitivity as a result of the
uneven composition has been reported in [7] and shows
angular stability under transverse electric (TE) and trans-
verse magnetic (TM) modes from 0° to 80° with a min-
imum frequency deviation of less than 1% but at lower
frequency band from 1 to 2 GHz only. FSS structures
having conductive path extension and higher inductance
value has been proposed for 5.5 GHz WLAN applica-
tions [8]]. References [9H11] demonstrate the approach
to enhance the resonant behavior of FSS to operate at
multiple frequencies.

Many researchers have proposed the different types
of convoluted meander line structures, such as zigzag
[12H14], serpent [[1SH17]] and square convoluted mean-
der lines [[18] [19]]. These studies examined the resonant
characteristics of FSS structures based on convoluted
meander lines, and designed and analyzed three different
convoluted meander line structures, each with increas-
ing numbers of turns, to explore their resonant behavior.
The equivalent circuit model (ECM) was used to obtain
inductance and capacitance values for each structure,
providing insights into the underlying physics [20-22].
These results demonstrated the potential of convoluted
meander lines for achieving multi-resonant frequency
behavior in FSS, with potential applications in numer-
ous fields [23H25]]. Recent advancements in FSS technol-
ogy have led to the development of new structures with
improved performance. For instance, the use of fractal
geometries has been shown to enhance the bandwidth
and polarization selectivity of FSS structures [26H28]].
Similarly, the incorporation of metamaterials has enabled
the design of FSS structures with unique characteris-
tics like inverse refraction index and complete absorption
[29H31]. However, the use of convoluted meander lines
remains an attractive option due to its simplicity and
versatility. The structures can be easily fabricated using
standard photolithography techniques, and their perfor-
mance can be easily optimized by adjusting the quan-
tity of rotations and the distance between meander lines
[32H34]). Moreover, the resonant behavior of convoluted
meander line FSS structures can be further enhanced
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by incorporating additional elements such as slots and
patches [35H37].

These elements can introduce flexibility in the
design process, resonant frequencies and bandwidths
variation. In summary, convoluted meander line struc-
tures have emerged as a promising approach for achiev-
ing multi-resonant behavior in FSS structures. Minia-
turization is one of the reasons to overcome these con-
straints, especially with regard to unit cell size [7].
Smaller unit cells in FSS and meander line architectures
are frequently preferred for a variety of uses, including
integrated microwave components or compact antenna
designs. It is difficult to achieve miniaturization with-
out sacrificing performance. At smaller scales, fabrica-
tion techniques might find it difficult to produce exact
features, which would raise complexity and cost. Reduc-
ing the size of unit cells can also bring additional elec-
tromagnetic phenomena that influence the behavior of
the device, for impacts of surface roughness or height-
ened sensitivity [8] to surrounding objects or substrate
qualities. Proposing new fabrication methods that are
optimized for miniaturization and creative design strate-
gies that lessen the effects of environmental influences
are crucial. Overcoming these obstacles advances our
knowledge of FSS and meander line topologies while
also paving the way for more reliable and useful applica-
tions across a range of industries.

A compact single-layer bandstop FSS with good
angular and resonant stability is presented in [38]. In
contrast, [39] introduces a single-layer band pass FSS
that resonantly covers the entire X-band (8-12 GHz) with
good polarization and angular stability, thanks to tunable
filter elements. The smaller size of the unit cell [39] may
prevent it from providing a solution as compact, and it
does not emphasize the miniaturization. Reference [40]
suggested downsized double stop-band FSS for WLAN
was built on the cross-zigzag loaded line and internal
branches of a ring patch.

Hexagonal split-ring 2.5-dimensional unit cell is
suggested in [41] for applications involving FSS. A
metallic structure that has a dual-bandstop feature and
a convoluted meander line incorporated cross dipole is
presented in [42]. The fabrication of microwave com-
ponents has made use of various additive manufactur-
ing (AM) techniques and those are discussed in [43]. A
compact single-layer bandstop FSS with good angular
and resonant stability is presented in [44]. A novel tri-
band complementary frequency selective surface (CFSS)
with a conventional geometry made up of double con-
centric rings was proposed by the authors in [45]. FSS
with gain improvement is included in an efficient ultra-
wideband (UWB) cyclic monopole antenna, as reported
in [46]. In [47]] the grating lobes are used for miniatur-
ization and create a reduced single-layer FSS operating
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at 2.6 GHz. Using square loop, ring loop and cross dipole
structures on a single layer, two small dual-band FSS
structures [48] and a tri-band FSS [49]] and low-profile
tri-band bandpass FSS using two-dimensional repetition
of a unit cell with four apertures [S0] are detailed for the
investigation of angle variation.

In this research article, we presented a novel minia-
turized tri-band FSS featuring meander lines. We pro-
posed the design and analysis of three different FSS
structures, each exhibiting a resonant frequency that
varies as the convoluted meander line’s length and turns
are adjusted. To illustrate our approach, we introduce
the suggested FSS arrangement along with unit cell
schematic and an equivalent circuit. Miniaturization has
been achieved with a unit cell having dimensions 10 mm
x 10 mm. The characteristics of structure have been
evaluated with different polarizations and angles of inci-
dence of the planar wave. After many trials, three struc-
tures have been chosen and the optimized FSS 3 struc-
ture is proposed to a wide range of WiMax, X-band
and Ka-band wireless communications and radar sys-
tem applications that use FSS to reflect, absorb or trans-
mit electromagnetic waves, which improve radar effec-
tiveness in applications such as surveillance, navigation
and target detection. The FSS’s polarization insensitivity
and high transmission coefficient highlight its potential
for a wide range of communication and radar applica-
tions, displaying versatility and performance across mul-
tiple frequency bands. This analysis aims to evaluate the
effectiveness and performance of the proposed FSS 3.

The uniqueness of our proposed work has been
listed here.

* Multi-resonant FSS with convoluted meander lines

* Design evolution for miniaturization

 Equivalent circuit model analysis

¢ Tri-band resonant behavior: At 3.4 GHz, 10.6 GHz
and 16 GHz. This tri-band behavior is a signifi-
cant advancement, offering versatility for applica-
tions requiring operation across multiple frequency
bands.

* Stability and polarization insensitivity

* Compact and cost-effective design.

I1. DESIGN EVOLUTION

The meander line length from FSS 1 to FSS 3 has
been decided based on the change in resonant frequency
which in turn depends on the inductance and capaci-
tance values. The turns in the meander lines have been
increased to alter the electrical characteristics at multi-
ple frequencies simultaneously, as demonstrated by the
tri-band behavior in FSS 3. The other parameters like
meander line length and slot are obtained by equations

and (2).
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The design process from FSS 1 to FSS 3 with change
in turns number has been depicted in Figs. [I] (a-c). The
design has been fabricated on a FR4 substrate having
thickness of 1 mm, permittivity of 4.3 and loss tangent
of 0.02 to be cost-effective compared to Roger mate-
rial which was used by most of the researchers in the
literature. The permittivity of 4.3 gives precise elec-
trical resistance to successfully manipulate electromag-
netic waves inside the structure, and low loss tangent of
0.02 guarantees the signals pass with minimal loss. A
magnetic susceptibility of 1 signifies the substrate’s non-
responsiveness to magnetic fields, which simplifies the
process of designing and analyzing the FSS structure.

For conducting simulations, the CST Microwave
Studio simulation tool is used for employing periodic
boundary conditions based on Flouquet’s method. First,
FSS 1 is designed in a plus-shaped structure as shown
in Fig. [T] (a) that results in single resonant frequency.
To improve the performance of the structure to multi-
band, FSS 1 has been extended with an L-shaped slot
connected at each end of the plus structure and thereby
increasing the meander line with three turns as depicted
in Fig. [T) (b). To examine the connection between mean-
der line length and resonant frequency, we incorporated
two more L-shapes as meander lines with six turns, as
presented in Fig. [T] (c).

The transmission characteristic of FSS 1 resonates at
10 GHz and dual resonant frequency was observed from
the FSS 2 structure at 4.7 GHz and 11.6 GHz as shown in
Figs. |Z| (a) and (b). With a meander line length increase,
due to inductive reactance variation, the FSS 3 structure
exhibits tri-band resonant transmission characteristics at
3.4 GHz, 10.6 GHz and 16 GH as shown in Fig. 2] (c).
The shift in resonant frequency for the additional slot
introduced has been compared in Fig. [2] (d). The opti-
mum dimensions of unit cell were chosen after many tri-
als and based on defined formulas. They are p=10 mm,
1=4.6 mm, W=0.3 mm and W,=0.7 mm, with a unit
cell free space wavelength of 0.038A. The dimensions of
a single-layer FSS having convoluted meander line FSS
design has been calculated using equations (1)) and ().
Each unit cell is composed of 10 metallic strips featuring
nine turns with length decided by:

My = 2L1 +2L2 +2L3 +2L4 +2L5. 1)

The slots dimension is given by:

M; = 2slot1 + 2slot2 + 2slot3. 2)

The stability of the proposed FSS 3 is investigated in
terms of its polarization as shown in Fig. [3] For the FSS
3 structure, the signal transmission efficiency has been
analyzed for 0° to 45° 0 and ¢ values at both TE mode
and TM mode. It proves good stability with 0% shift in
frequency at triple band having 3.4 GHz, 10.6 GHz and
16 GHz resonant frequencies at both TE mode and TM
mode for different polarizations. The resonance is main-
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Fig. 1. FSS structure design: (a) FSS 1, (b) FSS 2, and
(c) FSS 3.
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Fig. 2. Transmission properties: (a) FSS 1, (b) FSS 2, (¢)
FSS 3, and (d) comparison of all structures.

tained across all four values of ¢, with the transmission
coefficients being —28 dB, —21.5 dB and —20 dB for
the three bands, respectively. In Figs. E| (c) and (d), the
proposed FSS 3 is examined for vertical and horizontal
polarizations, respectively.

When the angle of incidence 0 is 0° for vertical
polarization, FSS 3 displays a tri-band with 0% shift. At
0=15°, there is a 0.2% shift in the resonant frequency at
16 GHz, which changes to 15.8 GHz at —19 dB. Sim-
ilarly, at ©=30°, the resonant frequency shows a 0.2%
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shift, resulting in a value of 15.6 GHz at —15 dB. How-
ever, at ©=45° there is no shift, and the resonant fre-
quency remains the same as that at 30°.

For horizontal polarization at 6=0°, there is a 0%
shift in all three resonant frequencies. At 6=15°, there
is no change in the first and second resonant frequencies,
but there is a 0.2% shift in the return loss at 16 GHz from
—20 dB to —19.8 dB. At 6=30° and 0=45°, there is a
0% shift in the 3.4 GHz resonant frequency, while there
is a 0.1% shift in the return loss of the 10.6 GHz reso-
nant frequency from —21.7 dB to —20.1 dB. The return
loss for 16 GHz resonant frequency shifts from —20 dB
to —15 dB, but the resonant frequency remains stable at
16 GHz.

III. EQUIVALENT CIRCUIT MODEL

Monitoring the electric and magnetic field distribu-
tions is an important task throughout the development
process of FSS structures. Particularly, the electric field
distribution holds significant value as it reflects the con-
servation of energy within the unit cell. Analyzing this
electric field distribution enables the identification of the
resonant frequencies of the FSS configuration. To design
these resonances effectively, an equivalent LC resonant
circuit can be employed, which can be applied in addi-
tion to transmission line section, especially when dealing
with convoluted meander line structures. This method is
highly effective in determining resonant frequencies of
FSS structures, which is vital for optimizing their perfor-
mance. Furthermore, studying the distribution of electric
and magnetic fields can lead to a better comprehension of
the behavior of FSS structures, which in turn can enhance
their design and performance.

Figure@ (a) shows the simulated electric field distri-
bution of 2x?2 unit cell array. From the figure it is under-
stood that the field distribution is of higher strength at the
vertical end of the plus slot rather than at the center. The
electric field distribution of FSS 1 displays a strong con-
centration of charges at both the top and bottom edges,
resulting in a dominant capacitive effect.

Figure[d](b) displays the ECM of an individual layer
FSS unit cell as the series LC resonator having free space
wave impedance, Zy = 377 . The inductance L repre-
sents the metallic strip and the coupling between strips
represents the capacitance C. Figure[](c) shows the com-
parison of transmission coefficient at 10 GHz for full
wave analysis and equivalent circuit model analysis hav-
ing lumped parameters L;= 0.679 nH and C; = 0.37 pF.
The ability of signal propagation is slightly higher in
simulation than the ECM model but no shift in resonant
frequencies was observed.

This analogous circuit model-series LC resonator is
used to represent the basic behavior of the FSS. The reso-
nant behavior of the FSS at particular frequencies and the
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relationship that exists between the external electromag-
netic fields and the FSS structure has been derived from
this circuit. The relationship between the circuit param-
eters and the proposed FSS parameters is outlined based
on [51]:

le ot 1
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The impedance Zpgs of the ECM can be obtained

by calculating the sum of the dimensions of the mean-

der lines (L;;,.) and the dimensions of the meander slots
(Lsor)-

“

Zrss =

(ijl + ﬁ) (ijz + ﬁ) + (ij3 + /w%z)

jo (Ly + Ly + L3) + + 2 + a6

)

)
where Zpss is ECM’s impedance equivalent. Utilizing
the tenets of wave propagation, the transmission factor
of the novel ECM can be determined through the subse-
quent calculation:

2Zrss

T(@) 2Zpss +Zo ©

By examining the equivalent circuit, we can deduce

that when Zpgg = 0 Q, three transmission zeros are
present, and when Zpgs = oo, one transmission pole
exists. Equation (7) can be utilized to calculate the fre-

quencies of these zeros and poles:
1 1

1
JoCy

Olzero = ———; =——+—— (72
1zero m D2zero m T L2 C2 ( )
1
— , b
W3zero VLI Cp 4+ VI Gy +++/1L3C5 (70)
C C C
a)pole = ( iy 3) . (70)
(L1 + L, + L3) (Cr + G + C3)

The electric field distribution of two parallel LC
sections as a result of convoluted meander lines addition
has been analyzed in Fig.[5] The electric field distribution
of the resultant FSS 2 structure exhibits a greater concen-
tration of charges at the edges of the convoluted meander
lines in comparison to FSS 1, as displayed in Fig.[3](a).

Unlike in FSS 1, all four ends of the plus slot
have been charged equally with electric fields due to
additional L slots in the form of convoluted meander
lines. The ECM and comparison of transmission behav-
ior between the ECM and full wave simulation are dis-
played in Figs. |§] (b) and (c), respectively. The calcu-
lated and simulated optimum LC values are: L;=4 nH
and C1=0.29 pF, L,=0.2 nH and C,=0.94 pF. The trans-
mission behavior is similar to FSS 1 at 4.6 GHz and
11.6 GHz dual resonant frequency.

FSS 3 has been analyzed at 3.4 GHz, 10.6 GHz
and 16 GHz resonant frequencies as shown in Fig. [f]
The derived LC values for the meander lines having
higher number of turns are: L;=4 nH and C;=0.55 pF,
1,=0.55 nH and C,=0.41 pF, and L3=0.5 nH and
(3=0.196 pF. The combination of three different induc-
tances and capacitances were connected in parallel, as
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Fig. 5. (a) Electric field distribution at 4.6 GHz and
11.6 GHz, (b) ECM circuit, and (c) Comparison between
full wave and the ECM analysis of FSS 2.

illustrated in Fig. [f] (b), was simulated and compared
with the full-wave simulation of FSS 3 behavior pre-
sented in Fig. [f](c).The comparison shows strong agree-
ment between simulation and ECM analysis with no shift
in frequency at three resonant frequencies.

It is important to note that these parameters are spe-
cific to the circuits proposed in the respective figures
mentioned above. Figures[d] [5|and[6]indicate that a single
resonant frequency of 10 GHz can be demonstrated by a
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single plus structure (FSS 1) and with increase in mean-
der line length by three turns, a dual resonant frequency
is achieved at 4.6 GHz and 11.6 GHz. Subsequently, the
FSS 3 structure, which includes an additional six turns in
the meander lines, achieves tri-band resonant frequencies
at 3.4 GHz, 10.6 GHz and 16 GHz.

IV. MEASUREMENT ANALYSIS OF
RESULTS

Measurements entail the usage of two wide-range
horn antennas along with a vector network analyzer with
the proposed FSS prototype at the center point between
two horn surfaces as shown in Fig. [7| (a). The single-
layer FSS created to demonstrate the simulated perfor-
mance has been fabricated with 200 mm x 200 mm
size as shown in Fig. [7] (b), accompanying an assem-
bly of 20x20 individual unit cell. The unit cell of fab-
ricated single-layer FSS for 10 mm x 10 mm is shown
in Fig.[7] (c).

The measured TE and TM mode transmission coef-
ficient for 6 value from O to 45 degree in a 15-degree
increased step size has been plotted in Figs.|§|(a) and (b),
respectively. A multi-frequency reaction is observed with
an augmentation in meander lines, and the points of zero
transmission remain unwavering across different angles
of incidence for both TE and TM mode polarizations,
aligning through exhaustive wave simulations. Polariza-
tion insensitivity has been achieved for angle variation at
multi frequency and proved through measurement. The
discrepancy of 5 dB between the calculated and simula-
tion results for the proposed three types of FSS is due to:

1) The ECM as a set of lumped circuit elements may
not fully capture the intricacies of the actual elec-
tromagnetic interactions.

ii) Assumptions made in developing the ECM, such as
neglecting mutual coupling between adjacent unit
cells or ignoring edge effects, can lead to inaccura-
cies in the calculated results.

iii) Variations in fabrication tolerances, material prop-
erties or environmental conditions.

For easy understanding, the simulated and mea-
sured TE mode results of frequency shift for polariza-
tion insensitivity have been compared for an angle range
from 15° to 45° as shown in Table [Tl We observed zero
frequency in simulation for all three resonant frequencies
and this shift changes up to 0.2% in measurements. Simi-
larly, the transmission coefficient has gained shift at third
resonant frequency for all angle values and no change for
the remaining two resonant frequencies.

The other notable achievement of this proposal,
miniaturization, has been evidently compared with other
similar FSSs having a single-layer for three band appli-
cation as in Table |2| It is noticed that the frequency
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(b)

FSS Unit cell

10mm*10mm

Fig. 7. FESS 3 structure: (a) measurement set up, (b) fab-
ricated prototype, and (c) unit cell.

change with respect to 8 angle is negligible at 0.2%, and
happens at 45 degrees with size reduction of about half
in both length and width of FSS as compared to [50] and
[43]] given in Table[3]

The proposals in [50]], [49] and [43] achieved three
bands with a single layer, but with higher size which is
more than twice compared to our design. In contrast, [47]]
shows smaller unit cell diameters than the others but with
a single band. These dimensions differ greatly amongst
references, reflecting different designs and applications.
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Table 1: Comparison of simulated and measured results
for TE mode

Degree Simulated \ Measured
Transmission Coefficient (dB)
15 —28 @34GHz | —20 @ 159 GHz
30 —21 @ 10.6 GHz | —15 @ 15.8 GHz
45 —20@ 16 GHz | —15 @ 15.8 GHz
Shift in Frequency (GHz)
15 No shift 0.1% @ 15.9
30 0.2% @ 15.8
45 0.2% @ 15.8

This shows the newness of our work having tri-band
application aimed at compactness.

V. CONCLUSION
In this study, a miniaturized approach of FSS struc-
ture having single layer and periodicity of 10 mm? for
triple band wireless application has been presented. To
achieve the desired performance, the convoluted struc-
ture based on meander lines was fabricated in FR4 sub-

ACES JOURNAL, Vol. 39, No. 07, July 2024

Table 2: Parametric comparison with other works

Ref |Thickness| ¢, |Layer | Band | O shift
(mm) (%) & (°)
[38] 1 4.4 2 2 0.9 & 60
[39] 1 4.4 2 1 0.8 & 60
[40] 04 44 1 2 2.2 & 85
[41] 0.125 2.7 1 1 6.93 & 45
[42] 1 4.3 1 1 6 & 60
This 1 4.4 1 3 02 &45
Work

Table 3: Unit cell size and bands comparison with other
works

References | Number of | Number | Size (mm?)
Bands of Layers

[50] 3 Single 20.6 x 20.6
[47] 1 Single 9.45 x 9.45
[48] 2 Single 112 x 11.2
[46] 1 Single 30 x 30
[49] 3 Single 24 x 22
[45]] 3 Single 24 x 24

This Work 3 Single 10 x 10

strate having well-defined dielectric properties and mag-
netic permeability. The proposed FSS in three versions
has been simulated for single, dual and triple band reso-
nant frequency. FSS 3 for triple band has been fabricated
at 200 x 200 mm as an assembly of 20x20 individual
unit cells. The structure exhibited tri-band resonance at
3.4 GHz, 10.6 GHz and 16 GHz, with a shift of 0% in
frequency for both TE and TM mode, proving its stabil-
ity for different polarizations. The resonance was main-
tained across all values of ¢, with transmission coeffi-
cients being —28 dB, —21.5 dB and —20 dB for the three
bands, respectively. FSS 3 was also examined for vertical
and horizontal polarizations, and it was found that it had
good stability for different angles of incidence 0. This
paper demonstrates that the proposed FSS structure can
be utilized for various applications in the field of wireless
communications.
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