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ABSTRACT ARTICLE INFO

The continuous advancement in wireless biomedical technology Article history:
necessitates the development of compact, high-performance antennas
capable of operating across a wide frequency range. In this context, this
study reports the design and optimization of a square split-ring
resonator (SRR) metamaterial-based microstrip antenna to enhance
bandwidth and gain characteristics for wideband biomedical sensing. Keywords:
The proposed metamaterial, composed of one to four square SRR unit
cells, was modeled using copper patches on an FR-4 substrate with a
dielectric constant of 4.3 and simulated in CST Studio Suite 2019 over a
frequency range of 0.009 - 9 GHz. The electromagnetic behavior of the
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structure was analyzed through S-parameter characterization, and the f/\}}if({li\}/)[:iin;aetriilsl
Nicolson-Ross-Weir (NRW) retrieval method was applied to extract the g
effective constitutive parameters, including relative permittivity, relative This is an open access
permeability, and refractive index. The optimized four-cell SRR article under the CC BY
configuration demonstrated double-negative (DNG) characteristics, license.

exhibiting a relative permittivity of -153.65, a relative permeability of - @
8.85, and a refractive index of -9.48, thereby confirming the negative- @
index properties essential for enhanced electromagnetic field

confinement and energy concentration. Integration of the optimized

metamaterial into the microstrip antenna structure yielded significant

performance improvement, achieving a return loss of -48.31 dB,

bandwidth of 4.37 GHz, and gain of 2.23 dBi. These results substantiate

that the square SRR metamaterial contributes to superior impedance

matching and field localization, making the proposed antenna

architecture highly promising for wideband biomedical sensing and

potential internet of things (IoT) healthcare implementations.
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1. INTRODUCTION

In recent years, the rapid evolution of wireless communication and biomedical monitoring
technologies has intensified the demand for compact, efficient, and high-performance antennas
capable of operating across wide frequency ranges. Among various antenna types, the microstrip patch
has gained considerable attention due to its low profile, lightweight design, and ease of integration
with microwave circuits, making it suitable for applications in aerospace, telecommunication, and
biomedical systems [1-4]. Despite these advantages, conventional microstrip antennas exhibit inherent
limitations such as narrow impedance bandwidth, low gain, and reduced radiation efficiency, which
constrain their suitability for high-sensitivity and wideband operations [5, 6].

To overcome these challenges, the use of metamaterials has emerged as an effective approach
to enhance antenna performance. Metamaterials are artificially structured composites that exhibit
unique electromagnetic properties—such as negative permittivity (¢) and negative permeability (n)—
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not found in natural materials, thus enabling double-negative (DNG) characteristics [7-10]. These
DNG properties facilitate superior field confinement, impedance matching, and miniaturization, which
are advantageous for modern antenna design. The Split-Ring Resonator (SRR) is one of the most
widely adopted metamaterial geometries, owing to its strong magnetic resonance and high
controllability of electromagnetic wave propagation [11, 12]. The integration of SRR-based
metamaterials into microstrip antennas has been reported to significantly improve gain, bandwidth,
and directivity through enhanced electromagnetic coupling and resonant behavior [13-16].

Several studies have demonstrated the effectiveness of SRR geometries—such as circular,
rectangular, and hexagonal configurations—in enhancing microstrip antenna performance across
multiple frequency bands [17, 18]. However, the optimization of square SRR-based metamaterial
structures remains relatively unexplored, particularly for wideband biomedical sensing, which requires
high stability, sensitivity, and energy efficiency when interacting with biological tissues [19-22]. In
biomedical, the antenna must not only achieve wideband response but also maintain high signal
integrity and adaptability for physiological signal monitoring and loT-based health systems [23, 24].

In this study, a square SRR metamaterial-based microstrip antenna is systematically designed
and optimized to achieve superior wideband performance suitable for biomedical sensing. The
metamaterial structure, consisting of one to four square SRR unit cells fabricated from copper on an
FR-4 substrate, is analyzed using CST Studio Suite 2019 simulations in the frequency range of 0.009 —
9 GHz. The Nicolson—Ross—Weir (NRW) retrieval method is employed to extract the effective
constitutive parameters of the metamaterial, including permittivity, permeability, and refractive index,
to evaluate its DNG characteristics [25-27]. The optimized four-cell SRR configuration exhibits
significant enhancement in return loss, bandwidth, and gain, demonstrating strong potential for
integration into wideband biomedical and loT-based sensing systems [28, 29].

2. RESEARCH METHOD

2.1. Simulation and Characterization of Metamaterial

The metamaterial used in this study is based on a square split ring resonator (SRR)
configuration consisting of two concentric metallic rings. The structure was designed and simulated
using CST Studio Suite 2019, and post-processing of the simulated S-parameters was conducted using
MATLAB and Microsoft Excel. Copper was employed as the patch material, while FR-4 served as the
dielectric substrate with a relative permittivity (g;) of 4.3. The initial design of the SRR metamaterial
structure can be seen in Figure 1.
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Figure 1. Front and side views of the square SRR metamaterial structure.

Figure 1 illustrates the front and side views of the proposed square SRR metamaterial design.
The geometry demonstrates two concentric square copper rings separated by a narrow dielectric gap,
mounted on the FR-4 substrate. This configuration allows strong magnetic resonance and field
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localization, which are essential for achieving DNG behavior in the target frequency range. The radius
size used is 3.5 mm and is the same for each cell variation. The geometric dimensions of the
metamaterial structure can be seen in Table 1.

Table 1. Dimensional parameters of the SRR metamaterial structure.

Parameter Dimension (mm) Parameter Dimension (mm)
C1 0.43 L1 7.4
C2 0.6 Ts 1.6
W1 2.14 Tp 0.035

To investigate the influence of the SRR cell count on electromagnetic properties, four
variations were modeled, consisting of 1 to 4 SRR unit cells. The simulations were performed in the
frequency range of 0.009 — 9 GHz to observe the double-negative (DNG) behavior in terms of
permittivity (g;), permeability (u,), and refractive index (n).

Perfect Electric Conductor (PEC) and perfect magnetic conductor (PMC) boundary conditions
were assigned to the model’s input and output ports to define the excitation field and ensure accurate
retrieval of scattering parameters (S;; and S,;). The Nicolson—Ross—Weir (NRW) method was used to
derive the effective constitutive parameters from the simulated S-parameters, which were first
converted from magnitude and phase into complex quantities. These parameters describe the intrinsic
DNG characteristics of the metamaterial structure.

The simulated S-parameter data consist of the reflection coefficient (Si;) and transmission
coefficient (S,;) obtained in both magnitude and phase domains. These quantities were subsequently
converted into complex form using the following expressions [2]:

S11 = |Sy1]e™11 1)

Sz1 = 1Sy ]e"02 2

The electromagnetic characteristics of the metamaterial including the relative permittivity (e),

relative permeability (i), and refractive index (n)—were determined using MATLAB implementation
of the NRW retrieval method. The corresponding relations are expressed as follows [2]:

Vi =521 +511 3)

V2 =521 = S11 4
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where, ko = 2xnf/c represents the free-space wave number, f is the operating frequency, and ¢ denotes
the speed of light in vacuum (3 x 10® m/s). The parameter t,, corresponds to the propagation distance
between the excitation input and output ports within the SRR metamaterial structure.

2.2. Design of Metamaterial Antenna

Following the characterization of the metamaterial, a microstrip antenna integrated with
square SRR metamaterial cells was designed and optimized using CST Studio Suite 2019. The antenna
consists of three main components: the substrate, the patch, and the ground plane. Both the patch and
ground layers were made of copper, while the substrate utilized FR-4 material with a dielectric
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constant of 4.3 and a thickness of 1.6 mm.A four-cell SRR configuration was selected for integration,
as it exhibited the most stable DNG response during metamaterial characterization.

Figure 2 presents the front, back, and side views of the metamaterial antenna design. The
structure illustrates the integration of the SRR array onto the microstrip patch, enhancing its resonant
response through coupling between the SRR unit cells and the radiating surface. The antenna model
underwent multiple optimization stages to refine its return loss, bandwidth, and gain.

Figure 2. Front, back, and side views of the square SRR metamaterial-integrated microstrip antenna.

The geometric dimensions of the optimized antenna are summarized in Table 2. Each
parameter was refined iteratively to achieve superior impedance matching, wideband operation, and
improved gain performance.

Table 2. Geometrical dimensions of the metamaterial antenna.

Parameter  Dimension (mm)  Parameter  Dimension (mm)

C2 1 W4 2.14
L2 25.65 W5 1.27
L3 14.54 Gl 29.6
L4 11.11 G2 7.4
LS 0.82 G3 5.43
W2 29.6 G4 3.94
W3 29.6 Tg 0.035

3. RESULTS AND DISCUSSION

3.1. Metamaterial Structural Characteristics

The proposed square Split Ring Resonator (SRR) metamaterial was simulated with four
different unit cell configurations to analyze its electromagnetic response and verify the presence of
Double-Negative (DNG) characteristics [30]. The S-parameter data, specifically Si: (reflection) and
Sa1 (transmission), were extracted from CST Studio Suite and processed using the Nicolson—R0ss—
Weir (NRW) retrieval method [31] to obtain the effective constitutive parameters: relative permittivity
(er), relative permeability (), and refractive index (n). The computed relationships between these
parameters and frequency are presented in Figures 3 — 5.
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As shown in Figure 3, the number of SRR cells strongly influences the dielectric properties of
the metamaterial. The four-cell SRR configuration exhibits a significantly more pronounced negative
permittivity response compared to other variations, with a peak resonance of & = —153.65 at 0.94 GHz.
This result demonstrates enhanced electric field confinement and polarization within the metamaterial
lattice, caused by the strong coupling between adjacent SRR elements [32]. The increased number of
resonant units allows the structure to trap and manipulate more electromagnetic energy, confirming
effective dielectric localization.
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Figure 3. Effect of the number of SRR unit cells on the relative permittivity (er) of the metamaterial structure.

The variation of relative permeability (i) shown in Figure 4 reveals a similar trend. The four-
cell SRR structure achieved the strongest magnetic resonance with a minimum . value of —8.85 at
1.30 GHz. The simultaneous negativity of both ¢, and p, within overlapping frequency bands validates
that the structure exhibits DNG behavior, which is critical for antenna miniaturization and
performance enhancement in microwave applications [33]. The observed enhancement in magnetic
response can be attributed to stronger induced magnetic flux within each resonant ring, increasing the
overall electromagnetic coupling effect [34].
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Figure 4. Effect of the number of SRR unit cells on the relative permeability (ur) of the metamaterial structure.

As depicted in Figure 5, the refractive index (n), calculated from &, and ., also shows negative
values over multiple frequency ranges. The single-cell SRR exhibits the most extreme negative
refractive index (n = —-12.23) at 2.28 GHz; however, the frequency of resonance gradually shifts as
additional cells are introduced. This frequency shift results from mutual coupling and modification of
the effective propagation path length within the metamaterial array [35]. The trend suggests that
increasing the periodicity of SRR units enhances structural uniformity, improving stability and
bandwidth at higher frequencies.
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Overall, these findings confirm that increasing the number of SRR unit cells significantly
affects the electromagnetic resonance characteristics of the metamaterial. The four-cell SRR
configuration provides an optimal balance between electric and magnetic responses, thus being the
most suitable structure for integration into a high-performance microstrip antenna system [36].
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Figure 5. Variation of refractive index (n) with frequency for different SRR cell configurations.

3.2. Performance of the Metamaterial-Integrated Antenna

The microstrip antenna integrated with square SRR metamaterial structures was simulated to
assess its radiation performance and impedance characteristics. Key parameters including return loss
(Su1), Voltage Standing Wave Ratio (VSWR), gain, and radiation pattern were analyzed to evaluate the
impact of SRR integration on antenna efficiency [37].
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Figure 6. Comparison of return loss characteristics for microstrip antennas integrated with 1-4 SRR unit cells.

As shown in Figure 6, the integration of SRR metamaterial units leads to a notable
improvement in return loss. The three-cell SRR antenna achieved the lowest return loss of —53.62 dB,
indicating excellent impedance matching and minimal reflection loss. Similarly, the four-cell
configuration maintained a low return loss of —48.31 dB, confirming efficient power transfer and
reduced signal attenuation. These results align with previous findings showing that metamaterial
superstrates and inclusions can significantly enhance antenna impedance bandwidth and radiation [38].

The VSWR results in Figure 7 show that all antenna designs maintain acceptable impedance
matching within the standard range (1 < VSWR < 2). The four-cell SRR configuration achieved the
widest operational bandwidth of 4.37 GHz, representing a substantial improvement compared to the
conventional microstrip antenna without metamaterial integration [39]. The extended bandwidth is
primarily attributed to multi-resonant interactions among the SRR elements, which introduce
additional resonant modes and improve impedance continuity [40].
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Figure 7. Comparison of VSWR characteristics for metamaterial-integrated microstrip antennas.

The gain behavior, as illustrated in Figure 8, shows consistent performance up to 2.69 GHz,
after which the multi-cell configurations exhibit divergence due to inter-resonator coupling. The four-
cell SRR antenna attained a maximum gain of 2.23 dBi, demonstrating that the metamaterial enhances
radiation efficiency and field directivity by guiding electromagnetic waves through controlled
coupling between the SRR lattice and the radiating patch [41]. These improvements confirm that the
metamaterial structure effectively compensates for the inherent low-gain limitation of traditional
microstrip antennas.
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Figure 8. Gain characteristics of the microstrip antennas with different SRR configurations.
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Figure 9. 3-dimensional radiation pattern of the optimized 4-cell SRR metamaterial-based microstrip antenna.
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The radiation pattern of the optimized four-cell SRR antenna, shown in Figure 9, exhibits an
omnidirectional distribution with the main lobe directed along the front axis. This pattern is
particularly advantageous for biomedical sensing applications, where omnidirectional signal reception
is essential for detecting physiological variations from different orientations [42]. The stable and
symmetrical radiation pattern also reflects effective coupling between SRR units and the radiating
element, ensuring consistent energy distribution and low distortion in near-field interactions.

3.3. Discussion

The overall results confirm that incorporating square SRR metamaterials into microstrip
antenna design significantly enhances the antenna’s electromagnetic and radiation performance [43].
The observed improvements in return loss, bandwidth, and gain are primarily due to the DNG
properties of the metamaterial, which enable enhanced electromagnetic field localization and multi-
resonant operation [44].

Such characteristics allow the antenna to operate efficiently across a wide frequency band
while maintaining compactness, structural simplicity, and stable radiation properties—features that are
highly desirable for biomedical and loT-based sensing devices [45]. The optimized four-cell SRR
configuration therefore represents a promising and scalable platform for next-generation wideband
biomedical sensors, offering improved signal reliability, low fabrication cost, and adaptability for
flexible or wearable electronics applications [46].

4. CONCLUSION

This study successfully demonstrated the design, simulation, and optimization of a square
Split Ring Resonator (SRR) metamaterial-based microstrip antenna for wideband biomedical sensing
applications. The proposed metamaterial structure, comprising one to four square SRR unit cells, was
characterized using the Nicolson—-Ross—Weir (NRW) method, which confirmed the presence of
Double-Negative (DNG) behavior. The optimized four-cell configuration exhibited strongly negative
permittivity (e = —153.65) and permeability (u. = —8.85), verifying its effective electromagnetic
resonance properties.

Integration of the optimized metamaterial into the microstrip antenna significantly improved
key performance parameters. The antenna achieved a return loss of —48.31 dB, bandwidth of 4.37
GHz, and gain of 2.23 dBi, accompanied by an omnidirectional radiation pattern ideal for biomedical
sensing. These enhancements demonstrate that the DNG characteristics of the SRR metamaterial
contribute to superior impedance matching, wideband operation, and radiation efficiency.

Overall, the results confirm that the square SRR metamaterial provides an efficient and
scalable approach to improving microstrip antenna performance for biomedical and Internet-of-Things
(loT) applications. Future studies may extend this work toward reconfigurable, flexible, or
miniaturized antenna systems for next-generation wearable healthcare devices.
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