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ABSTRACT: This paper introduces a novel wideband antenna composed of fabric materials suitable for wearable and flexible applications
and a straightforward single-unit Metamaterial (MTM). The antenna design employs ShieldIT Super as the conductive fabric and felt
as the dielectric substrate, creating a lightweight and adaptable solution with dimensions of 58 mm x 34 mm x 2 mm. Operating over
a frequency range of 1.88 to 6.88 GHz, the proposed antenna achieves a peak gain of 4.72 dBi and a radiation efficiency of 94%. The
antenna has a wide measured bandwidth from 1.2 to 3.5 GHz (97%) and 4.0 to 5.9 GHz (38%), with an average measured gain of 3 dBi in
the lower band and 4.6 dBi in the upper band. The MTM-inspired design features a double rectangular complementary split-ring resonator
at the center of the radiating patch, which enhances bandwidth. The MTM structure exhibits Epsilon-Near-Zero (ENZ) and Mu-Negative
(MNG) properties. This novel design illustrates significant advancements in wideband antenna performance and is suitable for wearable
fabric-based S band, C band, 5G, Wireless Body Area Network (WBAN), and microwave imaging applications.

1. INTRODUCTION

etamaterials (MTMs), engineered with unique electro-

magnetic properties not found in natural materials, have
revolutionized various fields, including satellite communica-
tion, radar surveillance, medical devices, electronics, and agri-
culture. These advanced materials are also widely utilized in
telemetry, vehicles, and wireless communication systems [1—
3]. MTMs have significantly influenced antenna technology,
enabling enhanced performance, compact designs, and novel
functionalities for modern communication and sensing applica-
tions. In particular, these antennas use engineered materials to
manipulate electromagnetic waves, improving bandwidth [4—
9], gain [10-12], and directivity [13—18]. In addition, MTMs
in antenna design can improve electromagnetic performance,
especially in wearable and flexible communication devices,
by integrating a reconfigurable approach and advanced mate-
rial. This combination could enhance electrical conductivity,
strength, versatility, and flexibility [19-21].

Enhancing antenna performance requires the complex de-
sign of MTM to obtain negative permittivity, permeability, and
reflection index to ensure the manipulation of the wave con-
tributes to the antenna systems [1,2, 18, 19]. The complex de-
sign of a rigid substrate for MTM, as detailed in references [22]
and [23], has led to the discovery of multiple resonances in the
transmission coefficient. This design proves advantageous for
applications within specific bandwidth ranges.
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The growing demand for wearable electronics and seamless
textile communication systems has fueled the significant devel-
opment of fabric-based antennas [24]. Flexible, lightweight,
body-conforming antennas are key to health monitoring, smart
clothing, and on-body communication systems [25-27]. How-
ever, the design of compact, mechanically robust, wideband
fabric antennas presents ongoing challenges. Wearable textile
antennas have emerged as a significant area of research in re-
cent studies, owing to their innovative designs that incorporate
either thoroughly fabric materials or a combination of textiles.
This contrasts with traditional rigid and stiff antenna structures,
highlighting the potential for increased flexibility and comfort
in various applications [5, 15, 16,25-32].

Meanwhile, fabricating fabric-based MTMs will cause dif-
ficulty in their design fabrication and manufacturing costs.
Utilizing an MTM unit cell array structure with an Epsilon-
Negative (ENG) property and a Near-Zero Refractive Index
(NZRI), the authors of [5] exhibit a textile ultra-wideband pla-
nar monopole antenna with a notably low gain at a lower
frequency. The alternative fabric-based MTM is referenced
in [16]. The MTM was positioned on the radiating patch’s re-
verse side to improve directivity. Additionally, the design ne-
cessitates an active component, such as a varactor diode, to im-
prove the reflection coefficient at lower frequencies.

The study presented in [15] proposed a complete fabric an-
tenna constructed using 25 layers of polyester fabric to attain
a thickness of 4 mm, demonstrating a notable gain of 9.43 dBi
with eight units of an MTM structure. However, implementing
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multiple fabric layers increases fabrication complexity, possi-
bly limiting its practicality for real-world applications. Simi-
larly, the single-unit cell MTM patch antenna introduced in [31]
employed jeans as the substrate material, achieving effective
narrow dual-band operation. Despite its promising perfor-
mance, the design suffers from significant drawbacks due to
the material’s susceptibility to crumpling, which can cause fre-
quency shifts and compromise its consistency in wearable en-
vironments. The compact metasurface antenna by [32] can
achieve stable performance. However, the design used a com-
plex structure by inserting copper wire into the substrate.

In this study, the proposed antenna design contributes signif-
icant advancement by combining simplicity, wide operational
bandwidth, and fully fabric-based construction within a com-
pact footprint. The antenna employs a straightforward layout
to utilize a single-layer textile substrate. The design achieves
multi-band performance while maintaining mechanical flexi-
bility and robustness under bending and on-body conditions.

The proposed antenna, inspired by MTMs and specifically
designed for integration into textile applications, utilizes felt
as a robust substrate. The inherent mechanical stability, flex-
ibility, and resilience of felt make it suitable for wearable and
flexible antenna applications. The proposed antenna enhances
bandwidth by integrating a double rectangular Complemen-
tary Split Ring Resonator (CSRR). Incorporating a single unit
CSRR enables effective bandwidth control by introducing mul-
tifrequency behavior. The CSRR and the gap between the rings
can lead to bandwidth enhancement. The proposed antenna
design is meticulously analyzed through simulations and mea-
surements. It demonstrates its potential as a wideband, promis-
ing performance solution for wearable and fabric-based com-
munications systems for many applications, including medical
wireless devices.

2. ANTENNA DESIGN AND ANALYSIS

Figure 1 illustrates the design evolution of the antenna. The
substrate type is felt, characterized as a fabric-based material
with a thickness of 2 mm, a dielectric loss tangent of 0.02, and
a relative permittivity of 1.39. The substrate material proper-
ties were obtained using coaxial probe method with an Agilent
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FIGURE 1. The evolution of the antenna design shows the top and bot-
tom views.
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Technologies N5242A Vector Network Analyzer (VNA). A Co-
Planar Waveguide (CPW) antenna is constructed from conduc-
tive fabric material, specifically ShieldIT Super, which has a
thickness of 0.17 mm and a conductivity of 1.18 x 10° S/m. The
design initiates with a CPW-fed circular patch antenna (Lay-
out 1), which produces dual bands. A trapezoidal ground plane
(Layout 2) is implemented in the subsequent stages to achieve
an extended bandwidth. Introducing the double rectangular
CSRRs positioned at the center of the circular patch (Layout 3)
improves the reflection coefficient across the entire bandwidth.

The CPW antenna was engineered to achieve the required
bandwidth by implementing a modified half-trapezium ground
plane. The advantages of CPW are that one side-radiator and
ground plane are on a single side, and it is easy to integrate with
another application [33]. Figure 2 illustrates the geometry and
dimensions of the CPW antenna. The CPW antenna formula
is derived from calculations based on [34]. Applying Equation
(1) allows for predicting its lower resonant frequency.

14.4
fr= Al A2 Q)
Hti2+gl+ 21/ (er+1)/2 + 21124/ (er+1)/2

ShieldIT Super

Felt

FIGURE 2. The CPW antenna is based on a modified circle-shaped
patch and trapezoid ground plane.

The dimensions of the ground plane and radiating patch are
denoted as /1 and [2, respectively. Parameter g1 represents the
distance between the patch radiator and ground plane, while
Al and A2 refer to the areas of the ground plane and radiat-
ing patch, respectively. All measurements for [1, (2, g1, Al,
and A2 are expressed in centimetres. e represents the dielec-
tric constant of the substrate material. The antenna has a circle
diameter of 36 mm. Additional geometrical parameters are de-
tailed in Figure 3 and Table 1.

Fundamentally, the proposed double rectangular CSRR de-
sign is initiated by choosing 6 GHz as the resonance frequency
and calculating the maximum length and width of the design
as approximately 12 mm (\/4). Consequently, the double rect-
angular CSRR dimensions are defined using Computer Simu-
lation Technology (CST) Microwave Studio to achieve a wide
bandwidth. The proposed MTM-inspired antenna was simu-
lated using the configuration described in [35], displayed in
Figure 4(a). Figure 4(b) illustrates that the transmission co-
efficients operate over the the frequency range of 4.8 GHz to
7.6 GHz. The reflection and transmission coefficient values are
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TABLE 1. Geometric parameters of the proposed antenna (mm).

Parameters | Ws | Ls | Ga
Values (mm) | 34 | 58 | 9.42
Parameters a b c
Values (mm) | 10 8 6

Gb Ge | Wf Lf

13.6 | 15.6 2 14.33
d e g h
4 4.5 35 125115

(@) aF

[ B

Ga Gh

[
Gc wi

(b); —

-8B

ShieldIT Super

Felt

FIGURE 3. (a) Patch, feedline, and ground dimension and (b) the double rectangular CSRR dimension of the CPW antenna.
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FIGURE 4. (a) Simulation boundaries setup, (b) reflection coefficient (S11), and transmission coefficient (S21).

applied in the Nicolson Ross Weir approach to extract the MTM
properties such as permittivity, permeability, and refractive in-
dex [36].

The target MTM performance is between 3 and 6 GHz to
enhance bandwidth. Figure 5(a) illustrates the observation of
Epsilon-Near-Zero (ENZ) properties at 2.4 to 5.5 GHz, whereas
Figure 5(b) demonstrates the observation of negative perme-
ability, MNG in the range of 4.2 GHz to 7.9 GHz. The structural
characteristics of the suggested design demonstrated MTM-like
behavior at designated frequencies. Figure 5(c) depicts the neg-
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ative reflective index at 2.8 to 5.5 GHz. Meanwhile, the neg-
ative reading is extended to 6.2 to 8.7 GHz, and the frequency
range 5.5 to 6.2 GHz exhibits NZRI. Subsequently, after obtain-
ing the negative quantity of permittivity and permeability, the
dimension is conveyed to the CPW antenna, as pictured in Fig-
ure 3. The examination of the proposed antenna is conducted
in the subsequent subsections.

An equivalent quasi-static LC circuit can describe the CSRR
resonance, and its resonance frequency (f) is defined by Equa-
tion (2) [37]. L is the inductance of the rectangular rings, and
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FIGURE 5. Double CSRRs (a) permittivity, (b) permeability, and (c) refractive index.
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FIGURE 6. Equivalent circuit representation of proposed antenna.

C is the capacitance between them:

1

! 27r(LC)O'5. @

Figure 6 illustrates the equivalent circuit simulation with
CPW, a circular patch, and CSRRs represented as lumped com-
ponents. Cs and Lg represent the outer ring, while Cg and
L~ represent the inner ring. C7 denotes capacitive connection,
while Lg and Lg indicate inductive coupling [38]. The equiva-
lent circuit is constructed using Cadence AWR Microwave Of-
fice software, and the values of each lumped component are
adjusted to obtain a resonance frequency that aligns with the
simulation results. The value acquired are L, 1.51nH,
Ly =3.86nH, Ly = 1.04nH, Ly = 1.89nH, Ls = 1.13nH,
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Lg = 0.42nH, L7 = 0.98nH, Lg = 1.99nH, Ly = 1.80nH,
Lyp = 43.08nH, C; = 0.66 pF, C2 = 0.58 pF, C'5 = 0.84 pF,
Cy = 1.58v, C5 = 10.78pF, Cs = 1.12pF, C7 = 21.60pF,
Ry =34.5Q, Ry = 32.161), and R3 = 63.08 Q). Figure 7 il-
lustrates the comparison of the reflection coefficients between
the equivalent circuit model of the proposed antenna designed
using Cadence AWR and the simulation in CST. The calculated
value indicates that the outer ring frequency is 2.36 GHz, while
the inner ring is 4.80 GHz.

3. RESULT AND DISCUSSION

The analysis of surface current distribution provides insight into
the resonant behaviour and bandwidth performance of the pro-
posed antenna design. The surface current distribution on Lay-
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FIGURE 7. Comparison of the reflection coefficient of the equivalent circuit (Cadence AWR) and antenna simulation (CST).

TABLE 2. Comparison of antenna parameters based on their layout’s evolution.

Characteristics Layout 1 Layout 2 Layout 3
2.09-4.23 & 1.91-4.84 &
Bandwidth (GHz) 1.88-6.88
5.55-8.33 5.23-6.85
1.21-4.01 & 1.10-3.33 &
Gain range (dBi) 1.04-4.72
1.84-4.71 3.19-4.85
Radiation Efficiency (%) 85-93 85-93 88-94

outs 2 and 3 at 2.45, 3, 3.5, 4,5, 5.8, 6, and 6.5 GHz supports
the evidence of improvement in broad bandwidth enhancement.
Figures 8(a) to (p) illustrate the surface current corresponding
to a simulation phase angle configuration of 0°. The maximum
current is set up to 10 A/m to acquire a fair comparison of cur-
rent density based on the color scale to illustrate the difference
between Layout 2 and Layout 3 surface currents. The geometry
of the slot influences the surface current distribution both in the
presence and absence of double rectangular CSRRs positioned
at the center of the circular patch. The design of Layout 3 incor-
porates a slot that effectively reduces the reflection coefficient
within the frequency range of 4.8 GHz to 5.2 GHz, thereby en-
hancing the antenna’s bandwidth compared to Layout 2. The
analysis is derived from comparing the current density at the
radiating patch. Based on previous calculations on lumped el-
ements, the outer ring operates at lower frequencies and the in-
ner ring at higher frequencies. As proved, the outer slot reacts
at lower frequencies (3, 3.5, and 4 GHz), and the inner slot re-
sponds at a higher frequency (5.8 and 6 GHz).

The MTM element with a CSRR modifies the current flow,
enhancing bandwidth. Referring to the MTM analysis in Fig-
ures 5(a) and (b), the negative permittivity and permeability
are obtained at lower and higher frequency bands, respectively.
Thus, the structure exhibits a single negative behaviour at two
regions of the frequency band. The permittivity ranges from
2.4 to 4.1 GHz (outer ring). Meanwhile, permeability operates
at 4.2 to 7.9 GHz (inner ring).
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The approach demonstrates an improvement in bandwidth
for Layout 1 (dual bands with 67% and 40%) to Layout 2
(dual bands with 87% and 27%) for lower and upper band fre-
quencies. As evidenced in Figures 9(a) and (b), implementing
double rectangular CSRRs, MTM-inspired antenna improves
the reflection coefficient and Voltage Standing Wave Ratio
(VSWR) of the antenna. The graph displayed in Figure 9(c)
depicts the proposed antenna’s gain. The efficiency of all the
designs illustrated in Figure 9(d) highlights the overall radiation
performance up to 85% over the operating frequencies. The
summary of the antenna design is listed in Table 2.

The measurement using VNA from Agilent Technologies
model N5242A for the S-parameter is presented in Figure 10(b).
Figures 10(e) and (e) illustrate the normalized measured and
simulated gains and radiation efficiencies over operating fre-
quencies. The maximum measured gain and radiation effi-
ciency are 5 dBi and 83%, respectively. Even though the reflec-
tion coefficient has slight alterations at frequencies and changes
in resonance frequencies, there are still acceptable outputs in
Wireless Body Area Network (WBAN) applications. More im-
portantly, the impedance bandwidth (S1; < —10dB), 1.2—
3.5GHz (97%), and 4.0-5.9 GHz (38%) cover the wideband
frequency region. To investigate the different simulation and
measurement results, Figure 11 illustrates factors that may con-
tribute to the differences. Figures 11(a) and (b) depict the effect
of permittivity and loss tangent of the substrate material. The
findings demonstrate that minor fluctuations in these param-
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FIGURE 8. The current distribution comparison between Layouts 2 and 3 of the CPW antenna. (a) 2.45 GHz, (b) 2.45 GHz, (c¢) 3 GHz, (d) 3 GHz, (e)
3.5GHz, () 3.5 GHz, (g) 4 GHz, (h) 4 GHz, (i) 5 GHz, (j) 5 GHz, (k) 5.8 GHz, (1) 5.8 GHz, (m) 6 GHz, (n) 6 GHz, (0) 6.5 GHz, (p) 6.5 GHz.

eters have a negligible impact on the resonant frequency and
return loss. Variations in substrate thickness and ring gap of
CSRR have a minimal effect on antenna performance, as de-
picted in Figures 11(e) and (d), respectively. Due to the man-
ual cutting involved in this study, the dimensions of the CSRRs
and the spacing between the feedline and ground are critical
factors. The fabrication imperfections replicate potential dis-
crepancies during measurement, as displayed in Figures 11(c)
and (f). The findings indicate that even a slight discrepancy
and misalignment between the feedline and CSRR dimensions
can lead to detuning or alterations in the reflection coefficient.
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Through these supplementary simulations, practical fabrication
factors have been demonstrated. Meanwhile, the observed dif-
ferences between measurement and simulation may occur from
fabrication tolerances. This is mainly due to a 50 €2 impedance
mismatch across various frequency bands [39], and due to the
fabric nature and thickness the bandwidth tends to shift to lower
frequencies [40].

Figure 12 illustrates the fabricated antenna’s simulated and
measured radiation patterns at three key operating frequencies:
2.45GHz, 3.5GHz, and 5.8 GHz. These frequencies corre-
spond to the targeted multi-band operation of the antenna, de-
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FIGURE 9. Simulation of proposed antenna evolution comparison of (a) reflection coefficient, (b) VSWR, (c) realized gain, and (d) radiation effi-

ciency.

signed for various wireless communication applications. The
top row of the figure presents the simulated 3D radiation pat-
terns, while the bottom row displays the 2D polar plots in
electric (red lines) and magnetic (green line) planes. It can
be observed that the antenna exhibits predominantly omnidi-
rectional or bidirectional characteristics across the operating
bands, which is favourable for broad coverage in practical de-
ployment scenarios.

The primary concern for wearable antennas, when being used
near or in contact with human tissues, is the body’s potential
absorption of electromagnetic radiation. Specific Absorption
Rate (SAR) quantifies the rate of radio frequency energy ab-
sorption by biological tissues. Regulatory standards, such as
IEEE C95.1-2005, specify a maximum SAR limit of 2 W/kg
for planar configurations positioned above a human [32]. This
study utilized a head model due to its significance as a critical
and highly sensitive part of the human body. Figure 13 illus-
trates that the peak SAR values are measured at an input power
of an accepted power level of 25mW [41]. The correspond-
ing SAR values were 0.127 W/kg at 2.45 GHz, 0.0774 W/kg at
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3.5GHz, and 0.124 W/kg at 5.8 GHz at a 5mm gap from the
human head model.

Finally, Figures 14 and 15 evaluate the proposed fabric-based
antenna’s mechanical flexibility and on-body performance by
analyzing its reflection coefficient under different bending con-
ditions and in proximity to the human body. In Figure 14,
the proposed antenna maintains wideband operation even un-
der bending, achieving 108% and 112% bandwidths for cur-
vature diameters of 40 mm and 60 mm, respectively. The re-
sults reveal that the antenna maintains its multi-band resonance
characteristics even under significant mechanical deformation.
Nevertheless, the stable behaviour under bending confirms the
antenna’s robustness and suitability for flexible or wearable ap-
plications.

Figure 15 compares the antenna’s performance on the shoul-
der and wrist in free space. Dielectric loading and absorption in
human tissue affect antenna impedance and resonance. Despite
these impacts, the antenna maintains resonance in the target
bands with relatively small frequency and return loss changes.
High-permittivity biological tissues around the antenna change
its near-field environment, causing these alterations. The re-
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FIGURE 10. The proposed antenna (a) has a front view of the fabricated antenna, and (b) the measurement is set up with VNA. (c) reflection
coefficient, (c) realized gain, and (d) radiation efficiency of simulated and measured proposed antenna.

TABLE 3. Comparison of the proposed antenna with other similar fabric-based MTM-inspired antennas.

. Peak Peak Number . . . . .
Bandwidth . . . . Mechanical Electrical dimension Fabrication
Researcher (GHz & (%)) Gain Efficiency of aunit | Material flexibilit (o X Ao X Ao) exit
z exibili complexi
° (dBi) (%) cell Y 0 7 A0 % A0 plexty
[51 2.55-15 (141) 4.84 87 8 Felt Yes 0.28 x 0.25 x 0.02 Medium
[15] 4.2-4.8 (13) 9.43 94.5 8 Polyester Yes 0.70 x 1.05 x 0.05 High
2.4-3.2 (28), .
[16] (28) 7.56 76 2 Felt Yes 0.64 x 0.48 x 0.04 High
4-15 (115)
1.6-2.56 (4 2
[31] 6-2.36 (46), NR 1 Jeans Yes 0.32 x 0.32 x 0.01 Low
4.24-7 (49) 6
2.25-2.5(10 —0.69
[32] (10) 42 16 Felt Yes 0.36 x 0.36 x 0.04 High
5.21-6.45 (23) 7.4
Proposed | 1.88-6.88 (114) 4.72 94 1 Felt Yes 0.36 x 0.21 x 0.01 Low

flection coefficient stays below —10 dB at crucial working fre-
quencies, proving that the antenna may work in wearable appli-
cations. The results in both figures validate the antenna’s me-
chanical and electromagnetic resilience, making it a promising
candidate for integration into wearable and body-centric wire-
less communication systems.
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Table 3 compares the proposed antenna with the previous
fabric-based material MTM antennas, focusing on bandwidth,
gain, radiation efficiency, dimension, the number of unit cells,
material, and fabrication complexity. The proposed antenna
demonstrates several advancements compared to the designs of
previous researchers, particularly in terms of bandwidth, effi-
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FIGURE 12. Simulated radiation pattern of proposed antenna at (a) 2.45, (b) 3.5 GHz, and (c) 5.8 GHz in 3D (top) and 2D (bottom).
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ciency, and simplicity of design. Using a single unit cell in
the proposed antenna reduces the complexity and manufactur-
ing costs while maintaining appropriate performance. The pro-
posed antenna achieves a competitive balance of wide band-
width, high efficiency, and low fabrication complexity by uti-
lizing fabric-based construction within a compact footprint.
The antenna features a simple design that removes the necessity
for active components, embedded wires, or multilayer stacking,
thus reducing fabrication complexity and improving practical
applicability. The design employs a single-layer textile sub-
strate to achieve stable multi-band performance, ensuring me-
chanical flexibility and robustness during bending and on-body
conditions.
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FIGURE 15. Measured performance on the human body.

4. CONCLUSION

This study has presented the design and experimental valida-
tion of an MTM-inspired antenna utilizing a fabric-based mate-
rial for wideband applications. The proposed design achieved a
wide operating bandwidth, acceptable gain, and compact struc-
ture, making it highly suitable for integrating modern wireless
communication systems. A novel and straightforward approach
was employed by incorporating double rectangular CSRRs at
the center of a circular patch antenna, effectively enhancing
the frequency response. This implementation leveraged ENZ
properties at lower frequencies and MNG properties at higher
frequencies, significantly improving the reflection coefficient
across the bandwidth. The results demonstrate the antenna’s
potential for wearable communication devices and on-body
electromagnetic medical diagnosis applications.
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