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Abstract: To meet the demand for modern communication technology, the development of satellite
communications has been consistently investigated. In this article, a rectangle-type SRR is attached
to circular-type SRR for obtaining two frequencies in X-band operation. The designed structure
exhibits negative metamaterial properties (Epsilon, mu and refractive index are negative) and the
design was fabricated on a polyimide dielectric material with a 10 × 10 mm2 size. The polyimide
dielectric material is chosen with a thickness of 0.1 mm and a dielectric constant of 0.0027. The
proposed unit cell is designed and simulated by using one of the numerical simulation tools, CSTMW
studio, in which the frequency limit is chosen from 7 to 12 GHz. From the results, we can observe
that the proposed design resonates at two X-band frequencies at 9.84 GHz and 11.46 GHz and the
measurement results of the proposed design resonate at 9.81 GHz and 11.61 GHz. It is worth noting
that the simulation and measurement findings both obtain the same X-band frequencies, with only a
minor difference in the frequency values. Thus, the recommended design is very much useful for
X-band applications.

Keywords: SRR; metamaterial; numerical simulation; satellite communication; modern communication

MSC: 78A50

1. Introduction

In recent decades, researchers from across the world have concentrated their efforts
on the application of metamaterials for a variety of potential future applications. At
first, in 1968 Victor Veselago proposed the concept of a meta-material that does not exist
in nature and shows extreme influence over the E and H fields by employing different
orientations, polarization angles and physical shape of the structure. The meta-materials
have extraordinary features, such as negative permittivity (ENG) [1], negative permeability
(MNG) [2] and negative refractive index [3], as well as electromagnetic (EM) absorption [4],
and can be used in many applications like enhancing antenna performance [5], shielding
applications [6], satellite communication applications [7], energy harvesters [8], filters [9]
and sensors [10].

The 6G era will be characterized by the combination of satellite and ground-based
communication networks. Using radars, numerous uses are available, including estimat-
ing climate change in advance, navigation, communications, defense application, remote
sensing, traffic management between the air and the ground and so on. All radar- and
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satellite-based applications mostly operate in the X-frequency band. Over the last few
decades, numerous authors have proposed metamaterial structures to write articles on
x-band frequency applications. SRRs were discovered to be the most important aspect
in displaying the basic mode, and physical designs have an impact on its frequency of
operation. Numerous articles have been published previously for X-band applications.
In the year 2022, Ali et al. [11] proposed a polarization insensitive absorber using meta-
material properties for c- and x-band applications. Additionally, Idrus IN et al. [12] offer
an Oval-Square Shaped Split Ring Resonator designed specifically for radar and satellite
communication applications. A thin octagonal-shaped SRR was proposed by Abouelna-
gaTG et al. [13] in 2020 for enhancing the functionality of an antenna that operates in the X
and Ku frequency bands. An L-shaped metamaterial was designed by Faruque MR [14]
in 2019, with left-handed metamaterial properties based on NiAl2O4 material for X-band
applications, and in the same year, Ramachandran [15] designed a circular split ring res-
onator with metamaterial properties by focusing on satellite and radar-based applications.
In 2018, Hasan M.M. [16] suggested an S-shaped unit cell with parametric analysis to be
carried out on various substrates for x-band applications. In the same year, Alam T [17]
constructed a flexible metamaterial on the paper substrate for broadband applications
operating in the x-frequency band. Nguyen TT [18] developed a circular patch absorber
with metamaterial properties for x-band applications with a wide-angle incidence in the
year 2017. Additionally, a circular metamaterial-based electric split ring resonator was
designed by Hua Liu, Li-Xin Guo et al. [19] for x-band and Ku-band applications. The
proposed structure depicts a circular type SRRs and rectangular type SRRs combination for
satellite as well as radar applications. Furthermore, for multiband operations, a symmetric
square-shaped metamaterial structure [20] and multi-split based square split ring resonator
structures [21] have been investigated for S-, C-, X- and Ku-band applications.

In this paper, the proposed design was printed on a 10 × 10 mm2-sized polymide
dielectric substrate material. Two X-band frequencies 9.89 GHz and 11.95 GHz were pro-
duced with the proposed metamaterial architecture. Both operating frequencies incorporate
metamaterial features in this case. Except for the introduction part, the article starts with
array analysis and unit cell design, with the simulation part given in Section 2. The mea-
surement, parametric analysis and E-H and current distributions were clearly explained in
Section 3 to decide the structure performance. Finally, we compare the present work with
existing X-band metamaterial structures and end with a conclusion.

2. Unit Cell Array Analysis with FEM Approach

The proposed unit cell structure with different array sizes is shown in Figure 1. Here,
the red-colored SRRs indicate radiating patch and the yellow color indicates polyimide
substrate material. The radiating patch contains two types of SRRs, and the complete
unit cell’s dimensions are given in Table 1. Not only is unit cell analysis insufficient for
evaluating performance, but array analysis is also required to assess the effectiveness of
the suggested structure. The CST tool was used to simulate the various sizes of arrays,
such as 1 × 1, 1 × 2 and 2 × 2, as shown in Figure 1, and the simulation setup for the unit
cell in CST tool is given in Figure 2. The numerical simulations were done using CSTMW
Studio, which uses FEM as a method for problem solving that needs accurate as well as
quick responses. The CST time domain solver has a great benefit, as the scaling of resource
requirements is done linearly with the number of mesh nodes. As a result, big radiating
structures such as arrays can be handled using this CST tool. The problem can be solved
in three different stages: unit cell analysis, array analysis and result analysis. By utilizing
the FD solver in the CSTMW Studio software, the unit cell analogy and metamaterial array
structure were numerically performed. Since it can calculate all the ports at once, the
FD solver is a powerful solver with exceptional computation effectiveness for simulating
multi-port systems such as array structures. On the other hand, the ports were arranged
along both positive and negative z-axes using a TEM wave with no electric or magnetic
fields along the propagating wave. While doing the simulation in CST studio first, the



Mathematics 2023, 11, 800 3 of 23

frequency range is chosen, and then in the simulation setup, ideal magnetic and electric
conditions are set towards X- and Y-directions for determining S-parameters, in order to
calculate the effective parameters of the medium, like epsilon, mu and n.
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Table 1. Dimensions of the unit cell.

Variable Dimension (mm)

L 10
w 10

rint 3.5
rout 4.3

g 0.4
p 0.8
p1 1.09
d 0.3
d1 0.5
x1 4.8
x2 3.2
x3 1.6
x4 0.8
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When the S11 magnitude is minimum, then the magnitude of S21 at that resonant
frequency is maximum. From Figure 3a, we can conclude that for the proposed unit cell,
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the S11 parameter resonates at 9.84 GHz and 11.46 GHz frequencies with magnitudes
−31.68 dB and −23.13 dB, respectively, and S21 for the proposed unit cell, resonated at
8 GHz, 8.435 GHz and 11.11 GHz frequencies with magnitudes of −33.20 dB, −37.13 dB
and −25.89 dB, respectively. Similarly, for the 1 × 2 sized array, the S11 parameter resonates
at 9.82 GHz and 11.47 GHz frequencies with magnitudes of −28.83 dB and −22.62 dB,
respectively, and the S12 for the proposed unit cell was resonated at 8 GHz, 8.44 GHz and
11.10 GHz frequencies, with magnitudes of −33.20 dB, −37.59 and −26.31 dB, respectively.
Finally, for the 2 × 2 sized array, the S11 parameter resonates at 9.85 GHz and 11.45 GHz
frequencies with magnitudes of −30.23 dB and −24.18 dB, respectively, and the S12 for
the proposed unit cell resonated at 8 GHz, 8.44 GHz and 11.09 GHz frequencies with
magnitudes of −32.56 dB, −37.25 and −25.77 dB, respectively. We can thus conclude that
the return loss parameter (S11) and transmission loss (S12) of various array topologies was
exactly the same, with just a slight variation in the resonance frequency and its magnitude.
Consequently, any size of the array structure in this suggested design yields the same
response as a unit cell.
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Validation of the Unit Cell

The proposed unit cell is shown in Figure 4, and its dimensions are given in Table 1.
The NRW method [22,23] is chosen to verify the electromagnetic (EM) properties of the
unit cell numerically. The following formulae indicate the steps to calculate and obtain the
metamaterial properties by using MATLAB software.
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The Reflection coefficient can be written as

Γ =
Z− 1
Z + 1

(1)

where Z is normalized relative impedance for S11 and S12, and can be written as the following:

Z =

√
µr
εr

(2)

The Return loss can be represented as the following equation:

S11 =

(
1− Γ2)Z
1− Γ2Z2 (3)

The Transmission loss can be represented as the following equation:

S21 =

(
1− Z2

)
Γ

1− Γ2Z2 (4)

V1 = S11 + S21 (5)

V2 = −S11 + S21 (6)

The relative permittivity can be represented as the following equation:

εr =
c

jπfd
×
(

1−V1

1 + V1

)
(7)

The relative permeability can be represented as the following equation:

µr =
c

jπfd
×
(

1−V2

1 + V2

)
(8)

The resonant frequency of the proposed unit cell can be written as the following

f =
1

2π
√

LC
(9)

where, the equivalent inductance in nH can be calculated as the following equation:

L(nH) = 2× 10−4
[

1.193 + loge

(
x

y + h

)
+ 0.02235

(
y + h

x

)]
×Kg (10)

L(nH) = 2× 10−4
[

1.193 + loge

(
x

y + h

)
+ 0.02235

(
y + h

x

)]
×Kg (11)

The equivalent capacitance can be calculated using the following basic capacitance equation:

C =
ε0εrA

d
(12)

Normalized relative impedance can be represented in terms of S11 and S12

Z =

√√√√ (1 + S11)
2 − S21

2

(1− S11)
2 − S21

2
(13)

where ‘d’ is the height of the structure, ‘f’ is the resonant frequency and ‘c’ is the speed of
light. The copper material strips present on the unit cell can be represented as effective
inductance, and the gap present between the material strips represents capacitance. The
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equations from 10 to 12 can be utilized to estimate the resonant frequency, where x, y
and h are the length, width and thickness of the strip, respectively. Table 2 indicates
that for the unit cell’s S-parameters resonating frequency bands, the effective medium
parameters like epsilon, mu and n have negative amplitudes. Finally, from Figure 5
and Table 2, we can conclude that the unit cell exhibits metamaterial properties for the
corresponding frequencies.

Table 2. Effective medium parameters frequency band operation.

Parameter Negative Frequency Band Range (GHz)

Mu (µ) (8.20–8.3) and (8.66–11.70)
Epsilon (ε) (9.69–10.93) and (11.32–12)

Refractive index (n) (7–12)
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3. Measurement and Result Analysis

Once the S-parameters of the proposed unit cell and array were simulated using
a simulation tool, such as CSTMW studio, the measurement setup for the prototype is
done by placing the unit cell or meta surface array between the waveguide ports of a
VNA, which is as shown in Figure 6. From the numeric simulation results, finally a
2 × 2 sized array is chosen and fabricated by using a polymide substrate, as shown in
Figure 6. The polymide material has 0.1-mm thickness and a dielectric constant (εr) of
3.5. As shown in Figure 7, the measuring setup contains VNA and waveguide ports. The
FSS is placed between the waveguide ports of VNA to measure scattering parameters like
S11 and S12 experimentally.
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To validate the proposed unit cell, ADS software is used in this article. Figure 8 depicts
the s-parameters comparison among simulated and measured results. The equivalent
circuit diagram for the proposed unit cell radiating patch was drawn in the ADS tool,
which is shown clearly in Figure 9. For the circuit diagram, both the input side and
output sides 50 ohms are connected to provide impedance matching and to obtain the
desired output. Each SRR is represented by the combination of inductance and capacitance.
The proposed unit cell contains two SRRs, namely square-type SRR and circular-type
SRR. In the square-type split ring resonator, the inner SRR is represented by the L1 and
C1 combination, as shown in Figure 9. The middle square-type SRR, which is between
inner and outer square SRRs, is represented by L2 and C2, and the outer square-type
SRR is represented by L3 and C3. The strips which are present between the square-type
SRRs are represented by equivalent inductances like L6 and L7, the strip present between
square-type SRR and circular SRR is represented by L8 and the gaps between lower to
middle square-type SRR and middle to higher square-type SRR are represented by C4
and C5, correspondingly. Finally, the gap between square-type SRR and circular SRR
is represented by C7. Once the circuit is designed in ADS software, the start and stop
frequencies are selected as 7 GHz and 12 GHz, correspondingly, in the S-parameters section
of the ADS tool with a step size of 100 MHz. By using the tuning option, in the ADS
tool, the lumped parameters were tuned and obtained the return loss plot, as shown
in Figure 10. For the CST-based unit cell simulation, the reflection coefficient resonates
at 9.84 GHz and 11.46 GHz frequencies, with reflection coefficient values of −31.68 dB
and −23.13 dB, correspondingly, and the transmission coefficient resonates at 8 GHz,
8.435 GHz and 11.11 GHz frequencies, with transmission coefficient values of −33.20 dB,
−37.13 and −25.89 dB, correspondingly. By using ADS simulation, the reflection coefficient
resonates at 9.9 GHz and 11.4 GHz, with reflection coefficient amplitudes of −47.82 dB
−37.57 dB, correspondingly, and the transmission coefficient resonates at 7.83 GHz, 8.51
GHz and 11.40 GHz frequencies, with transmission coefficient amplitudes of −39.72 dB,
−39.56 dB and −34.81 dB, correspondingly. The proposed FSS-fabricated model is shown
in Figure 6, and the measuring process for measuring S-parameters for fabricated FSS is
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shown clearly in Figure 7. From Figure 8, it is seen that in the CST-simulated results for
a 2 × 2 array-sized unit cell, the return loss plot resonates at 9.85 GHz and 11.45 GHz
frequencies, with reflection coefficients of −30.23 dB and −24.18 dB, correspondingly, and
the transmission coefficient resonates at 8 GHz, 8.44 GHz and 11.09 GHz frequencies, with
transmission coefficient values of −32.56 dB, −37.25 and −25.77 dB, correspondingly, and
after measuring the proposed FSS, it resonates at 9.81 GHz and 11.61 GHz frequencies, with
reflection coefficients of −23.55 dB and −14.36 dB, correspondingly, and the transmission
coefficient resonates at 7.77 GHz, 8.51 GHz and 11.20 GHz frequencies, with transmission
coefficients of −19.72 dB, −30.54 and −25.02 dB, correspondingly.
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3.1. Parametric Analysis for the Radiating Patch

The split gap is one of the essential criteria to evaluate the effectiveness of any
metamaterial-based structure. The frequency of any structure depends on inductance
and capacitance values. The inductance value depends on the length, width and thickness
of the metal, and the capacitance value depends on a split gap (g) in the design. Depending
on the split gap, the capacitance values are changed. It should be noted that the split can
be represented as a capacitance. As the split gap of any SRR grows, the frequency also
increases due to a decrease in capacitance value. Parametric analysis for the split gap of
the proposed circular type SRR with a lower limit of 0.4 mm and an upper limit of 0.8 mm
with 0.2 mm step width is shown in Figures 11 and 12.

Mathematics 2023, 11, x FOR PEER REVIEW 28 of 42 
 

 

Figure 9. The equivalent circuit diagram for the unit cell designed in the ADS tool. 

  
(a) (b) 

Figure 10. Unit cell’s (a) S11 and (b) S12 simulated plots for both CST and ADS tools. 

3.1. Parametric Analysis for the Radiating Patch 

The split gap is one of the essential criteria to evaluate the effectiveness of any met-

amaterial-based structure. The frequency of any structure depends on inductance and ca-

pacitance values. The inductance value depends on the length, width and thickness of the 

metal, and the capacitance value depends on a split gap (g) in the design. Depending on 

the split gap, the capacitance values are changed. It should be noted that the split can be 

represented as a capacitance. As the split gap of any SRR grows, the frequency also in-

creases due to a decrease in capacitance value. Parametric analysis for the split gap of the 

proposed circular type SRR with a lower limit of 0.4 mm and an upper limit of 0.8 mm 

with 0.2 mm step width is shown in Figures 11 and 12. 

  
(a) (b) 

Figure 11. (a) S11 and (b) S12 parameters plots for the variation of split gap (g) of the proposed unit 

cell. 

When the split gap of the proposed unit cell is varied for the split gaps 0.4, 0.6 and 

0.8 mm, the corresponding return loss plot resonates at two different frequencies. For a 

0.4 mm gap, the S11 resonates at 9.77 GHz with a magnitude of −31.97 dB. For 0.6 mm, the 

S11 resonates at 9.95 GHz with a magnitude of −32.12 dB, and for the 0.8 mm gap, the S11 

resonates at 10.02 GHz with a magnitude of −32.11 dB. Similarly, the second S11 frequency 

for 0.4, 0.6 and 0.8 mm split gaps resonates at 11.48 GHz, 11.63 GHz and 11.71 GHz with 

−22.42 dB, −22.74 dB and −22.81 dB, correspondingly. The unit cell transmission coefficient 

(S12) possesses three different frequencies. For a 0.4 mm split gap, the S12 resonates at 8 

Figure 11. (a) S11 and (b) S12 parameters plots for the variation of split gap (g) of the proposed
unit cell.



Mathematics 2023, 11, 800 10 of 23

Mathematics 2023, 11, x FOR PEER REVIEW 29 of 42 
 

 

GHz, 8.44 GHz and 11.10 GHz frequencies with amplitudes of −33.20 dB,−37.25 dB and 

−26.31 dB, correspondingly. For a 0.6 mm gap, the S12 resonates at 8.23 GHz, 8.64 GHz and 

11.25 GHz frequencies with S12 amplitudes of −35.44 dB,−35.86 dB and −26.25 dB, 

correspondingly. For a 0.8 mm gap, S12 resonates at 8.29 GHz, 8.72 GHz and 11.31 GHz 

frequencies with S12 amplitudes of −34.99 dB,−36.50 dB and −26.64 dB, correspondingly. 

According to X-band frequency applications, a final split gap of 0.2 mm was selected for 

the proposed unit cell. 

3.2. E, H and Zurface Current Analysis of the Proposed Structure 

Fundamentally, the unit cell’s radiating patch includes two SRRs, and each of them 

corresponds to a frequency. From Figure 12, we can say that the radiating patch of the 

proposed unit cell resonates at two different frequencies: 9.84 GHz and 11.46 GHz, 

correspondingly. The E-field is stronger on the circular-typed SRR, which corresponds to 

the 9.84 GHz frequency, and similarly, a strong E-field is formed on the square-typed SRR, 

which corresponds to the 11.46 GHz frequency. Finally, we can conclude that both E and 

H-fields for two frequencies are excited in the opposite direction, which is the principle 

satisfying the Maxwell equations. 

  
(i) 9.84 GHz (ii) 11.46 GHz 

(a) 

  
(i) 9.84 GHz (ii) 11.46 GHz 

(b) 

Mathematics 2023, 11, x FOR PEER REVIEW 30 of 42 
 

 

  
(i) 9.84 GHz (ii) 11.46 GHz 

(c) 

Figure 12. (a) E-field distribution, (b) H-field distribution and (c) surface current distributions of 

proposed structure at 9.84 GHz and 11.46 GHz frequencies. 

3.3. Bending Analysis for the Proposed Design 

Bending analysis is required to justify the structure performance with bending angles 

[24,25] and to talk about the flexibility of the dielectric material. Due to the small unit cell 

size and similar responses between the unit cell and 2 × 2 array-sized FSS, we have con-

sidered a 2 × 2 fabricated model for the bending analysis of the structure. 

As shown in Figure 13, the proposed unit cell is bent with three different bending 

angles 15, 30 and 45 degrees, using the simulation tool, and Figure 14 explains the fabri-

cated 2 × 2 array-sized model with three different bending angles like 15, 30 and 45 de-

grees. The corresponding S-parameters were calculated for both simulation and measure-

ment, and are clearly shown in Figure 15. From Figure 15, we can observe that with the 

simulation of a 15-degree bent unit cell, the frequencies obtained for S11 are 9.84 GHz and 

11.50 GHz, with S11 amplitudes of −32.69 dB and −23.30 dB, correspondingly, while the 

obtained frequencies for the S12 are 8.02 GHz, 8.46 GHz and 11.09 GHz, with S12 ampli-

tudes of −34.17 dB, −37.46 dB and −26.55 dB, correspondingly. For a 30-degree bent unit 

cell, the frequencies for S11 are 9.86 GHz and 11.50 GHz with S11 amplitudes of −31.81 dB 

and −23.30 dB, correspondingly, while the obtained frequencies for the S12 are 7.99 GHz, 

8.43 GHz and 11.09 GHz, with S12 amplitudes of −33.37 dB, −38.30 dB and −26.53 dB, cor-

respondingly. For a 45-degree bent unit cell, the obtained frequencies for S11 are 9.91 GHz 

and 11.50 GHz with S11 amplitudes of −32.05 dB and −23.30 dB, correspondingly, and the 

obtained frequencies for the S12 are 7.99 GHz, 8.43 GHz and 11.09 GHz, with S12 ampli-

tudes of −33.37 dB, −38.30 dB and −26.55 dB, correspondingly. Whereas for the measure-

ment process for the fabricated prototype, which is shown in Figure 14, the corresponding 

S11 obtained frequencies for the 15-degree bent prototype are 9.94 GHz and 11.32 GHz 

with S11 amplitudes of −23.66 dB and −17.23 dB, correspondingly, while the frequencies 

obtained for the S12 are 7.88 GHz, 8.46 GHz and 11.16 GHz, with S12 amplitudes of −21.96 

dB, −24.21 dB and −15.28 dB, correspondingly. For the 30-degree bent for the proposed 

prototype, the corresponding S11 frequencies are 9.88 GHz and 11.43 GHz with S11 ampli-

tudes of −17.65 dB and −18.45 dB, correspondingly, and the obtained frequencies for the 

S12 are 7.96 GHz, 8.70 GHz and 11.08 GHz, with S12 amplitudes of −17.78 dB, −21.68 dB and 

−24.02 dB, correspondingly, and for the 45-degree bend for the proposed prototype, the 

corresponding S11 frequencies are 9.74 GHz and 11.65 GHz with S11 amplitudes of −15.81 

dB and −15.53 dB, correspondingly, while the obtained frequencies for S12 are 7.96 GHz, 

8.60 GHz and 11.25 GHz, with S12 amplitudes of −17.29 dB, −19.16 dB and −23.06 dB, cor-

respondingly. From Figures 16–18, we can say that the field distributions are also not 

much affected even with the bending of the substrate material. From Table 3, it can be 

Figure 12. (a) E-field distribution, (b) H-field distribution and (c) surface current distributions of
proposed structure at 9.84 GHz and 11.46 GHz frequencies.

When the split gap of the proposed unit cell is varied for the split gaps 0.4, 0.6
and 0.8 mm, the corresponding return loss plot resonates at two different frequencies.
For a 0.4 mm gap, the S11 resonates at 9.77 GHz with a magnitude of −31.97 dB. For
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0.6 mm, the S11 resonates at 9.95 GHz with a magnitude of −32.12 dB, and for the
0.8 mm gap, the S11 resonates at 10.02 GHz with a magnitude of −32.11 dB. Similarly,
the second S11 frequency for 0.4, 0.6 and 0.8 mm split gaps resonates at 11.48 GHz,
11.63 GHz and 11.71 GHz with −22.42 dB, −22.74 dB and −22.81 dB, correspondingly.
The unit cell transmission coefficient (S12) possesses three different frequencies. For a
0.4 mm split gap, the S12 resonates at 8 GHz, 8.44 GHz and 11.10 GHz frequencies with
amplitudes of −33.20 dB,−37.25 dB and −26.31 dB, correspondingly. For a 0.6 mm gap,
the S12 resonates at 8.23 GHz, 8.64 GHz and 11.25 GHz frequencies with S12 amplitudes
of −35.44 dB,−35.86 dB and −26.25 dB, correspondingly. For a 0.8 mm gap, S12 resonates
at 8.29 GHz, 8.72 GHz and 11.31 GHz frequencies with S12 amplitudes of −34.99 dB,
−36.50 dB and −26.64 dB, correspondingly. According to X-band frequency applications, a
final split gap of 0.2 mm was selected for the proposed unit cell.

3.2. E, H and Zurface Current Analysis of the Proposed Structure

Fundamentally, the unit cell’s radiating patch includes two SRRs, and each of them
corresponds to a frequency. From Figure 12, we can say that the radiating patch of the
proposed unit cell resonates at two different frequencies: 9.84 GHz and 11.46 GHz, corre-
spondingly. The E-field is stronger on the circular-typed SRR, which corresponds to the
9.84 GHz frequency, and similarly, a strong E-field is formed on the square-typed SRR,
which corresponds to the 11.46 GHz frequency. Finally, we can conclude that both E and
H-fields for two frequencies are excited in the opposite direction, which is the principle
satisfying the Maxwell equations.

3.3. Bending Analysis for the Proposed Design

Bending analysis is required to justify the structure performance with bending an-
gles [24,25] and to talk about the flexibility of the dielectric material. Due to the small unit
cell size and similar responses between the unit cell and 2 × 2 array-sized FSS, we have
considered a 2 × 2 fabricated model for the bending analysis of the structure.

As shown in Figure 13, the proposed unit cell is bent with three different bend-
ing angles 15, 30 and 45 degrees, using the simulation tool, and Figure 14 explains the
fabricated 2 × 2 array-sized model with three different bending angles like 15, 30 and
45 degrees. The corresponding S-parameters were calculated for both simulation and
measurement, and are clearly shown in Figure 15. From Figure 15, we can observe that
with the simulation of a 15-degree bent unit cell, the frequencies obtained for S11 are
9.84 GHz and 11.50 GHz, with S11 amplitudes of −32.69 dB and −23.30 dB, correspond-
ingly, while the obtained frequencies for the S12 are 8.02 GHz, 8.46 GHz and 11.09 GHz, with
S12 amplitudes of −34.17 dB, −37.46 dB and −26.55 dB, correspondingly. For a 30-degree
bent unit cell, the frequencies for S11 are 9.86 GHz and 11.50 GHz with S11 amplitudes of
−31.81 dB and −23.30 dB, correspondingly, while the obtained frequencies for the S12 are
7.99 GHz, 8.43 GHz and 11.09 GHz, with S12 amplitudes of −33.37 dB, −38.30 dB and
−26.53 dB, correspondingly. For a 45-degree bent unit cell, the obtained frequencies for
S11 are 9.91 GHz and 11.50 GHz with S11 amplitudes of −32.05 dB and −23.30 dB, corre-
spondingly, and the obtained frequencies for the S12 are 7.99 GHz, 8.43 GHz and 11.09 GHz,
with S12 amplitudes of −33.37 dB, −38.30 dB and −26.55 dB, correspondingly. Whereas for
the measurement process for the fabricated prototype, which is shown in Figure 14, the
corresponding S11 obtained frequencies for the 15-degree bent prototype are 9.94 GHz and
11.32 GHz with S11 amplitudes of −23.66 dB and −17.23 dB, correspondingly, while the
frequencies obtained for the S12 are 7.88 GHz, 8.46 GHz and 11.16 GHz, with S12 amplitudes
of −21.96 dB, −24.21 dB and −15.28 dB, correspondingly. For the 30-degree bent for the
proposed prototype, the corresponding S11 frequencies are 9.88 GHz and 11.43 GHz with
S11 amplitudes of −17.65 dB and −18.45 dB, correspondingly, and the obtained frequencies
for the S12 are 7.96 GHz, 8.70 GHz and 11.08 GHz, with S12 amplitudes of −17.78 dB,
−21.68 dB and −24.02 dB, correspondingly, and for the 45-degree bend for the proposed
prototype, the corresponding S11 frequencies are 9.74 GHz and 11.65 GHz with S11 ampli-
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tudes of −15.81 dB and −15.53 dB, correspondingly, while the obtained frequencies for S12
are 7.96 GHz, 8.60 GHz and 11.25 GHz, with S12 amplitudes of −17.29 dB, −19.16 dB and
−23.06 dB, correspondingly. From Figures 16–18, we can say that the field distributions are
also not much affected even with the bending of the substrate material. From Table 3, it
can be noted that the present work is based on a polyimide dielectric substrate material,
which is a flexible and lightweight dielectric material. This work is exactly suitable for
x-band applications.
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proposed structure at 9.84 GHz and 11.50 GHz frequencies with 15◦ horizontal bending.
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proposed structure at 9.86 GHz and 11.50 GHz frequencies with 30◦ horizontal bending.
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proposed structure at 9.91 GHz and 11.50 GHz frequencies, respectively, with 45◦ horizontal bending.
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Table 3. Comparison table with existing work.

References Design of the
Radiating Patch

Operating
Frequency Band

Unit Cell 2D
Size (mm2)

Type of Dielectric
Material

Resonant
Frequency (GHz) Absorption

[3] Square type SRR
with multi splits Ku 9 × 9 FR4 14.62, 16.30 99.99%

[6] Circular type SRR X 12 × 12 FR4 9.828 99.99996%
[7] E-Shape X and Ku 9 × 9 FR4 8.14 and 14.01 -

[12] Oval shape C and X 9 × 9 Rogers 7.33 and 9.06
[13] Hexagonal SRR C and X 10 × 7.29 FR4 5.3, 10.5 -

[14] Square type SRR X and Ku 12.5 × 10 Ni Al2 O4
8.83, 13.18 and

14.36 -

[15] Circular type SRR C and Ku 8 × 8 FR4 6.46 and 16.92 -
[16] Z-shape C and X 10 × 10 Epoxy resin 9.12 and 5.83 -
[18] Circle with splits X 8.8 × 8.8 FR4 10.45 91%

[20] Square shape S, C, X and Ku 14 × 14 Rogers RT6002 3.384, 5.436, 7.002,
11.664 and 17.838 -

[21] Square S, C, X and Ku 9 × 9 Rogers RT5880 2.5, 4.7, 8.8, 11.3,
14.4 and 15.5 -

[22] Parallel LC shape C And X 10 × 13 FR4 5 and 10.84 -

This work

Circular SRRs
and square split
ring resonators

combination

X 10 × 10 Polyimide 9.84 and 11.46 -

As shown in Figure 19 explains about the fabricated 2× 2 array-sized model with three
different bending angles, 15, 30 and 45 degrees. While Figure 20 shows the proposed unit
cell is bent vertically with three different bending angles 15, 30 and 45 degrees using the
simulation tool. The corresponding current distribution and S-parameters were calculated
for both simulation and measurement, and are clearly shown in Figures 21–24. From
Figure 24, we can observe that with the simulation of a 15-degree bent unit cell, the
obtained frequencies for S11 are 9.83 GHz and 11.47 GHz, with S11 amplitudes of −30.98 dB
and −21.90 dB, correspondingly, while the obtained frequencies for the S12 are 8.01 GHz,
8.47 GHz and 11.09 GHz, with S12 amplitudes of −33.41 dB, −37.51 dB and −26.79 dB,
correspondingly. For a 30-degree bent unit cell, the frequencies for S11 are 9.92 GHz and
11.46 GHz with S11 amplitudes of −31.60 dB and −23.13 dB, correspondingly, while the
obtained frequencies for the S12 are 8.02 GHz, 8.46 GHz and 11.10 GHz, with S12 amplitudes
of −33.41 dB, −37.13 s dB and −25.42 dB, correspondingly. For a 45-degree bent unit cell,
the obtained frequencies for S11 are 9.87 GHz and 11.46 GHz with S11 amplitudes of
−31.68 dB and −23.29 dB, correspondingly, and the obtained frequencies for the S12 are
8.02 GHz, 8.5 GHz and 11.09 GHz, with S12 amplitudes of −33.40 dB, −37.23 dB and
−25.79 dB, correspondingly. In the measurement process for the fabricated prototype,
which is shown in Figure 19, the corresponding S11 obtained frequencies for the 15-degree
vertically bent prototype are 9.88 GHz and 11.31 GHz with S11 amplitudes of −17.25 dB
and −16.78 dB, correspondingly, while the obtained frequencies for the S12 are 7.87 GHz,
8.51 GHz and 11.16 GHz, with S12 amplitudes of −24.31 dB, −20.78 dB and −15.28 dB,
correspondingly. A 30-degree bent for the proposed prototype, the corresponding S11
frequencies are 9.88 GHz and 11.43 GHz with S11 amplitudes of −17.25 dB and −17.32
dB, correspondingly, and the obtained frequencies for the S12 are 7.99 GHz, 8.68 GHz and
11.09 GHz, with S12 amplitudes of −16.90 dB, −20.57 dB and −24.02 dB, correspondingly,
and for a 45-degree bend for the proposed prototype, the corresponding S11 frequencies are
9.72 GHz and 11.41 GHz with S11 amplitudes of−16.02 dB and−15.78 dB, correspondingly,
while the obtained frequencies for S12 are 7.99 GHz, 8.50 GHz and 11.33 GHz, with S12
amplitudes of −16.93 dB, −20.05 dB and −20.06 dB, correspondingly. From Figures 21–23,
we can say that the field distributions are also not much affected even with the vertical
bending of the structure. From Table 3, it can be noted that the present work is based
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on a polyimide dielectric substrate material, which is a flexible and lightweight dielectric
material. This work is exactly suitable for X-band applications.
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Figure 19. Proposed 2 × 2 array sized fabricated structure for (a) 15, (b) 30 and (c) 45 degrees vertical
bending case.
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Figure 21. (a) E-field distribution, (b) H-field distribution and (c) surface current distributions of the 
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Figure 21. (a) E-field distribution, (b) H-field distribution and (c) surface current distributions of the
proposed structure at 9.84 GHz and 11.47 GHz with 15◦ vertical bending.
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Figure 22. (a) E-field distribution, (b) H-field distribution and (c) surface current distributions of the 

proposed structure at 9.81 GHz and 11.42 GHz with 30° vertical bending. 
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Figure 22. (a) E-field distribution, (b) H-field distribution and (c) surface current distributions of the
proposed structure at 9.81 GHz and 11.42 GHz with 30◦ vertical bending.
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Figure 23. (a) E-field distribution, (b) H-field distribution and (c) surface current distributions of the
proposed structure at 9.83 GHz and 11.40 GHz with 45◦ vertical bending.
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4. Discussion

Mostly all the radar applications, like weather forecasting, military, navigation, remote
sensing and so on, operate within the X-band frequency range. Metamaterials allow for
the extreme downsizing of existing devices. From the given comparison table, we can
deduce that the proposed structure is well suited for X-band applications with flexible and
light-thickness polymide dielectric substrate material, rather than that of FR4, Rogers and
etc. From [6], we can observe that the unit cell size is taken as 12 × 12 mm2, and produces
only a single resonant frequency within the X-frequency band. Similarly, from [18], we can
observe that the absorber is working at a single frequency within the X-band frequency. We
may also deduce from the entire comparison table that no dual frequencies were present in
the X-band, which is a significant benefit over all other methods of producing dual bands.
In addition, in contrast to previous studies, the proposed design demonstrated left-handed
metamaterial characteristics at two resonant frequencies within the X-band. Nowadays,
other flexible materials are also available, such as paper, jeans and so on, with less thick-
ness and less dielectric constant values, rather than this polymide substrate material to
design the FSS. Furthermore, we are interested in designing metamaterial structures with
less thickness.

5. Conclusions

The circular and square-shaped SRRs with left-handed metamaterial properties were
demonstrated in this work. For the CST-based unit cell simulation, the reflection coefficient
resonates at 9.84 GHz and 11.46 GHz frequencies, and the transmission coefficient resonates
at 8 GHz, 8.43 GHz and 11.11 GHz frequencies, correspondingly, and using ADS simulation,
the reflection coefficient resonates at 9.9 GHz and 11.40 GHz and the transmission coefficient
resonates at 7.83 GHz, 8.51 GHz and 11.40 GHz frequencies, correspondingly. From both
simulations (ADS and CST), the S-parameters frequency values are almost similar, with a
small variation in frequencies. The simulated return loss frequencies for a 2 × 2 array-sized
unit cell are 9.85 GHz and 11. 45 GHz, and the transmission coefficient resonates at 8 GHz,
8.44 GHz and 11.09 GHz, correspondingly. Similarly, for the 2 × 2 array-sized fabricated
model, the return losses are at 9.81 GHz and 11.61 GHz and the transmission coefficient
resonates at 7.77 GHz, 8.51 GHz and 11.20 GHz, correspondingly. According to the results
and discussion, the S-parameters (S11 and S12) of the proposed design experimental results
were matched to the simulated data with a slight change. Hence, the proposed FSS is exactly
suitable for X-band applications with flexible and compact-sized polymide substrate.
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