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This study investigates a meta-atom exhibiting a broad Negative Refractive Index (NRI).
The meta-atom is constructed using a complementary circular-square split-ring
resonator shaped in an inverse C design. The electromagnetic properties of the
structure were analyzed through simulations using CST Microwave Studio, Ansys HFSS
3D software, and ADS. The meta-atom demonstrates three distinct resonant
frequencies at 2.71 GHz, 4.19 GHz, and 5.60 GHz, spanning both the S- and C-bands. Its
optimal Effective Medium Ratio (EMR) is 12.30, and the unit cell measures 9 mm x 9
mm with a substrate thickness of 0.508 mm. This design is notable for its compact
dimensions, strong NRI performance, high EMR, and well-defined resonance points. The
S-band, commonly used for radar, and the C-band, which supports high-speed Wi-Fi
networks, are both covered by this structure. The paper outlines the design
methodology and various parameter optimization processes. Simulation results from
Ansys HFSS align well with those from CST and ADS. Additionally, the study includes an
analysis of surface current distributions, as well as the electric (E-field) and magnetic (H-
field) field patterns. Compared to alternative designs discussed in the article, this
proposed structure offers superior performance, showcasing a high EMR, extensive NRI
range, and a compact form factor suitable for radar and Wi-Fi applications.

1. Introduction

Metamaterials are synthetic materials engineered to exhibit unique properties that are not
naturally present in conventional materials. They consist of structured elements known as meta-
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atoms, which are arranged periodically and interact with electromagnetic waves in unconventional
ways. This enables unprecedented control over these waves.

The idea of metamaterials arose from the desire to manipulate electromagnetic waves and light
at a microscopic level, which has led to innovative advancements in various scientific and
technological domains [1]. The concept was first proposed by Sir John Pendry in the 1990s, who
introduced the possibility of materials with a Negative Refractive Index (NRI), challenging the long-
held belief that refractive indices must always be positive. Pendry demonstrated that by designing
specific geometric structures with particular electromagnetic properties, it is possible to create
materials with a Negative Refractive Index, resulting in phenomena such as negative refraction and
subwavelength imaging [2]. Negative refraction leads to the reversal of the propagation of
electromagnetic waves, enabling imaging below the diffraction limit, a phenomenon known as
subwavelength imaging. In contrast to traditional materials, which are often curved, this behavior
allows light to propagate across an electromagnetically flat surface. A Negative Refractive Index is
also characterized by an antiparallel phase velocity [3]. These distinctive and counterintuitive
features have found practical applications in controlling electromagnetic waves, particularly in
wireless and communication systems. As a result, the study and development of metamaterials have
attracted significant attention across diverse fields like optics, electromagnetics, acoustics, and
materials science. Researchers and engineers have developed various methods to design and
fabricate metamaterials with specific desired traits such as NRI, electromagnetic cloaking, perfect
absorption, and chiral response [4]. For instance, Shahidul et al., in [5] introduced an Epsilon-Negative
(ENG) metamaterial using a crossed-line complementary split-ring resonator (CSRR), with an EMR of
4.5 and a unit cell size of 10 mm x 10 mm. Hossain et al., proposed a meta-atom with an EMR of
10.55, designed for multiband applications, with a unit cell size of 12 mm x 12 mm x 1.6 mm [6].
Hasan et al., presented a double-negative (DNG) Z-shaped metamaterial, which claimed a broad X-
band range and a low EMR of 4 [7]. A Negative Refractive Index metamaterial for C- and X-band
applications was reported by Hossain et al.,

The design structure has a size of 10 mm by 10 mm by 1.6 mm. EMR of 9.55 [8] has been attained.
A modified hexagonal epsilon-negative metamaterial tri-band wireless application was proposed by
Afsar et al., The modified hexagonal split ring resonator that makes up the given metamaterial unit
cell form has an EMR of 11.53 and a design structure is 9 mm x 9 mm x 1.6 mm [9]. A "double T-U-
shaped" biaxial compact DNG metamaterial unit-cell with dimensions of 10.5 x 11 x 1.6 mm?3 and an
EMR of 14.28 along the z-axis was proposed by Hossain et al., for multiband applications [10]. Zhou
et al., published a 12 x 12 mm? SNG metamaterial unit cell that was "S-shaped," suitable for the X-
and Ku-bands, and had an EMR of less than 4 [11]. A metamaterial sensor was also described by Islam
et al., in order to demonstrate the structure's sensitivity. Metamaterial has a meander line structure,
and its sensitivity and EMR are, respectively, -3 dB/mm and 7.2 [12]. Almutairi et al., demonstrated
a DNG metamaterial that has an EMR of 7.44, a size of 5.5 x 5.5 mm?, and is solely suitable in the C-
band [13]. For dual-band microwave applications, Faruque et al., created a DNG metamaterial;
nevertheless, the unit cell structure is relatively large size of 25 x 20 mm? [14]. A hexagonal SRR-
based metamaterial for S- and X-band applications was first introduced by Islam et al., Its dimensions
are 10 x 10 mm?, and its EMR is 8.40 [15]. Hossain et al., presented a metamaterial for a left-handed
multiband meta-atom that obeys EMR, however it is only 11 x 10 mm? in size [16]. The challenges or
limitations in existing metamaterials are low EMR value and attaining the broader NRI value for Wi-
Fi and radar applications.

Other notable contributions include a Negative Refractive Index metamaterial for C- and X-band
frequencies, a modified hexagonal epsilon-negative structure for tri-band wireless applications, and
a biaxial compact DNG unit-cell designed by Hossain et al., for multiband uses. Despite the progress,
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current metamaterial designs still face challenges such as low EMR values and limited NRI ranges for
applications in Wi-Fi and radar systems. This study introduces a new NRI meta-atom design,
incorporating a complementary circular-square split-ring resonator based on an inverted C-shape.

The proposed meta-atom features three resonance frequencies: 2.71 GHz, 4.19 GHz, and 5.60
GHz, which span the S-band (2—4 GHz) and C-band (4-8 GHz), used for applications like radar
communication, Wi-Fi, satellite telemetry, and air traffic management. The NRI regions of the meta-
atom, where it exhibits a Negative Refractive Index, were observed between 2.16—-2.51 GHz, 2.96—
4.17 GHz, and 4.21-7.48 GHz. The study also explores the surface current, electric and magnetic
fields, and the effective medium properties of the structure, concluding that the inverted C-shaped
NRI meta-atom offers an optimal solution with an EMR of 12.30, combining compactness and
efficiency for radar and Wi-Fi applications.

2. Methods and Techniques
2.1 Design of the Meta-Atom Unit Cell

Split-ring resonators (SRRs) are widely used components in the creation of metamaterials.
Originally, these resonators were developed from materials typically used in circuit boards. A periodic
arrangement of SRRs was first employed to demonstrate the concept of a negative refractive index
(NRI) [17]. As a result, this research utilizes NRI meta-atoms that are based on complementary
circular-square split-ring resonators. The design of the proposed two-layer meta-atom, as shown in
Figure 1, comprises both a metal layer and a dielectric layer. The resonator structures are made of
copper and have an inverse C-shaped complementary split-ring design. The dielectric material used
is Rogers RO4003C, with the substrate dimensions measuring 9 mm x 9 mm and a thickness of 0.508
mm. The substrate has a dielectric constant (€) of 3.55 and a loss tangent (8) of 0.0027. This meta-
atom features a combination of two circular and three-square split-ring resonators, all
complementing each other. Embedded inside these resonators is an inverted C-shaped structure. The
copper resonators are 0.035 mm thick, with a conductivity (o) of 5.8 x 107 S/m. The circular
resonators have a gap width of 0.3 mm, while the square resonators and the inverted C-shape have
a gap of 0.6 mm. The spacing between the circular rings is 0.2 mm, with all rings, except for the
inverse C-ring, having widths of 0.4 mm. The inverse C-ring has a width of 0.6 mm, and the
recommended gaps for the circular and square rings are 0.25 mm and 0.30 mm, respectively. Figure
2 illustrates the proposed resonator on the Rogers RO4003C substrate.
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Fig. 1. Front view with dimension of the unit cell Fig. 2. Perspective view with ports of the

unit cell
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The outer boundary form of the suggested meta-atom unit cell is shown in Figure 2. To simulate
the meta-atom, the finite element method was employed using CST Microwave Studio software
(2019 version).

(a) (b)

Fig. 3. (a) Front view of the array of the unit cell (b) Boundary setup of the proposed structure

Boundary conditions were applied in the x and y directions, while electromagnetic waves were
applied in the negative z-direction, as shown in Figure 3. Open space conditions at each port were
included to facilitate the analysis of resonance frequencies and their field properties, as seen in Figure
4. A frequency-domain solver was used to simulate the inverse C-shaped cell in the frequency range
from 0.5 GHz to 8 GHz. The S-parameters (S11 and S21) were determined from the unit cell
simulations over the specified frequency range. The Nicolson-Ross-Weir (NRW) method, a widely
recognized approach for electromagnetic characterization, was used to calculate the effective
medium parameters such as refractive index (n), relative permittivity (€), and permeability (p) from
the simulated scattering parameters. In the NRW method, composite terms V1 and V2 are used to
add and subtract scattering characteristics to calculate these effective medium parameters [18,19].

Here, the following Eq. (1), Eq. (2), Eq. (3), Eqg. (4) are used to derive the characteristics such as
&r, W, M, and Z of the meta-atoms.

g = — —2 -2
Jkod 1—S11+ S21

(1)

__ J2511
_ 2 ’ (S21—-1)2-52%4,

n= jkod | ((S21+1)%2—5244 (3)
— |Br

Z= |7 (4)

The wave number in this instance is ko, while the substrate's thickness is d.
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2.2 Design Process of the Proposed Meta-Atom Unit Cell

The design of the proposed NRI meta-atom unit cell, based on an inverse C-shaped
complementary split-ring resonator, involves a combination of three circular and three-square split-
ring resonators. This configuration is an adaptation of the traditional SRR. To enhance the capacitive
and inductive effects, four additional SRRs are positioned within the outer two rings. The overall
design uses a PEC (perfect electric conductor) mounted on a cost-effective Rogers RO4003C
substrate. Initially, two designs, Design 1 and Design 2, are created and analyzed. The results from
these initial designs are then used to develop Design 3 by merging the features of the first two designs
for better performance. Following this, Design 4 through Design 6 is developed to achieve higher
efficiency. The final design incorporates an inverted C-shaped ring within the square rings, resulting
in the optimal configuration, as depicted in Figure 4. The analysis of these designs is shown in Figure
5 (a) and (b).

Design 1 i\ /imdiy J 2 ,
Design 3 . Design 4 Design 5 Design 6 Final Design
ﬁ

Design 2 == x

Fig. 4. Various structural configurations used to select the final unit cell structure

Figure 5 (a) and (b) presents the reflection (S11) and transmission (S21) coefficients for the
different design configurations. Design 1 features a circular split-ring resonator, which exhibits a
resonance frequency with S11 at -40.181 dB at 5.999 GHz and S21 at -38.289 dB at 4.109 GHz,
covering the C-band. Design 2 also demonstrates a resonance within the C-band, with S11 at -40.724
dB at 6.365 GHz and S21 at -34.891 dB at 4.723 GHz. Design 3 exhibits S11 magnitudes of -26.592 dB
and -30.878 dB at 2.900 GHz and 7.469 GHz, respectively, and S21 magnitudes of -16.412 dB and -
37.286 dB at 2.825 GHz and 5.975 GHz, respectively, spanning both the S- and C-bands. Design 4
displays S11 magnitudes of -25.233 dB, -20.997 dB, and -30.798 dB at 2.833 GHz, 5.845 GHz, and
6.877 GHz, and S21 at -14.543 dB, -32.322 dB, -18.048 dB, and -25.455 dB at 2.763 GHz, 5.374 GHz,
5.697 GHz, and 6.118 GHz, covering both the S- and C-bands. Design 5 shows S21 magnitudes of -
15.434 dB, -15.878 dB, and -34.199 dB at 2.734 GHz, 4.393 GHz, and 5.653 GHz, with S11 magnitudes
of -23.818 dB, -14.494 dB, and -31.907 dB at 2.794 GHz, 4.445 GHz, and 6.803 GHz. The final design
shows S11 magnitudes of -25.160 dB, -13.643 dB, and -31.51 dB at 2.710 GHz, 4.175 GHz, and 5.60
GHz, and S21 magnitudes of -14.162 dB, -13.875 dB, and -33.447 dB at 2.86 GHz, 5 GHz, and 8 GHz,
respectively. This final design achieves the desired resonance frequencies and a higher EMR, making
it superior to the earlier configurations.
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3. Result and Discussion
3.1 Scattering Parameters and Meta-Atom Properties

Figure 6 presents the S-parameters for the proposed unit cell, which exhibits three distinct
resonance frequencies for both reflection and transmission. For the transmission coefficient (S21),
the resonance frequencies occur at 2.328 GHz, 4.190 GHz, and 5.600 GHz, with corresponding
magnitudes of -14.930 dB, -13.579 dB, and -34.113 dB. The -10 dB bandwidths for S21 are between
2.71 and 2.72 GHz, 4.18 and 4.20 GHz, and 5.26 and 5.85 GHz in the CST simulator. In the HFSS
simulator, S21 shows resonance frequencies at 2.714 GHz, 4.262 GHz, and 5.706 GHz, with
magnitudes of -13.813 dB, -13.228 dB, and -33.025 dB, and the -10 dB bandwidths are from 2.71 to
2.72 GHz, 4.25 to 4.27 GHz, and 5.40 to 5.92 GHz. The ADS simulator results show S21 resonances at
2.712 GHz, 4.256 GHz, and 5.512 GHz, with magnitudes of -49.021 dB, -45.153 dB, and -62.387 dB.
The -10 dB bandwidths range from 2.33 to 2.85 GHz, 3.86 to 4.33 GHz, and 4.66 to 6.32 GHz.
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Using the NRW method outlined in Eq. (1), Eq. (2), Eq. (3), Eq. (4), the effective medium
parameters such as the relative permittivity (g,-), relative permeability (p,-), and refractive index (n)
were derived from the scattering parameters. MATLAB software was used to calculate these
parameters, and their real and imaginary components are shown in Figures 7 (a), (b), and (c). The
Negative Refractive Index of the proposed meta-atom unit cell is clearly evident. The NRI frequency
range is observed between 2.16 to 2.51 GHz, 2.96 to 4.17 GHz, and 4.21 to 7.48 GHz in the CST
simulation. Results from CST, HFSS, and ADS simulators were compared in Figure 12, demonstrating
consistent reflection and transmission coefficients across all simulators.

3.2 Parametric Analysis

This section examines the factors affecting the performance of the meta-atom, including the
choice of substrate material, the impact of different conducting materials on scattering parameters,
variations in the structural dimensions, adjustments to the split gaps in the conducting material, and
the effects of substrate thickness. The subsequent section will address the analysis of surface current,
electric field, and magnetic field distributions.

3.2.1 Impact of substrate material
Various substrate materials were tested, including Rogers RO4350B (lossy), RO4003C (lossy), and
FR-4 (lossy), each with different dielectric constants, electric loss tangents, and thicknesses. For

instance, Rogers RO4350B has a dielectric constant of 3.66, a loss tangent of 0.0037, and a thickness
of 0.508 mm.
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The S11 magnitudes for this material were -24.218 dB, -12.417 dB, and -31.064 dB at 2.765 GHz,
4.265 GHz, and 6.688 GHz, respectively, and the corresponding S21 values were -13.696 dB, -12.956
dB, and -33.285 dB at 2.705 GHz, 4.213 GHz, and 5.571 GHz, respectively, covering the S- and C-
bands. Similar tests were performed on the other materials. Based on these results, Rogers RO4003C
was selected for its optimal performance in terms of coverage band, EMR, necessary frequencies,
and scattering parameter magnitudes. Figure 8 (a) and (b) displays the S11 and S21 vs. frequency for
different substrates. It was found that the permittivity of the material inversely affects the
capacitance, which in turn influences the resonance frequency, with lower permittivity leading to
higher resonance frequencies.

3.2.2 Effect of conducting material split

Figure 9 illustrates the influence of varying the split gap between the conducting patches on the
reflection (S11) and transmission (S21) coefficients. Four split gap values of 0.1, 0.25, 0.4, and 0.55
mm were tested. For a gap of 0.1 mm, S11 magnitudes were -25.559 dB, -13.899 dB, and -31.541 dB
at 2.773, 4.280, and 6.661 GHz and S21 magnitudes were 14.754 dB, 14.034 dB, and 33.106 dB at
2.712,4.235, and 5.599 GHz
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Fig. 9. Frequency versus scattering parameters in dB (a) Reflection coefficient, S11, (b) Transmission
coefficient, Sy; for different split of patch
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For a gap of 0.25 mm, S11 magnitudes were -24.674 dB, -13.373 dB, and -31.65 dB at 2.773, 4.238,
and 6.744 GHz, and S21 magnitudes were -14.930 dB, -13.579 dB, and -34.113 dB at 2.712, 4.190,
and 5.60 GHz. For a split gap of 0.4 mm, the amplitudes of S11 were - 24.705, - 13.702, and - 31.987
dB at frequencies of 2.811, 4.302, and 6.838 GHz, respectively. The amplitudes of S;1 were - 14.754,
- 13.866, and - 34.585 dB at frequencies of 2.742, 4.258, and 5.645 GHz, respectively. With a split gap
of 0.55 mm, the amplitudes of S11 were -24.705, -12.878, and -31.805 dB at frequencies of 2.817 GHz,
4.317 GHz, and 6.893 GHz, respectively. The amplitudes of S1 were -15.222, -13.903, and -34.357 dB
at frequencies of 2.758 GHz, 4.265 GHz, and 5.657 GHz, respectively. Increasing the split gap leads to
higher resonance frequencies. The optimal performance was achieved with a gap of 0.25 mm, which
is recommended for the meta-atom design.

3.2.3 Effects of conducting material on scattering parameters

Figure 10 shows how different conducting materials affect the scattering parameters. Several
metals, including gold, nickel, copper, and platinum, were used as conductors. The amplitudes of S11
and S21 varied with the conductor material. For example, with gold as the conductor, S11 and S21
reached their highest values at frequencies of 2.795, 4.303, and 6.770 GHz, and 2.735, 4.258, and
5.631 GHz, respectively. For nickel as the conducting patch, the amplitudes of S11 were -9.664 dB, -
11.40 dB, and - 6.219 dB at frequencies of 2.537 GHz and 5.132 GHz. The values of S;1 were -2.673
dB and -10.031 dB at frequencies of 2.537 GHz and 5.132 GHz, respectively. For copper, the S11
magnitudes were -14.930 dB, -13.579 dB, and -34.113 dB at 2.712, 4.190, and 5.60 GHz, while S21
was -14.930 dB, -13.579 dB, and -34.113 dB at the same frequencies. For the conducting patch of
FR4, the amplitudes of S11 and S;1 were -20.555, -10.140, and -27.057 dB at frequencies of 2.792,
4.296, and 6.761 GHz, and -10.732,-10.252, and -28.373 dB at frequencies of 2.724, 4.243, and 5.604
GHz, respectively. Based on the comparison, copper was chosen as the optimal conducting material
due to its favorable scattering parameter performance.

0 .

0
2 -5 1 2 5 4
& 104 & 101
E =
2 15 < 154
E=| g
@ W
54 20 g
g 2™
g oM, 5
= =251 Gold . = -254
™ = = CMyiqq 1 & = = CMy0q 1
-30 4 — M . -30 4 CM,pper .
=TT CI\'Iplntinum 1 =T CNIplatinum
-35 T T T T T T T -35 T T T T T T T
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 10. Frequency versus scattering parameters in dB (a) Reflection coefficient, Si1, (b) Transmission
coefficient, S,; for different conducting materials

3.2.4 Effect of structural dimensions

Figure 11 presents the S21 response for various meta-atom sizes: 9 x 9 mm?, 10 x 10 mm?, 11 x
11 mm?2, and 12 x 12 mm?2.
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The 9 x 9 mm? unit cell displayed resonance frequencies at 3.90 and 6.79 GHz with S21 values of
-26.35 dB and -31.31 dB, respectively, covering both the S- and C-bands with an EMR of 12.30. For a
unit cell size of 10 x 10 mm?, the Sz1 had a resonance frequency of 5.87 GHz with a magnitude of -
28.76 dB, covering only the C-band with an EMR of 5.11. For a unit cell size of 11 x 11 mmz2, the S»1
had a magnitude of - 25.47 dB at a resonance frequency of 5.92 GHz, covering only the C-band with
an EMR of 4.61. For a unit cell size of 12 x 12 mm?, the S,1 had a magnitude of -23.23 dB at a resonance
frequency of 5.97 GHz, covering only the C-band with an EMR of 4.19. For larger sizes, the resonance
frequencies shifted and the EMR decreased. The 9 x 9 mm? size was found to provide the highest
EMR and the most favorable resonance frequencies, making it the preferred choice for radar and Wi-
Fi applications.

3.2.5 Influence of substrate thickness

The effect of varying substrate thickness on the scattering parameters was evaluated for
thicknesses of 0.305 mm, 0.406 mm, 0.508 mm, and 1.524 mm. At a thickness of 0.305 mm, Si11 and
S21 have amplitudes of - 28.933 dB and - 17.764 dB at 4.018 GHz and 6.302 GHz, respectively, and -
15.717 dB, - 18.234 dB, and - 37.180 dB at 3.943 GHz, 6.235 GHz, and 7.843 GHz. For a thickness of
0.406 mm, the magnitudes of S11 and S;1 are -27.940 dB, -17.143 dB, and -13.501 dB at 4.009 GHz,
6.287 GHz, and 6.410 GHz, and -15.890 dB, - 18.950 dB, and -36.922 dB at 3.939 GHz, 6.223 GHz, and
7.821 GHz. At a thickness of 0.508 mm, the amplitudes of Si1 are -24.674 dB, -13.373 dB, and -31.65
dB at 2.773 GHz, 4.238 GHz, and 6.744 GHz, and the values of S,1 are -14.930 dB, -13.579 dB, and -
34.113 dB at 2.712 GHz, 4.190 GHz, and 5.60 GHz. When the substrate thickness is 1.524 mm, the
magnitudes of S11 and S1 are - 13.335 dB, - 14.652 dB, and - 33.724 dB at 3.006 GHz, 4.790 GHz, and
7.423 GHz, and -13.335 dB, -14.652 dB, and 33.724 dB at 2.955 GHz, 4.744 GHz, and 6.143 GHz. As
shown in Figure 12, increasing the substrate thickness resulted in a decrease in resonance
frequencies. The 0.508 mm thickness provided the best performance, offering the desired resonance
frequencies and magnitudes compared to the other thicknesses, and was selected for the final
design.
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3.2.6 Analysis of surface current, electric field, and magnetic field distributions

Different transmission resonance frequencies are used to characterize the surface current of the

suggested meta-atom unit cell.
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Fig. 13. Analysis of EM wave interaction (a) Surface current, (b) Electric field (c) Magnetic field
distribution for proposed structure

The surface current distribution for the meta-atom unit cell at the resonance frequencies of 2.71
GHz, 4.19 GHz, and 5.60 GHz is shown in Figure 13 (a). The current intensity varies across different
rings, with the strongest intensity in the top circular rings at 2.71 GHz and the outer circular ring at
5.60 GHz. At the first resonance frequency of 2.71 GHz, the current intensity is strong for the top two
circular rings and low for the inner square rings. At 4.19 GHz, the surface current intensity is equally
spread throughout each square metal ring. At 5.60 GHz, the outer circular ring experiences the
strongest intensity of current, while the C-ring and inner ring have the weakest intensity. The E-field
and H-field distributions are obtained for various frequencies using CST simulation. The electric field
distribution, shown in Figure 13 (b), is nearly uniform across the rings at 2.71 GHz and 4.19 GHz, but
more concentrated in the outer ring at 5.60 GHz. At 2.71 GHz and 4.19 GHz, the E-field is nearly
equally distributed around the different rings. At 5.60 GHz, the E-field is more concentrated in the
outer ring and less concentrated in the middle and inner rings. The resonator rings create a capacitor
that stores electrical charge and generates multiple E-fields. The magnetic field distribution, shown
in Figure 13 (c), exhibits the expected dipole-like behavior, consistent with the artificial magnetic
dipole moment created in the split-ring resonators at each resonance frequency. In a split ring
resonator, an artificial magnetic dipole moment is formed when a transverse EM wave travels
through a meta-atom. The H-field behavior is demonstrated for the resonance frequencies of 2.71
GHz, 4.19 GHz, and 5.60 GHz.

Table 1

Comparison between recommended and existing work based on specific factors

[ref] Unit Cell’s Type of Size(mm?2) Frequency EMR  Published Year
Shape Metamaterial Bands

[20] Double C NRI 12 x12 S-, C-, X- 7.44 2017

[21] S-Shaped SNG 10x 10 X- 2.4 2017

[22] Modified H NRI 9x%x9 X-, Ku- 3.0 2018

[23] U-joint double NRI 15x12 X-, Ku- 4.5 2019
split O

[24] Resistor Loaded SNG 12.5x12.5 S-, C-, X- NR 2019
Sector

[25] Circular CSRR SNG 9x9 S-, C-, X- 9.52 2020
Shaped

[26] Concentric SNG 10x10 C-, X-, Ku 4.5 2020

Crossed Line

169



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 64, Issue 4 (2026) 158-172

[27] Hexagonal NRI 10x10 S-, X- 8.5 2020
Proposed Inverse C- NRI 9x9 S-, C- 12.30 2023
shaped

Table 3 provides a comparison between the proposed meta-atom unit cell and existing designs.
The proposed structure demonstrates dual-band operation with Negative Refractive Index (NRI)
features. According to studies referenced in sources 20, 21, 23, 24, 26, and 27, it is apparent that the
unit cell sizes in these designs are larger, with broader frequency coverage but lower Effective
Medium Ratio (EMR) compared to the suggested inverse C-shaped meta-atom. Additionally,
references 22 and 25 show that while some structures have similar unit cell sizes, their EMR values
are still lower than what is achievable with the proposed design. As a result, the performance of the
proposed unit cell outperforms those of the previously published structures, as shown in Table 3.

4. Conclusion

This paper presents a Negative Refractive Index (NRI) meta-atom that has been numerically
analyzed for radar and Wi-Fi applications. The designed meta-atom achieves three transmission
resonance frequencies: 2.71 GHz, 4.19 GHz, and 5.60 GHz, which cover the S- and C-bands. The total
dimensions of the unit cell are 9 x 9 x 0.508 mm?3, and it exhibits a high EMR value of 12.30. The NRI
range of the proposed meta-atom spans from 2.16 to 2.51 GHz, 2.96 to 4.17 GHz, and 4.21 to 7.48
GHz. The S-band at 2.71 GHz is used for weather radar, while the 5 GHz C-band is frequently applied
in Wi-Fi systems for high-speed, large-bandwidth communication. Initially, Wi-Fi was developed for
mobile devices like laptops, but today it is widely used in various consumer electronics such as TVs,
DVD players, and digital cameras. A parametric analysis of different geometries (lengths and widths)
has been carried out to assess the effective medium properties. The simulation results, validated with
two commercial software tools, show similar outcomes, confirming the effectiveness of the proposed
design. Based on these findings, the proposed meta-atom unit cell demonstrates superior
performance compared to other structures discussed in the literature. Due to its compact size,
appropriate resonance frequencies, and high EMR, the proposed meta-atom is highly suitable for
radar and Wi-Fi applications.
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