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structure (DGS), metamaterial- resulting in a remarkable gain enhancement of 24.90%, from 7.85 dBi
inspired, gain enhancement, to reaching a peak gain of 9.05 dBi comparing with the UWB antenna
compact without MTM-I. This enhancement is attributed to the MTM-I structure

role as a passive reflector, improving signal directionality and radiation
efficiency. The antenna demonstrates a wide operational frequency
range of 2.29 GHz to 12 GHz, making it suitable for various high-
frequency applications. Fabricated on an FR4 substrate with compact
dimensions of 48 mm x 38 mm x 1.6 mm, the antenna offers an optimal
balance of size, efficiency, and bandwidth. The novelty of this work
resides in the co-planar integration of MTM-I and DGS within a compact
UWRB patch antenna, optimize to achieve substantial gain enhancement
without an increase in size. Its robust performance makes it a viable
candidate for use in wireless communication systems, radar
applications, and tracking systems, where high gain, broad bandwidth,
and compact size are critical.

1. Introduction

UWB antennas have emerged as a promising solution for high-speed, short-range wireless communications due
to their wide bandwidth, low power consumption, and ability to support high data rates. Their applications span
radar systems, biomedical devices, tracking, vehicular communication, and emerging wireless technologies.

This is an open access article under the CC BY-NC-SA 4.0 license.
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However, achieving consistently high gain and stable radiation patterns over a broad frequency range remains a
key challenge in compact UWB antenna design. These limitations hinder the performance of UWB systems,
particularly in gain-sensitive and long-range applications.

To address the performance constraints of conventional UWB antennas, researchers have employed the DGS
technique, which modifies the current distribution and increases effective electrical length, thereby enhancing
impedance matching and bandwidth. For instance, Hossen et al. [1] and Let et al. [2] demonstrated that integrating
slotted or triangular DGS structures can significantly extend bandwidth while maintaining compactness and
satisfactory gain.

Despite its advantages, DGS alone may not sufficiently enhance radiation characteristics or gain. Therefore,
the integration of MTMs, defined as artificial materials with engineered electromagnetic properties, has gained
favor as a complementary approach. MTMs exhibit negative permittivity and permeability, allowing for tailored
surface wave manipulation and suppression of undesired back radiation. This leads to more focused radiation
patterns, improved gain, and enhanced bandwidth.

Numerous studies support the role of MTMs in gain enhancement for UWB antennas. Frist et al. [3] proposed
a frequency-reconfigurable UWB antenna using split-ring resonators and DGS, achieving a peak return loss of
-54.21 dB and wideband coverage up to 12 GHz. Similarly, Negi and Bansal [4] designed a flexible UWB antenna
using a double-negative (DNG) metamaterial structure, reporting substantial gain improvements of up to 18 dBi,
particularly highlighting the benefits for conformal and wearable applications. Negi et al. [5] also showed that a
mu-negative MTM ground plane could improve gain to 9.1 dBi while maintaining full UWB coverage.

Earlier investigations in 2021 established the effectiveness of metamaterial-inspired matching networks for
bandwidth and gain enhancement while emphasizing the need to balance antenna performance with fabrication
simplicity, efficiency, and cost for practical deployment [20][21]. For vehicular and 5G applications, Fu et al. [6]
introduced a stereoscopic Yagi-Uda UWB antenna with near-zero-index MTM, achieving stable gain across a wide
frequency range. Shahrizan et al. [7] explored MTMs for wearable UWB antennas, achieving gain enhancement up
to 4.8 dBi and improved efficiency on the human body. Other research has extended MTM use to wireless power
transfer systems [8], Vivaldi antennas [9], and biomedical devices [10], all reporting measurable improvements
in radiation efficiency, bandwidth, and gain. Similarly, 2025 studies confirmed that AMC- and MTM-based
structures significantly improve gain while reducing specific absorption rate (SAR) in wearable UWB systems,
although the additional reflector or metamaterial layers increase fabrication complexity and limit integration into
compact planar antennas [18], [19].

Compared to other methods, MTM-integrated UWB antennas have demonstrated consistent improvements.
Dihaji et al. [11] and Bansal et al. [12] reported broader bandwidths and peak gains exceeding 8 dBi. Additionally,
the use of AMC reflectors [13] and metasurface layers [14] has enabled more precise control of beam patterns,
especially in compact or wearable configurations. Fertas et al. [15] also showcased selective band rejection using
MTM cells, contributing to flexible and robust UWB antenna designs. In particular, metasurface-integrated and
metamaterial-inspired antennas reported in 2026 achieved stable broadside gain and enhanced impedance
bandwidth; however, these approaches generally introduce higher structural complexity and require precise
optimization of the electromagnetic surface geometry [16], [17].

This study proposes a novel UWB antenna design integrating both DGS and MTM-I structures on a single plane
for a compact size to achieve significant improvements in bandwidth, gain, and directivity. This combined
approach offers a powerful, practical solution to overcome the inherent limitations of conventional UWB antenna
designs.

2. UWB Antenna Design

The antenna design methodology is a structured and iterative process that begins with conceptual modeling and
advances through simulation-based analysis to evaluate performance. Various antenna geometries, which are
circular, triangular, and square, illustrated in Fig. 1, are simulated to assess parameters including return loss, gain,
bandwidth, and radiation pattern. Among these, the square-shaped antenna is selected as the optimal design due
to its ability to generate the highest number of low resonant frequencies, as shown in Fig. 2. This characteristic
indicates enhanced multi-band capabilities, making it ideal for applications requiring wide or multiple frequency
coverage. Theoretically, the square geometry supports a more uniform and symmetrical surface current
distribution, which enables multiple resonant modes and contributes to efficient radiation performance. Through
repeated simulations and refinements, the antenna's structural and electrical parameters are fine-tuned to ensure
that it meets the desired specifications. This comprehensive approach ensures the final antenna design delivers
reliable, high-performance operation suitable for its targeted wireless communication or sensing applications.
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Fig. 1 Patch antenna (a) Circle; (b) Square; (c) Triangle; (d) Ground plane
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Fig. 2 Reflection coefficient of the antenna for different patch

The antenna design process involves a systematic approach beginning with conceptual modeling and followed
by simulation-based performance analysis. The input impedance of 50 used to maximize the antenna
performance. The initial design started with only a square patch and a full-size ground plane. Meanwhile, the
ground size is reduced to a DGS structure to obtain UWB characteristics. The width (W) and length (L) of the patch
antenna can be calculated using the methods provided.
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where:
h = dielectric thickness
c = speed of light
Eeff = effective dielectric constant of substrate
&r = dielectric constant of substrate
fo = center frequency

The effective permittivity and impedance parameter of the microstrip line is determined by:
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Transmission line parameter is defined by the following equations.
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where:
B = Dimensionless parameter for microstrip width calculation
Wy = Width of the microstrip transmission line (mm)
Ls = Width of the microstrip transmission line (mm)
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Enhancements are introduced progressively, starting with the addition of a slot to improve impedance
matching and bandwidth. This is followed by a single truncated square patch, then further truncations on both left
and right sides of the patch to fine-tune surface current distribution and enhance multi-band performance.
Optimization is carried out through parametric studies to determine the ideal configuration for maximum gain,
bandwidth, and return loss. A DGS, scaled to one-quarter the size of the original ground plane, is applied to further
enhance performance by suppressing surface wave propagation and improving isolation.

The proposed UWB antenna, as shown in Fig. 3(a) and Fig. 3(b), is fabricated on an FR4 substrate with a
dielectric constant of 4.3, loss tangent of 0.025, and thickness of 1.6 mm. The radiating element is made of annealed
copper with a thickness of 0.035 mm, and the antenna is fed via a microstrip line. The overall substrate measures
48 x 38 mm?, while the radiating patch itselfis 21 x 21 mm?.
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Fig. 3 Geometry of the proposed UWB antenna (a) Top view; (b) Bottom view

The S11 variation with frequency for different slot configurations is illustrated in Fig. 4. The analysis reveals
that implementing slots into the antenna structure significantly improves impedance matching across the UWB
frequency range. The antenna with three slots, in particular, demonstrates the best performance, exhibiting a
return loss below -10 dB across the entire UWB spectrum, thus meeting the UWB requirement for effective signal
transmission with minimal reflection. Additionally, Fig. 5 presents the gain performance for each configuration. It
is evident that the design featuring three slots achieves the highest gain among all tested configurations, indicating
enhanced radiation efficiency and better signal strength. Furthermore, the integration of a truncated patch and a
DGS further optimizes performance by suppressing surface waves and improving bandwidth. The combination of
slotting, truncation, and DGS results in a well-balanced antenna design that delivers excellent return loss and
superior gain characteristics suitable for UWB applications.
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Fig. 5 Gain for various numbers of slots

Referring to Fig. 6, the proposed antenna implements a ring-shaped structure strategically placed on the
ground plane to enhance its electromagnetic performance. The outer and inner diameters of the ring are 3.5 mm
and 2.5 mm, respectively. The performance of the antenna is assessed through a comparative analysis of return
loss and gain across three proposed designs, which are the basic design without MTM-], the antenna with a partial
MTM-I ring, and the antenna with a complete MTM-I ring structure as shown in Fig. 6. Among these, the
configuration in Fig. 6(d) is selected as the optimized design due to its superior performance in terms of both
bandwidth and gain.

As represented in Fig. 7 and Fig. 8, the optimized antenna with the MTM-I ring structure achieves the widest
bandwidth, fully satisfying UWB requirements. Additionally, it demonstrates the highest gain enhancement across
the target operating frequency range. Theoretically, MTM-I structures like the ring-loaded ground plane can
manipulate the effective permittivity and permeability around the antenna, resulting in improved radiation
efficiency and reduced backward radiation. This transformation supports a more focused radiation pattern and

enhanced gain. The detailed parameters and dimensions of the proposed antenna designs are summarized in
Table 1 for reference.
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Fig. 6 Metamaterial-inspired shape; (a) Single ring; (b) Double ring; (c) Triple ring; (d) Triple ring (center)
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Fig. 7 Comparison of UWB antenna reflection coefficient for different DGS
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In microwave sensor design, the size of the ring width plays a crucial role in the reflection coefficient, which
directly impacts the performance of the sensor. Hence, varying the ring width was observed to affect the reflection
coefficient significantly, with the circle of 1.5 mm width providing the best performance in terms of S-parameters,
as shown in Fig. 9. This indicates minimal reflection and optimal impedance matching, suggesting that a 1.5 mm
ring width results in the most efficient energy transfer.

However, the primary design goal is to maximize the gain of the sensor. While the 1.5 mm ring width optimizes
the reflection coefficient, it does not provide the highest gain. As illustrated in Fig. 10, a 1 mm ring width was
selected, despite the lower reflection coefficient, because it increases the effective aperture of the sensor, thereby
enhancing the antenna's gain. This trade-off between reflection coefficient and gain is common in antenna design,
where achieving higher gain often necessitates a compromise in other performance parameters, such as reflection.
Thus, the 1 mm ring width aligns with the goal of increasing gain while maintaining an acceptable reflection
coefficient for efficient signal transmission.
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Fig. 9 Comparison of UWB antenna reflection coefficient for different circle sizes
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Fig. 10 Comparison of UWB antenna’s gain for different circle sizes

The enhancement in performance is largely attributed to the influence of the MTM-I ring, which manipulates
surface current distribution and suppresses undesired back radiation. These effects contribute to stronger
forward radiation and improved gain. The optimized configuration thus confirms the effectiveness of integrating
MTM-I into antenna design. A comprehensive summary of all relevant antenna dimensions and parameters is
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provided in Table 1, offering a clear comparison between the proposed designs and supporting the selection of
the final optimized configuration.

Table 1 Optimum dimensions of proposed antenna

Antenna parameter Design value
Size of substrate 48 x 38 mm
Size of patch 21x 21 mm
Size of ground 13 x 38 mm
Size of middle slot 6.5 x5 mm
Size of right and left slot 3.5x 3.3 mm
Diameter of circle shape for metamaterial inspired shape Outer 3.5 mm
Inner 2.5 mm

3. Results and Discussions

The antenna design illustrated in Fig. 11 was first simulated using CST Studio Suite to validate its electromagnetic
performance and structural integrity. Once the simulation results met the desired specifications, the antenna was
fabricated on an FR-4 substrate, a commonly used material known for its good electrical properties and
mechanical stability. Copper was utilized for both the radiating patch and ground plane due to its excellent
conductivity. During the fabrication process, an SMA connector was carefully soldered to the feedline section to
enable signal transmission and measurement. A detailed inspection was conducted to ensure proper connectivity
and mechanical stability between the connector and the PCB.

|

(@) (b)
Fig. 11 Fabricated UWB antenna (a) Without MTM-1; (b) With MTM-1

The proposed antenna was simulated using CST Studio Suite to evaluate its capability to operate efficiently
across a wide frequency range from 1 GHz to 12 GHz, while maintaining a return loss below -10 dB. This broad
bandwidth is critical for UWB applications, as defined by the IEEE standard, which specifies UWB operation within
the 3.1 GHz to 10.6 GHz frequency range. The simulated return loss response, illustrated in Fig. 12, indicates three
distinct resonant frequencies. The first resonance occurs at 2.68 GHz with a return loss of -18.54 dB, followed by
a second resonance at 5.65 GHz exhibiting a return loss of -32.62 dB. The third resonance appears at 9.40 GHz

with a return loss of -23.78 dB, demonstrating the antenna’s effective impedance matching over a wide operating
band.
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Fig. 12 Comparison of the reflection coefficient of simulation

In terms of gain performance, the antenna without metamaterial integration achieves a minimum gain of 2.91
dBi at 2.68 GHz and a maximum gain of 7.85 dBi at 11.45 GHz, as depicted in Fig. 13. In contrast, the metamaterial-
loaded design yields enhanced gain characteristics, with a maximum gain of 9.05 dBi at 10.35 GHz and a minimum
gain of 2.88 dBi at 2.29 GHz. This improvement can be attributed to the inclusion of the metamaterial structure
on the ground plane, which acts as an artificial magnetic conductor. Theoretically, metamaterials introduce
engineered electromagnetic properties, such as negative permeability or permittivity, that enable the
manipulation of surface currents and suppression of surface wave propagation. This enhances the radiation
efficiency and gain by effectively directing more radiated energy into the desired direction and minimizing
backward radiation. As a result, the antenna demonstrates improved directional radiation and higher gain across
the UWB spectrum, confirming the beneficial role of metamaterial integration in high-performance UWB antenna
design.

Gain (dBi)

= = without MTM-I
m— with MTM-I

-8 T T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 13 Comparison of the gain of simulation

Fig. 14 and Fig. 15 present a comprehensive comparative analysis of the antenna’s performance in terms of
return loss and gain, showcasing both simulated and measured results. The evaluation clearly indicates that the
integration of MTM-I structures into the antenna significantly enhances its operational characteristics. Notably,
the MTM-I-enhanced antenna exhibits deeper return loss values across the UWB frequency range, demonstrating
superior impedance matching. This improvement ensures that more energy is radiated rather than reflected,
which is crucial for achieving efficient signal transmission. Multiple prototypes were fabricated and tested, with
the final design showing the best performance. While variations in the FR4 dielectric constant and connector
soldering could slightly impact high-frequency performance, these factors were carefully controlled, and the
observed variation margins were within acceptable limits for the desired UWB performance.
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In addition to improved return loss, the antenna with MTM-I shows notable gain enhancement, especially
across most of the operating frequency spectrum. This is attributed to the MTM-I's ability to manipulate the
effective electromagnetic parameters, such as permittivity and permeability, around the antenna, thereby
improving its radiation efficiency and directivity. As a result, the antenna produces stronger and more focused
radiation, which is beneficial for UWB communication systems. While higher-gain directional UWB antennas exist,
the proposed antenna's 9.05 dB gain is advantageous for applications requiring focused signal transmission, such
as radar and point-to-point communication systems. This gain is achieved without compromising the antenna's
compact size, making it suitable for integration into portable devices.

Moreover, the results demonstrate a strong correlation between simulation and measurement data, indicating
that the design methodology is reliable and the fabricated prototype accurately reflects the theoretical model. This
agreement contributed by several factors, including precise fabrication processes, stable and known electrical
properties of the FR4 substrate, and the careful modelling and integration of the MTM-I ring structure under
controlled conditions. Overall, the inclusion of MTM-I in the antenna design leads to improved bandwidth and
gain, validating the effectiveness of the proposed approach.

0 - —— UWB without MTM-I simulation
- — — — UWB without MTM-I measurement
~A ————  UWB with MTM-I simulation
\\ — — — UWB with MTM-I measurement

\

-20 4

Reflection coefficient, S11 (dB)

-30 1

Frequency (GHz)

Fig. 14 Comparison of the reflection coefficient of the antenna between simulation and measurement
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-6 —— with MTM-I simulation

— — with MTM-I measurement

-8 T T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 15 Comparison of the gain of the antenna between simulation and measurement
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The effectiveness of the proposed antenna design is evaluated by the current surface distribution across the
radiator, thoroughly analyzed at key resonant frequencies. Fig. 16 illustrates the current density plots at 3 GHz, 6
GHz, and 9 GHz, representing the low, mid, and high ends of the UWB operating spectrum, respectively.

At 3 GHz, the surface current is relatively dispersed, indicating lower radiating efficiency and weaker
directional characteristics. As the frequency increases to 6 GHz, the current becomes more concentrated along the
edges and corners of the radiator geometry, suggesting improved coupling and impedance matching. Notably, at
9 GHz, a significant concentration of surface current is observed, particularly along the contour of the radiator and
metamaterial-integrated ground plane.

This increased surface current density at higher frequencies correlates directly with the antenna’s enhanced
radiation performance. A denser current distribution typically results in stronger radiated fields, which leads to
higher realized gain.

Al/m

7"5]
10

(@) (b) (©
Fig. 16 Surface current at (a) 3 GHz; (b) 6 GHz; (c) 9 GHz

The radiation patterns for the UWB antenna, both with and without MTM-], at 3 GHz, 6 GHz, and 9 GHz reveal
significant differences in performance characteristics as shown in Fig. 17 and Fig. 18. The antenna without MTM-
I displays a typical omnidirectional pattern at lower frequencies, with the cross-polarization levels being higher
and more evenly distributed. As frequency increases to 6 GHz and 9 GHz, the patterns become more directional
with deep nulls, indicating increased directivity and less efficient cross-polarization.

In contrast, the antenna with MTM-I shows marked improvements in polarization purity and directivity
across all frequencies. The cross-polarization levels are significantly reduced, especially at higher frequencies, 6
GHz and 9 GHz, which aligns with the theory that MTM-I structures can enhance the polarization characteristics
of an antenna. At these higher frequencies, the antenna with MTM-I also demonstrates sharper beam shaping and
reduced back lobes, enhancing the antenna's gain and efficiency.

The MTM-I structure has ability to minimize cross-polarization is attributed to the increased impedance
matching and reduced spurious radiation patterns, which is supported by theoretical models for MTM-I enhanced
antenna designs. This makes the antenna with MTM-I more suitable for applications requiring high polarization
purity and low interference in UWB communication systems.

Farfield Gan Crosspolar (Phi=0) Farfield Gan Crosspolar (Phi=0) Farfield Gan Crosspolar (Phi=0) Farfield Gain Abs (Phi=0) Farfield Gain Abs (Phi=0) Farfield Gain Abs (Phi=0)

0 0

Theta / deg vs. dBi Theta / deg vs. dBi Theta / deg vs. dB: Theta / deg vs. dBi Theta / deg vs. dBi Theta / deg vs. dBi
3 GHz 6 GHz 9 GHz 3 GHz 6 GHz 9GHz
Without MTM-I With MTM-I

Fig. 17 Cross polarization pattern of UWB antenna at Phi = 0°
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Farfield Gain Crosspolar (Phi=90) Farfield Gain Crosspolar (Phi=90) Farfield Gain Crosspolar (Phi=90) Farfield Gan Abs (Phi=90) Farfield Gan Abs (Phi=90) Farfield Gan Abs (Phi=90)

180

Theta / deg vs. dBi Theta / deg vs. dBi Theta / deg vs. dBi Theta / deg vs. dBi Theta / deg vs. dBi Theta / deg vs. dBi
3 GHz 6 GHz 9 GHz 3 GHz 6 GHz 9 GHz
Without MTM-I With MTM-I

Fig. 18 Cross polarization pattern of UWB antenna at Phi = 90°

In Fig. 19 (a), Fig. 20 (a) and Fig. 21 (a), the antenna without MTM-I demonstrates a less directional radiation
pattern, with the measured results deviating significantly from the simulated ones. This discrepancy can be
attributed to increased surface wave propagation and weaker electromagnetic confinement, which result in
pattern distortion and decreased radiation efficiency. The omnidirectional nature of the pattern is typical for basic
UWB antennas, but it comes at the cost of reduced gain and inconsistent real-world performance.

In contrast, Fig. 19 (b), Fig. 20 (b) and Fig. 21(b) reveal the radiation characteristics of the UWB antenna with
MTM-I. Here, the patterns show enhanced directionality and more consistent agreement between simulation and
measurement. The presence of the metamaterial structure contributes to the control and manipulation of surface
currents, effectively shaping the radiation and suppressing undesired lobes. This results in more focused beam
patterns and improved front-to-back ratio, which are critical for applications requiring high directivity and
efficient energy transmission. The improved agreement between simulated and measured results for the MTM-I
based antenna also indicates better impedance matching and reduced fabrication-induced variability. Overall,
MTM-I integration leads to enhanced radiation behavior, contributing to higher gain and more reliable antenna
performance.

The more directional radiation pattern achieved by integrating MTM and DGS enhances gain and directivity,
which is beneficial for applications like radar and point-to-point communication systems where focused beams
are essential. However, this increased directivity may limit the antenna's suitability for applications requiring
omnidirectional coverage, such as in general wireless communication networks or devices where broad, uniform
coverage is needed. The trade-off lies in the antenna’s ability to concentrate energy in specific directions,
potentially reducing its performance in environments where signals need to be transmitted or received from all
directions. Therefore, careful consideration is necessary to match the antenna design with the specific needs of
the application.

Simulation
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Fig. 19 Radiation pattern at 3 GHz of (a) UWB antenna without MTM-I; (b) UWB antenna with MTM-1
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Fig. 20 Radiation pattern at 6 GHz of (a) UWB antenna without MTM-I; (b) UWB antenna with MTM-1
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Fig. 21 Radiation pattern at 9 GHz of (a) UWB antenna without MTM-I; (b) UWB antenna with MTM-I

Referring to Fig. 22, the integration of MTM-I DGS into the UWB antenna significantly enhances the voltage
concentration, as evidenced by the electric field distribution and the associated voltage values. For a normal UWB
antenna, the maximum voltage per unit area is 7373 V/m, as shown in the previous E-field plot. However, when
the MTM-I DGS structure is introduced, the maximum voltage concentration increases to 12069 V/m.

This increase in voltage concentration can be attributed to the role of the MTM-I DGS elements in modifying
the current flow and electromagnetic field distribution in the antenna. The circular defects in the ground plane
cause localized disruptions that lead to a more confined and intense electric field in the vicinity of the DGS
elements. These disruptions result in enhanced voltage concentration, which is observed as an almost twofold
increase in the electric field magnitude.

This improvement in voltage concentration directly impacts the antenna's efficiency and radiation
characteristics. The higher voltage concentration indicates better coupling of the antenna with its surrounding
medium, promoting more efficient energy transmission and radiation. Additionally, the MTM-I DGS structure
helps to minimize surface wave losses and improve impedance matching, further contributing to the overall
enhancement of the antenna's performance, especially in terms of efficiency, bandwidth, and directional radiation.
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Fig. 22 E-field of the (a) UWB antenna; (b) UWB antenna with MTM-1 DGS

Fig. 23 presents the simulated and measured directivity comparison between the proposed UWB antennas
with and without MTM-I structures. The results clearly indicate that the antenna integrated with MTM-I displays
significantly stronger directivity than its counterpart without MTM-I. This enhancement in directivity implies that
the metamaterial-based antenna can more effectively focus radiated energy in a specific direction, thereby
improving communication link stability and extending transmission range. Such behavior is particularly beneficial
in UWB applications where high radiation efficiency and directional performance are critical. Additionally, the
measured radiation patterns closely resemble the simulation results, validating the design accuracy and
demonstrating the antenna’s real-world effectiveness.
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Fig. 23 Directivity of the antenna

The graph in Fig. 24 presents the efficiency performance of an UWB antenna with and without the integration
of MTM-I structure across the frequency range of 2-12 GHz. The antenna with MTM-I demonstrates consistently
higher efficiency, particularly between 4-9 GHz, indicating improved electromagnetic coupling and reduced losses
due to the MTM-induced impedance matching and near-field enhancement. The peak efficiency reaches
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approximately 90% at around 6 GHz for the MTM-I design, surpassing the non MTM-I version. The close
agreement between simulated and measured results validates the proposed design and fabrication accuracy. The
slight deviations observed at higher frequencies can be attributed to fabrication tolerances, dielectric losses, and
connector mismatches. Overall, the integration of MTM-I effectively enhances the antenna’s radiating
performance and stability across the UWB spectrum, confirming its potential for high-efficiency wireless power
transfer and broadband communication applications.
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Fig. 24 Efficiency of the antenna

Comparison of the Antenna for Simulation and Measurement

Based on the data presented in Table 2 and Table 3, the UWB antenna embedded with MTM-I demonstrates
superior performance across all evaluated parameters. Notably, the UWB antenna with MTM-I achieves
improvements in bandwidth, gain, and directivity by 15.88%, 24.90%, and 16.11%, respectively, compared to the
non-MTM-I design. These enhancements are observed consistently in both simulation and measurement,
affirming the reliability of the design.

The broader bandwidth satisfies the IEEE-defined UWB requirement (3.1-10.6 GHz), ensuring the antenna is
well-suited for high-data-rate and wide-spectrum applications. Additionally, the gain achieved in this study
surpasses that of many existing UWB antenna designs reported in the literature, positioning this work as a
significant advancement in antenna engineering.

The substantial gain improvement is primarily attributed to the metamaterial structure integrated into the
ground plane. The MTM-I acts as an artificial magnetic conductor that modifies surface current distribution and
suppresses backward radiation, effectively focusing radiated energy in the desired direction. This results in higher
radiation efficiency and more concentrated signal power, thereby enhancing communication quality and
extending operational range. These advantages make the UWB antenna with MTM-I an excellent candidate for
advanced communication and radar systems that demand high performance, reliability, and compactness.

Furthermore, the directivity results showed that the antenna with the metamaterial had better directivity,
indicating a higher concentration of transmission or received signal power. It has significant benefits, especially
in communication and radar systems. Furthermore, greater directivity may broaden the effective range of
communication, allowing for improved communication links across longer distances.
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Table 2 Performance comparison of the UWB Antenna with and without MTM-1

Measurement
P t i
arametet UWB without MTM-I UWB with MTM-I Perce“tage(%pmvement
Working Frequency (GHz) 2.47 -10.47 2.29-12 15.88
Bandwidth (GHz) 8.00 9.71 '
Gain (dBi) Min =2.91 Min = 2.88 24.90
Max = 7.85 Max = 9.05 '
Directivity (dBi) 12.04 13.98 16.11
Table 3 Comparative overview of the proposed antenna
. . . Frequency -
2
Method Gain (dBi) Size (mm?) range (GHz) Characteristic Reference
DGS + double . .
square ring MTM 4.72 24 x12 3.83-19.36 Small size but low gain [22]
DGS +F
our 5.97 26426 1.08-9  Small size but low gain [23]
SRR-H
CSRR 3.042 36x29 2.8-45 Narrow BW, low gain [24]
DGS + Circle . . , Proposed
MTM-I 9.05 48x38 2.29-12 High gain, large size design

While combining MTM and DGS for UWB gain enhancement has been explored in previous studies, this work
distinguishes itself by integrating both structures on the same plane, offering a compact and efficient solution.
Additionally, the optimization methodology and specific design of the MTM-I ring, coupled with careful surface
current distribution adjustments, result in a notable 24.90% gain improvement, making it more effective for high-
performance wireless communication applications.

4. Conclusion

The performance comparison between the UWB antennas with and without MTM-I clearly demonstrates the
advantages of integrating MTM-I into antenna design. The antenna with MTM-I shows significant improvements
in bandwidth, gain, and directivity, which are key parameters for modern communication and radar systems. As
reported in Table 2 and Table 3, the MTM-I-enhanced antenna achieves a 15.88% increase in bandwidth, a 24.90%
increase in gain, and a 16.11% improvement in directivity compared to the standard design. These enhancements
are attributed to the metamaterial’s ability to manipulate electromagnetic waves by altering surface current
distribution, minimizing back radiation, and effectively concentrating radiated power in desired directions.
Moreover, the consistency between simulated and measured results confirms the practical viability of the
proposed design. The gain achieved in this study exceeds that reported in many existing UWB antenna works,
while the bandwidth satisfies the IEEE UWB requirement of 3.1-10.6 GHz. The benefit of extending the operating
range beyond the IEEE UWB standard to cover the proposed 2.29-12 GHz is that it provides greater flexibility for
future communication technologies and emerging applications that may utilize these additional frequencies,
potentially offering better spectrum utilization. This extended range also ensures that the antenna can be adapted
for use in environments with varying regulatory requirements or for applications that require broader frequency
coverage, such as radar systems or remote sensing. These results highlight the MTM-I structure’s role in improving
radiation efficiency without increasing antenna size. Overall, the integration of metamaterials enables a more
compact, high-performance antenna suitable for portable and embedded applications. Such improvements are
crucial for UWB systems that demand wide bandwidth and stable, high-gain communication over extended
distances
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