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ARTICLE INFO ABSTRACT
Keywords: This paper presents a novel Double-negative (DNG) metamaterial (MM) resonator with a mirror-
DNG metamaterial symmetric configuration, designed to exhibit multiband resonances in the S, C, and X bands. The

Metamaterial resonator

Multi-band wireless communication
Sandwiched structure

Tunable resonating frequency

resonator is fabricated using advanced processing techniques on a Rogers 5880 substrate and
features electrodeposited copper. It consists of four equal regions, each containing interconnected
split-ring resonators that are connected through a cross-shaped structure to ensure mirror sym-
metry. The simulation results demonstrate six resonance points at frequencies of 2.45 GHz, 4.27
GHz, 6.86 GHz, 8.98 GHz, 10.69 GHz, and 11.65 GHz. These resonances are characterized by
near-zero/negative permeability, negative permittivity, refractive index, and impedance.
Furthermore, the cross-polarization effect of incident waves is investigated.

Additionally, the potential for tunability of resonance frequencies is explored through a
sandwiched configuration of the MM resonator, achieved by modifying the cover of the reso-
nating patch. Moreover, the equivalent circuit model of the proposed MM resonator is in good
agreement with practical measurements, validating the simulation results. The new tuning
method for MM resonators holds the promise for future sensing applications and wireless
communications.

1. Introduction

Metamaterials have attracted significant interests in the radio frequency (RF) and near-infrared spectra due to their extraordinary
properties, such as negative permittivity, negative permeability, and refractive index. These properties enable a variety of applications,
including antenna gain enhancement [1-3], absorbers [4-6], imaging [7], superlensing [8], biomedical sensors [9], invisible cloaks
[10], and wireless communications [11-16]. The periodic arrays of subwavelength meta-atoms in metamaterial-based artificial
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structures provide the ability to control and manipulate the amplitude, phase, and polarization of electromagnetic waves. However,
designing single- or double-negative metamaterial structures for all types of structures at a specific resonance frequency remains
challenging. Moreover, the lack of tunability limits the flexibility of practical applications, as the operating frequency is fixed once the
structures are fabricated. Thus, research into various metamaterial structures and frequency tuning techniques is essential for realizing
multiband wireless communications [17-21].

Metamaterial-based devices have been widely developed since the late 20th century, when Pendry’s group proposed the classic
split ring resonator (SRR) based MM [22,23]. Various MM structures, including electric-LC (ELC) resonators [24], H-shapes,
cross-shapes, and others [25,26], have since been demonstrated and designed for various applications. For example, Samir et al. re-
ported an epsilon negative (ENG) metamaterial structure that is ideal for isolation in MIMO antenna designs, achieving a maximum
Envelop Correlation Coefficient (ECC) of up to 0.0001 [27]. Additionally, tunable MM resonators have been introduced, such as the
one consisting of four quartiles with interconnecting two split rings in each quartile, which can tune the resonance frequency by
varying the length of perpendicular metal stubs [28]. Jianfeng’s et al. presented a square split-ring cavity on a non-through meta-
l-insulator-metal (MIM) waveguide that exhibits multimode fano resonances, achieved by varying the refractive index [29].
Furthermore, an all-dielectric toroidal MM structure with dual-fano resonances has been demonstrated by Tianyu et al. holding po-
tential applications in terahertz and optical spectrums [30]. Mohammad’s group developed a meander-lines-based MM structure on an
FR4 substrate that can be tuned by implementing switches to the split gaps, with four resonance frequencies covering S, C, X, and Ku
bands, although deviations in resonance frequency were observed due to the absence of complete symmetry [31]. Other types of
metamaterial-based resonators have been presented, including cross-coupled [32] and tri-band [33] structures, for applications in
microwave and wireless communications. Saif et al. demonstrated a swastika-shaped MM structure that exhibits
polarization-independent properties with five resonance frequencies [34], and Zian et al. proposed a polarization-insensitive meta-
material-based absorber in terahertz with an average absorption up to 95.1 % within the broadband of 1.1 THz [18]. Additionally, a
MEMS-based tunable metamaterial has been developed with polarization-independent characteristics, achieved by employing two
electrostatic comb-drive actuators to achieve the tunability of dual-band resonances in terahertz spectrum [35]. In addition, tunable
terahertz metamaterial absorbers have been discussed using the unique property of vanadium dioxide (VO2) [36,37]. Md. Monir-
uzzaman et al. presented a mirror symmetric metamaterial-based resonator with five resonances covering L, S, C, and X bands, with
frequency tuning achieved by varying the dielectric substrates, although the shifting of resonance frequencies at higher bands is not
following the trend observed at lower bands [38]. Additionally, Bellal et al. reported an enriched symmetric hexagonal split ring
resonator metamaterial in Ref. [14], which is fabricated on a lossy FR-4 substrate that exhibits triple band negative permittivity
characteristics for satellite and Wi-Fi applications. Some other groups have presented work on metamaterial absorbers, all of which
have demonstrated excellent absorption rates and are suitable within the Wi-Fi band (2 GHz-5 GHz). The mentioned researches above
elaborate the application of multi-band metamaterial structures in wireless communication, including Bluetooth, Wi-Fi, and 5G/6G.
However, studies on tunable multi-band metamaterial structures are relatively lacking.

In this study, we present a polarization-insensitive and symmetric DNG metamaterial resonator and perform an analysis of its
electromagnetic characteristics. We have successfully achieved six resonance frequencies covering the S, C, and X bands. The
resonator-based MM can be subdivided into four meta-atoms, with each meta-atom being mirror-symmetric with its adjacent ones and
center-symmetric with the diagonal one. This unique symmetric configuration effectively eliminates the coupling impact between the
unit cells and minimizes the deviation of resonance frequency between the meta-atom and its arrays. Moreover, the proposed MM
resonator exhibits exceptional properties of negative refractive index, negative permittivity and permeability. Additionally, a sand-
wiched MM resonator is constructed that demonstrates the tunability of resonance frequency by varying the gap opening of the
dielectric layer atop the MM structure. This feature holds significant potential for various applications in microwave and wireless
communications. To further verify the behavior of the proposed MM resonator, an equivalent circuit is designed in Advanced Design
System (ADS), which matches the results obtained in CST Studio Suite 2022. Finally, experimental measurements were performed,

(b)

Fig. 1. (a)Proposed MM unit cell. (b)Configuration of labeled patch within the proposed MM structural arrangement.
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which showed perfect good agreement with the numerical simulations.
2. Methodology of proposed MM structure
2.1. Introduction of metamaterial (MM) structure

The MM unit structure proposed in this paper is built on a Rogers substrate (RT5880) with dimensions of 20 x 20 x 1.575 mm, as
shown in Fig. 1(a). The resonant patch is constructed on one side of the substrate material with a copper foil thickness of 0.035 mm. It is
subdivided into four sub-element atoms, each of which has three interconnected split-ring resonators (SRRs), with the outer two being
circular and the innermost one being square. The four sub-element atoms are connected by a cross-shaped structure as shown in Fig. 1
(b). This design helps to eliminate the coupling effect within the element atoms, thereby minimizing the resonance deviation between
the element atoms and their arrays. In the simulation, the dimensions and separation gap of the rings and rectangles were adjusted and
optimized to obtain the best response of the proposed MM structure. In Table 1, the optimized dimensions of different segments of the
MM are included. The three-dimensional structural simulation arrangement is shown in Fig. 2, where the z-axis uses two waveguide
ports, and the transverse electromagnetic (TEM) signal is vertically incident on the resonant patch from one waveguide port. The signal
sent through the MM structure is received by another port. In the simulation arrangement, the x-axis adopts an electric boundary, the y-
axis adopts a magnetic boundary, and the table contains the optimized size parameter values of the MM in the simulation of the
frequency range from 1 to 12 GHz, and ultimately obtained the transmission coefficient (S21) and reflection coefficient (S11).

2.2. Evolutionary steps of the proposed MM unit cell

The design was mainly started on a 20 x 20 mm? substrate, and four resonant rings with two split gaps of each along the horizontal
and vertical axes were placed in the form of a 2 x 2 array, as shown in Fig. 3 Design 1. This split-loop resonator provides a broadband
resonance with the resonating frequency of 5.69 GHz, as shown in Fig. 4(a). Next, an additional split ring was added to the ring to form
a mirror-symmetric structure, and one side of the split ring was connected to the outer ring, as shown in Fig. 3 Design 2. Due to the
mutual inductance between the two rings, the inductive effect of the outer ring was changed, causing an early resonance shift at 8.99
GHz as shown in Fig. 4(a). The design then included a square ring inside the two circular rings, which had a split gap along the
horizontal axis and was connected to the outer ring, as shown in Fig. 3 Design 3. These interconnected split-ring resonators provided
three resonant frequencies at 6.74 GHz, 9.92 GHz, and 11.65 GHz. The additional split square ring had a significant impact on the
resonant frequency and initial resonance bandwidth.

Furthermore, two cross-connected rectangular copper strips were added to the center of the 2 x 2 array to form a mirror-symmetric
pattern, as shown in Fig. 3 Design 4. This helps to eliminate harmonic generation due to the coupling effect between unit cells during
array formation. Finally, the transmission coefficient (§21) response of the MM structure produced resonances at 2.45 GHz, 4.27 GHz,
6.86 GHz, 8.98 GHz, 10.69 GHz, and 11.65 GHz, covering the S, C, and X bands, as shown in Fig. 4(a), whereas reflection coefficients
(S11) plots of various design steps are presented in Fig. 4(b). Information related to S21 for various design steps is summarized in
Table 2.

3. Analysis of numerical and experimental results
3.1. Equivalent circuit modeling of proposed MM structure

In order to have a better understanding on the proposed MM structure, the equivalent circuit model of the metamaterial (MM) is
further investigated in this study by using ADS. The MM resonant configuration can be considered as a combination of different
inductor(L)-capacitor(C) circuits shown in Fig. 5(a). Every split ring resonator represents an LC series circuit showing a certain
resonance frequency (f = ﬁ), which can be tuned by varying dimension and gap of the ring resonator. In the LC equivalent circuit,

the copper strip inductances in the outermost ring are represented by L1, L4, L17, and L10, and the capacitances produced by the split
gap on the ring are represented by C1, C4, C7, and C10. The equivalent LC of the middle ring is represented by L2 and C2, L5 and C5, L8
and C8, and L11 and C11, while the inductances in the innermost ring are represented by L3, L6, L9, and L12, and the capacitances in
series with the split ring are represented by C3, C6, C9, and C12. L13, L14, L15, and L16 are the inductances generated by the coupling
of two cross-connected copper strips. All the LC values in the equivalent circuit model are provided in Tables S1 and S2 in the sup-
plementary Information. Two ports are connected to the both sides of the equivalent circuit, serving as the transmitting and receiving
ports, respectively, with an impedance termination of 50Q. Later, the LC circuit is designed and simulated in ADS, and the result of

Table 1
Design parameters of proposed MM unit cell.
Parameter Dimension(mm) Parameter Dimension(mm) Parameter Dimension(mm)
L 20 L1 1.14 L2 3
L3 0.5 L4 4 L5 5.5
R1 4.5 R2 4.06 R3 3.36
R4 3.06
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Fig. 2. Computational configuration of proposed MM unit cell (CST Studio Suite 2022).

K | \\\) ((// \

i\
\

=

==
=) B

LR

7

7

)

Design 1

Design 2

Proposed unit cell

Fig. 3. Sequential developmental stages leading to the envisioned unit cell (CST Studio Suite 2022).
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Table 2

Performance evaluation of design steps in the development process of the proposed unit cell.

Substructure Resonance frequency(GHz) Bandwidth(GHz) Resonance peak(dB) Covering bands
Design 1 5.69 0.40 —41 C

Design 2 8.99 1.53 —55.67 X

Design 3 6.74,9.92, 11.65 0.11, 0.26, 0.53 —34,-26,-31.69 C X

Proposed unit cell ~ 2.45, 4.27, 6.86, 8.98,10.69, 11.65  0.10, 0.81, 0.10, 0.05, 0.11, 0.45  —27.4, —49.5, —23, —14.96, —24.9, —36.26 S, C, X




Z. Jietal

2
1. 1300

13
1. 480

L4
L ATl

)
0. 43pF

L14
0. 160l

5
T oo T

i

| 0

>
>
=

0.42pF

8
g T 2 T 2w T

000,

L16
Q. Inlt

10

1. 59nil

clo
0. L4pF

T 7

L1l
1. 26nH

ci
0.97pF

6
[ 2w T
é")

- s
50 Ohm <

aH

$21(dB)

Heliyon 9 (2023) e21731

-10 4

-20 4

-30 4

40

-50 4

-60

-70 4

e

——CST_Simulation
---- ADS_Simulation

6

9 12
Frequency(GHz)

(b)

Fig. 5. (a) Equivalent circuit of the proposed unit cell, (b) Comparison of S21 response between circuit-level simulation in ADS and 3D structural
simulation in CST.

(a)

transmission coefficient(S21) has a great agreement with that obtained from CST shown in Fig. 5(b).

3.2. Frequency tuning of the proposed MM structure

In metamaterials, electromagnetic interactions occur between the metamaterial and the incident waves. Due to the inductive
characteristics of the copper strip and the capacitance generated by the gap between the metal rings, the entire structure can be
considered as a resonant circuit. Thus, electromagnetic resonance occurs in metamaterials, and its frequency depends on the induc-
tance and capacitance values contributed by the configuration of structure. When the dielectric material was placed on the MM
structure, the effective permittivity of the entire structure is changed accordingly, resulting in the change of resonant frequencies. As
the coverage area of the medium varies, the tunable resonant frequency is achieved.

Inspired by that, the Sandwiched metamaterial (SMM) structure is formed by adding a Rogers 5880 resonant patch atop the
proposed MM structure, as shown in Fig. 6(a). The thickness of the added resonant patch is 1.575 mm. By varying the transverse gap
widths (g) shows in Fig. 6(b), the frequency tuning can be observed. Fig. 7 shows the resonant frequency response varies at different
gap widths, ranging from 1 mm to 5 mm with a step size of 1 mm in CST. Fig. 7(a) illustrates that the first resonant point gradually
shifts towards higher frequencies as the gap width increases. Similarly, Fig. 7(b) and (c) also display the same trend, although the shift

magnitude in Fig. 7(c) is relatively larger. Fig. 7(d) shows the variation of the last three resonant points at different widths, all of which
exhibit an overall trend of shifting towards higher frequencies.

(@

(b)

Fig. 6. Computational configuration for simulating the sandwiched metamaterial unit cell: (a) SMM configuration with Full coverage (b) SMM
configuration with Gap opening.
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3.3. Effective parameter analysis

The proposed metamaterial (MM) interacts with the incident electromagnetic wave, leading to resonance occurs in the reflected
and transmitted signals. Fig. 8(a) illustrates the resonance pattern of these signals, specifically showing S21 resonances at frequencies
of 2.45 GHz, 4.27 GHz, 6.86 GHz, 8.98 GHz, 10.69 GHz, and 11.65 GHz. The bandwidth of these resonances was obtained as 100 MHz,
810 MHz, 100 MHz, 50 MHz, 110 MHz, and 540 MHz, respectively. In addition, the reflection coefficient in Fig. 8(a) exhibits resonance
at frequencies of 2.65 GHz, 6.36 GHz, 7.42 GHz, 9.16 GHz, and 10.85 GHz. The proposed MM demonstrates a broadband response in
the transmitted signal within the frequency range of 3.93-4.74 GHz. Additionally, a wideband response is observed within the range of
11.41-11.95 GHz, covering the C and X bands. The other resonant bands are relatively narrow, collectively covering the S, C, and X
bands.

The electromagnetic properties of the MM are analyzed by utilizing a CST post-processing template through the transmission (S21)
and reflection (S11) coefficients. Later, these coefficients are employed by using a robust retrieval method [39] to calculate the
permittivity, permeability, refractive index and normalized impedance of the MM. The retrieval method is specifically designed to
handle the scattering parameters involved in the analysis. The transmission (S21) and reflection (S11) coefficients were realized by
equations:

7R01 (1 _ ei2nk9d)
Su= 1 — Ry, 2eihod ' @
(1 _ ROIZ)einkgd
SZI - W7 (2)
where,
Ry=z—1/z+1, 3)
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einkgd _ $a1 (4)
1=58ui
The normalized impedance was calculated by using S11 and S21 as:
1 2 _ o2
Impedance : z= + M 5)
(1=58n)" =S
refractive index, n :Lcos’] L (1 — 52 452 ) 6)
" kod 285 R

" [

1 i2nkod . 2nkod
= g () - 2] — i () ]}

where (-)'is the real part, (-)" is the imaginary part, m is an integer related to the real part of the refractive index, kO is the wave number
of the incident wave in free space, and d is the thickness of the substrate. Permittivity and permeability can be calculated using the
equations:

permeability, y = nz @

permittivity, e =n/z ®

The frequency response of relative permittivity and permeability at different frequencies are given in Fig. 8 (b). It can be seen from
the figure that relative permittivity has negative values in the frequency range of 1-2.42 GHz, 2.58-3.39 GHz, 3.85-4.11 GHz,
5.53-6.79 GHz, 6.96-7.94 GHz, 8.79-8.85 GHz, 9.0-9.18 GHz, 9.58-10.06 GHz, 10.71-10.79 GHz, 11.89-12 GHz. On the other hand,
the negative relative permeability is falling within the frequency range of 1-3.39 GHz, 4.12-7.94 GHz, 8.87-9.18 GHz, and 10.08-12
GHz. Therefore, the frequency bands with DNG characteristics (negative permittivity and negative permeability) were obtained in the
frequency range of 1-2.42 GHz, 2.58-3.39 GHz, 5.53-6.78 GHz, 6.96-7.94 GHz, 9.0-9.18 GHz, 10.71-10.79 GHz, 11.89-12 GHz,
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which is further verified by negative refractive index (n) shown in Fig. 8(c). The comparison of related simulated parameters and
measured data is plotted in Fig. S1 in the Supplementary Information. In addition, the power associated with the proposed MM
structure is investigated and shown in Fig. 8 (d). The total power at port 1 is 0.5 Watt and most of the power over the entire frequency
band was received by port 2. There are four predominant dips observed at 2.5 GHz, 6.9 GHz, 9.0 GHz and 10.8 GHz in the curve of
output power, which were caused by the loss of metal and dielectric.

Furthermore, systematic simulations were performed to investigate the impact between polarization and incident angle. Fig. 9
visually represents the results, demonstrating that the suggested structure possesses a remarkable insensitivity towards both polari-
zation and incident angle. In Fig. 9(a), the response of the transmission coefficient S21 is depicted at different polarization angles,
ranging from 0° to 90° with a step size of 15°. Similarly, Fig. 9(b) illustrates the effect of the incident angle on the transmission co-
efficient S21, setting the angle range that matches the polarization angle. It can be seen in Fig. 9 that the proposed structure remains
unaffected by variations in polarization angle and incident angle, which holds the potential to be implemented in wireless commu-
nication applications from a scientific perspective.

3.4. Surface current, electric field, and magnetic field analysis

Maxwell’s equations elucidate the intricate interconnection between the electric field (E-field), magnetic field (H-field), and surface
current within a metamaterial. The surface current delineates the genuine current engendered by the incoming electromagnetic field.
This authentic current engenders the magnetic field, and alterations in this magnetic field are pivotal for generating the electric po-
tential. The e-field and h-field can be expressed by the following equation:

oD
H=J+—
V x J+ py 9
VXE= 7% (10)
ot
where,
0 d 0
B {a @’6?} an

Therefore, the other two equations can also be employed to establish the relationship between electromagnetic fields and
metamaterials.

D(t) =¢(r) * E(r) 12)
B(t) =p(r) * H(1) (13)

where E and H denote the time-varying E-field and H-field intensities, D and B denote the time-varying electric and magnetic flux
densities, € is the electric permittivity, p is the magnetic permeability, and J represents the time-varying current density in the medium.

In order to further analyze the proposed structure, this paper systematically simulates and verifies the distribution characteristics of
surface current, electric field, and magnetic field. Fig. 10 illustrates the distribution characteristics of surface current, electric field, and
magnetic field at six different resonance frequencies. As can be seen from Fig. 10(al) at 2.45 GHz, the strong circulating current is
mainly concentrated on both sides of the y-axis. Although the current flows in opposite directions in the outermost rings of each unit,
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Fig. 9. The effect of incident waves with different polarizations in the S21 of proposed MM in CST simulation: (a) polarization (¢) variation (b)
Incident angle() variation.
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due to the configuration of circular split ring resonator and the design of the central cross structure, the currents of each subunit can
also generate a strong composite magnetic field. This also can be supported by the corresponding magnetic field distribution in Fig. 10
(c1). On the other hand, the electric field shown in Fig. 10(b1) is predominantly distributed on both sides of the x-axis, away from the
y-axis. In contrast, at the resonance point of 4.27 GHz, the surface current shown in Fig. 10(a2) is mainly concentrated at the cross-
connections, and the currents in the outermost rings of each unit on both sides of the x-axis flow in the same direction. Therefore, the
formed magnetic field should primarily concentrate at the cross-connections and on both sides of the x-axis which is shown in Fig. 10
(c2), with relatively stronger magnetic field in the cross-sectional area. In Fig. 10(b2) the electric field is mainly distributed near both
sides of the y-axis and the left and right edges of the overall structure, with slightly stronger electric field intensity at the edges. At the
resonance frequency of 6.86 GHz, the surface current shown in Fig. 10(a3) is mainly concentrated in the middle resonant loops, located
near the four corners of the entire structure. Another portion of the current is concentrated on both sides of the center point, connected
by the cross-section. The electric field is distributed almost within each resonant loop, but relatively weaker in the central cross-section
in Fig. 10(b3). Near the resonance point of 8.98 GHz, the distribution of surface current shown in Fig. 10(a4) mainly concentrates near
the inner square resonant loops, while the electric and magnetic field intensities are relatively weaker at the center cross-section in
Fig. 10(c4). At the frequency point of 10.69 GHz, the strength of the surface current shown in Fig. 10(a5) is relatively stronger at the
central cross-section, the upper and lower regions near the y-axis. Conversely, the electric field intensity is almost uniformly
distributed throughout the entire structure except for the four corner areas shown in Fig. 10(b5). At the resonance frequency of 11.65
GHz, the surface current in Fig. 10(a6) predominantly distributes on the left and right sides of the system, near the x-axis, with a
relatively small area. The electric field distribution in Fig. 10(b6) primarily concentrates in the central region, at the locations of the
inner and middle resonant loops.

4. Measurement results and discussion

The simulation results were further verified by measuring fabricated MM samples using performance network analyzer (PNA)
shown in Fig. 11 (right). Since each adapter operates in a specific frequency range, 5 different waveguide adapter groups are required
to achieve measurements in the range from 2 GHz to 12GHz. They are 1.72GHz-2.61 GHz, 2.6-3.95 GHz, 3.94-5.99 GHz, 5.37-8.17
GHz and 8.2-12.5 GHz.

During the measurement, the VNA is cabled to two waveguide ports, as shown in Fig. 11 (left), which serve as transmit and receive
ports, while the MM structure is placed between them. The measurement results present the six resonant frequencies of S21 at 2.48
GHz, 4.28 GHz, 6.65 GHz, 9.13 GHz, 10.48 GHz, and 11.42 GHz shown in Fig. 12. The snapshots of S21 measurement are displayed in
Fig. S2 in the Supplementary Information. Comparing with the simulation results obtained in CST, the resonance frequency deviations
were 1.2 %, 0.2 %, 3 %, 1.5 %, 1.9 % and 2 %, respectively. The actual measurement bandwidths at each resonant peak are 0.36 GHz,
0.51 GHz, 0.16 GHz, 0.38 GHz, 0.21 GHz, and 0.74 GHz. Compared to the theoretical bandwidth, the measured bandwidth at 4.27 GHz
is small, and the bandwidth at the other five resonances is higher. The main errors between theoretical simulations and practical
measurements are contributed by the precision of fabricating device, and the network matching between the various converters during
actual measurements. The accumulation of these errors can lead to slight deviations at each resonant frequency, as well as small
frequency fluctuations. Neglecting these errors, the experimental measurement results are in perfect agreement with the theoretical
simulation, exhibiting excellent response in the corresponding frequency bands.

5. Comparative analysis

Comparisons were made between the proposed MM structure and the reported work previously, with the physical dimensions,
resonant frequency, bandwidth, and Effective Medium Ratio (EMR) of the Metamaterial (MM) being the main parameters. The formula
for calculating the EMR is as follows:

EMR=1/L 14

where ) is the wavelength calculated at the lowest resonant frequency and L is the highest dimensional value of the MM structure. The
articles in Table 3 are arranged in chronological order of publication. From the table, it can be observed that Refs [32,38,41,42,43,46,
48]. exhibit higher EMR values, indicating their compactness in design. However, compared to our proposed design, they have fewer
resonance modes resulting in a narrower operating frequency range. Refs [20,44,45,47]. have smaller physical dimensions for their
MM structures compared to our proposed dimensions, but they have lower EMR values. Compared to other existing techniques in
Table 3, the proposed MM demonstrates superiority in terms of physical dimensions, resonance modes, and bandwidth coverage. In
addition, the structure proposed in this article exhibits high frequency selectivity in the S, C, and X bands.

6. Conclusion

In this study, we present a polarization-insensitive and double-negative symmetric metamaterial resonator with six resonance
frequencies covering S, C, and X bands. The resonances occur at 2.45 GHz, 4.27 GHz, 6.86 GHz, 8.98 GHz, 10.69 GHz, and 11.65 GHz,
respectively, with S21 values of —15dB or below. The resonator-based MM is composed of four sub meta-atoms, with a total size of 20
x 20 x 1.575 mm excluding the 0.035 mm copper thickness. The symmetry combination of mirror and center leads to the elimination
of coupling effects between meta-atoms, minimizing resonance deviation between the meta-atom and its arrays. Additionally, the
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Fig. 11. Experimental setup using PNA and waveguide port(left), Fabricated prototype of 2 x 2 array of proposed MM (right).
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Fig. 12. Comparative analysis of the experimental transmission coefficient (521) of the proposed unit cell with theoretical simulations conducted

in CST.

Table 3

Performance analysis of the proposed metamaterial (MTM) against relevant.
References Years Dimension physical(mm x mm) Resonance frequency (GHz) Frequency band EMR
[40] 2018 20 x 20 13.78, 15.30 X and Ku 1.3
[45] 2018 9 x 88 9.65, 12.60 X and Ku 3.45
[32] 2019 9x9 4.15, 10.84, 14.93 C, X and Ku 8.03
[41] 2019 5.5 x 5.5 7.50 C 8
[42] 2020 10 x 10 3.57, 11.60 S and X 8.4
[43] 2020 8x8 2.61, 6.32,9.29 S, Cand X 14.37
[44] 2020 10 x 10 6.53, 10.63, 13.35 C, X and Ku 4.5
[20] 2021 8x8 8.67, 13.84 X and Ku 4.3
[38] 2022 20 x 20 1.98, 3.67, 4.74, 8.38, 10.80 L, S, Cand X 7.57
[47] 2022 10 x 10 6.31, 7.79, 9.98, 10.82, 11.86, 13.36, 15.5 C, X and Ku 4.8
[46] 2023 8x8 2.40, 4.50,7.24 Sand C 15.61
[48] 2023 14.5 x 14.5 2.88, 4.78,10.9 S, Cand X 7.19
Proposed 2023 20 x 20 2.45, 4.27, 6.86, 8.98, 10.69, 11.65 S, Cand X 6.12

proposed MM resonator exhibits unique electromagnetic properties such as negative permittivity, negative permeability, and mod-
erate EMR. Furthermore, we demonstrated a tunable sandwiched metamaterial in which the resonance frequencies can be swept over a
frequency span of 1 GHz by controlling the gap opening of the top dielectric layer. The experimental measurements agreed perfectly
with numerical simulations. Due to its exceptional properties, our proposed MM design holds great potential for applications in mi-
crowave communications, satellites, radars, and beyond. We also investigated a feasible way to achieve the tunability of MM devices,
which may find use in frequency-selective sensing and stealth applications. Notably, this technique can be extended to terahertz

frequencies.
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