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ABSTRACT:A flexible ultra-wideband antenna is presented using a denim (jeans) textile substrate for wearable 5G and Internet of Things
(IoT) applications. The antenna employs a coplanar waveguide (CPW) feed with a rectangular defected ground structure (DGS) etched
in the ground plane to improve impedance matching. Bandwidth enhancement is achieved by introducing a nested U-slot in the radi-
ating patch. The proposed design operates over the 1.28–6GHz frequency range, providing an impedance bandwidth of approximately
4.72GHz. The measured realized gain varies from 2.1 to 5.3 dBi, while the simulated radiation efficiency remains above 80% across most
of the operating band. Good agreement between simulated and measured results confirms stable radiation characteristics, demonstrating
the suitability of the antenna for wearable ultra-wideband and sub-6GHz communication systems.

1. INTRODUCTION

The rapid expansion of sub-6GHz 5G wireless communi-
cation has driven significant research interest in compact,

wideband, and efficient antennas for Internet of Things (IoT),
Internet of Vehicles (IoV), and wearable applications [1]. Un-
like conventional narrowband systems, sub-6GHz platforms
require antennas that offer wide impedance bandwidth, sta-
ble gain, low latency, lightweight structure, mechanical flex-
ibility, and cost-effective implementation [2]. Wearable and
textile-integrated antennas have emerged as promising candi-
dates for next-generation wireless systems because of their abil-
ity to conform to the human body and integrate seamlessly into
garments [3, 4]. However, achieving wideband performance
on textile substrates remains challenging due to high dielec-
tric losses, nonuniform thickness, and sensitivity to bending
and environmental conditions, which can degrade impedance
matching and radiation efficiency [5, 6]. Coplanar waveguide
(CPW)-fed antennas are particularly attractive for wearable ap-
plications because they support single-sided metallization, sim-
plify fabrication, and inherently provide wideband impedance
characteristics [3, 7]. To further enhance bandwidth, tech-
niques such as slotting and defected ground structures (DGSs)
have been widely applied on rigid substrates [8, 9]. However,
their effectiveness on low-cost textile materials, especially for
continuous ultra-wideband (UWB) operation extending into
low-frequency IoT/Low Power Wide Area Network (LPWAN)
bands, has not been sufficiently explored. Motivated by these
challenges, this work proposes a CPW-fed ultra-wideband tex-
tile antenna on a denim (jeans) substrate, incorporating nested
U-slots in the radiating patch and a rectangular DGS in the
ground plane. The objective is to realize continuous 1.28–
6GHz operation supporting both IoT/LPWAN and sub-6GHz
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5G bands, while maintaining flexibility, moderate gain, accept-
able efficiency, and stable performance under bending condi-
tions.
Despite significant progress in sub-6GHz and UWB antenna

design, several challenges remain when these solutions are
adapted for wearable and textile-based applications. Most ex-
isting wideband antennas are implemented on rigid substrates,
which limits conformability and integration into clothing. De-
signs targeting flexible platforms often focus on mid-band 5G
frequencies and do not provide continuous coverage extend-
ing into lower IoT/LPWAN bands. In addition, many reported
wearable antennas achieve bandwidth enhancement at the ex-
pense of reduced radiation efficiency, while essential consid-
erations, such as bending robustness and human-body safety,
are frequently underexplored. A detailed discussion of these
limitations in existing designs is provided in Section 2.
Major contribution:

• A jeans-based CPW-fed textile antenna is proposed, which
achieves continuous ultra-wideband operation from 1.28
to 6GHz, supporting both IoT/LPWAN (sub-1.5GHz) and
5G Frequency Range 1 (FR1) applications.

• Nested U-slots combined with a rectangular defected
ground structure (DGS) are employed to enhance
impedance matching and bandwidth on a flexible textile
substrate.

• The proposed antenna demonstrates wide impedance
bandwidth, stable moderate gain (3–5 dBi), and high
radiation efficiency, while maintaining conformality,
mechanical robustness, and low fabrication cost, making
it suitable for wearable IoT devices, smart clothing, and
sub-6GHz 5G applications, as illustrated in Fig. 1.
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FIGURE 1. Application of the proposed wideband textile antenna.

2. RELATED WORK
A wide range of antenna designs have been reported for
sub-6GHz and UWB applications using various bandwidth-
enhancement techniques, such as slotting [1, 2, 10, 11], fractal
geometries [7], parasitic elements [10, 12, 13], metamaterials,
frequency-selective surfaces (FSS) [3, 14, 15], and artificial
magnetic conductors (AMC) [16, 17]. These approaches
have demonstrated improved impedance bandwidth or gain;
however, most are implemented on rigid substrates, such as
FR-4, Rogers, or Arlon laminates, which limit conformabil-
ity and restrict their use in wearable applications. Several
studies focus primarily on the mid-band 5G spectrum (3.3–
4.9GHz) [2, 10, 12, 13, 18], providing limited or no coverage
for lower-frequency IoT/LPWAN bands below 1.5GHz.
Designs that achieve wider bandwidths often rely on bulky
multilayer structures, AMC/FSS reflectors, or array config-
urations [15–17], which are unsuitable for integration into
clothing due to increased thickness, weight, and fabrication
complexity.
Flexible antenna designs have been explored using poly-

imide substrates [3], demonstrating mechanical flexibility but
at a relatively high material cost and limited compatibility with
textile manufacturing processes. Textile-based antennas us-
ing denim, cotton, or polyester have been reported in a small
number of studies [4, 5, 19]; however, these designs typically
suffer from narrow bandwidth, reduced radiation efficiency,
or lack systematic evaluation under bending and human-body
loading conditions. Furthermore, although CPW-fed, slotting,
and defected ground structure (DGS) techniques are individ-
ually well established on rigid substrates [8, 9, 20–24], includ-
ing rectangular U-slot and DGS-based bandwidth enhancement
approaches, their combined and optimized application on low-
cost textile substrates has rarely been investigated.

Research Gaps Identified:
From the above review, the following gaps can be identified:

• Lack of textile-based antennas providing continuous ultra-
wideband operation starting below 1.5GHz.

• Limited use of low-cost, garment-compatible materials,
such as denim, for wideband sub-6GHz antennas.

• Insufficient exploration of combined CPW-fed, slotting,
and DGS techniques on flexible substrates.

• Inadequate evaluation of wearable-specific factors, in-
cluding bending stability and SAR compliance.

The present work addresses these gaps by proposing a CPW-
fed denim textile antenna incorporating nested U-slots and a
rectangular DGS, achieving continuous 1.28–6GHz operation
with stable gain, high efficiency, and verified wearable safety.
The antenna design equations and procedures are presented

in Section 3. The operating principles and bandwidth-
enhancement mechanisms are discussed in Section 4. A
detailed parametric analysis is provided in Section 5, followed
by simulated and measured results in Section 6. Finally,
conclusions are drawn in Section 7.

3. ANTENNA DESIGN
The proposed antenna is designed on an ondenim (jeans) sub-
strate using Equations (1)–(6) [8], as shown in Fig. 2(a). A
nested U-slot configuration is introduced in the radiating patch,
as illustrated in Fig. 2(b), to enhance the impedance bandwidth
by creating multiple current paths. All geometric parameters
of the antenna are listed in Table 1. The antenna is excited us-
ing a CPW feed that provides a good 50-Ω impedance match.
To further improve impedance matching and radiation perfor-
mance, a rectangular defected ground structure (DGS) is etched
in the CPW ground plane, as shown in Fig. 2(c). The result-
ing design maintains a compact profile while achieving ultra-
wideband operation, making it suitable for sub-6GHz applica-
tions.

TABLE 1. Structural parameters of the proposed wideband textile an-
tenna.

Parameter Dimension (in mm)
Patch (lp ×Wp) 25× 22

Substrate (ls ×Ws) 50× 80

Outer slot (l1 ×W1) 30× 50

Feed (lf × wf ) 14× 1.6

CPW width 77.2
CPW feed gap (g1) 0.6

Outer U slot (h1 × t1) 18.5× 1.5

Mid U slot (h2 × t2) 15× 1.2

Inner U slot (h3 × t3) 11.5× 1.2

Rectangular DGS (d2 × d1) 5× 10

Gap from CPW feed (g2) 6.85
Gap between DGS (g3) 4

The wavelength of the antenna can be calculated as,

λ =
C

fr
(1)

where C is the speed of light, and fr is the resonant frequency.
Using this value, the width of the patch (W ) antenna can be
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(a)

(b)

(c)

FIGURE 2. Antenna design steps: (a) CPW-fed patch, (b) nested U-slot, and (c) final configuration with DGS.

calculated as,

Wp =
C

2fr

√
2

1 + εr
(2)

where εr is the relative permittivity (dielectric constant). From
this, the effective permittivity εeff can be calculated as

εeff =
εr + 1

2
+

εr − 1

2

(
1 + 12

h

W

)− 1
2

(3)

where h is the thickness of the substrate. Furthermore, the
length of the patch (L) can be expressed as,

Lp =
C

2fr
√
εeff

− 0.824

(
W
h + 0.264

)
(εeff + 0.3)(

W
h + 0.8

)
(εeff − 0.258)

h (4)

Finally, the width (Ws) and length (Ls) of the substrate are de-
fined as

Ws = Wp + (6 ∗ h) (5)
Ls = Lp + (6 ∗ h) (6)

4. ANTENNA OPERATION AND BANDWIDTH EN-
HANCEMENT MECHANISMS
The proposed antenna achieves ultra-wideband (UWB) per-
formance over the 1.28–6GHz frequency range by combining
three key structural features:

• Coplanar waveguide (CPW) feed,
• Nested U-slots in the radiating patch, and
• Rectangular defected ground structure (DGS) slots intro-
duced in the CPW ground wings.

Each feature plays a distinct role in achieving broadband
impedance matching and stable radiation characteristics.

4.1. Coplanar Waveguide (CPW) Feed
The CPW feed is employed to excite the radiating patch due to
its inherent wideband impedance characteristics, ease of inte-
gration, and single-sided metallization [3, 7], which are partic-
ularly advantageous for textile fabrication [4]. Unlike conven-
tional microstrip feeds, the CPW configuration enables effec-
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TABLE 2. Functional parameters of CPW-fed antenna at each step.

Parameters Step 1 with CPW-Fed Step 2 with nested U slot Step 3 with DGS

Resonant frequency (GHz) 3, 4.2 3.2, 4.05 2.5, 3.05, 4.05

Reflection Coefficient (dB) −34.84, −15.33 −14.15, −13.33 −21.65, −28.45, −24.52

Gain (dB) 3.77, 1.23 4.38, 3.79 2.66, 3.32, 2.99

Radiation Efficiency (%) 99.68, 98.79 97.27, 96.49 98.89, 98.49, 97.08

Bandwidth Spectrum 2.5–3.5, 3.95–4.3 2.55–4.2 1.23–6

Bandwidth (GHz) 1, 0.35 1.65 4.77

Fractional Bandwidth (%) 33%, 8.48% 24.44% 129%

SAR (W/Kg) - - 1.43

tive control of the surface current distribution, thereby reducing
the effective characteristic impedance and naturally support-
ing broadband matching [5]. In addition, CPW feeding sup-
presses substrate surface-wave losses and improves radiation
efficiency, which is especially beneficial for low-permittivity
textile substrates, such as denim (εr ≈ 1.7) [6].

4.2. Nested U-Slots in the Patch
The radiating patch incorporates multiple nested U-shaped slots
of different lengths, similar to multiband U-slot techniques re-
ported in [25–27]. Each U-slot introduces an additional cur-
rent path corresponding to a distinct quarter-wavelength reso-
nance. The outer U-slot supports lower-frequency resonances
by extending the effective current path, while the inner slots ex-
cite higher-order resonances [19, 26, 27]. The overlap of these
resonances produces a continuous wideband response covering
1.28–6GHz. Moreover, the nested slot configuration smooths
impedance variations, resulting in a stable S11 response across
the entire operating band. This behavior is consistent with
previously reported bandwidth-enhancement mechanisms for
both rigid substrates and wearable textile antennas incorporat-
ing DGS [19, 28].

4.3. Rectangular Slots in the CPW Ground Wings (Defected
Ground Structure)
Rectangular slots are etched in the CPW ground plane near
the feedline, forming a defected ground structure that perturbs
the surface current distribution and introduces additional par-
allel resonant modes [9, 20, 21]. These DGS elements effec-
tively increase the inductance and capacitance of the ground
region, thereby lowering the cut-off frequency and extending
antenna operation toward the lower IoT/LPWAN band (around
1.28GHz), as reported in earlier DGS-enhanced CPW antenna
studies [9, 20]. At the same time, the DGS improves impedance
matching at mid- and high-frequency regions by suppress-
ing undesired surface-wave modes and redistributing ground
currents [25]. When combined with CPW-fed slot-based de-
signs [29–31], this approach enables compact broadband an-
tennas with smooth S11 characteristics and stable radiation pat-
terns.

4.3.1. Combined Effect

The CPW feed provides inherent broadband excitation and
compatibility with textile substrates. The nested U-slots gener-
ate multiple resonances that overlap to produce ultra-wideband
coverage, while the rectangular DGS in the CPW ground wings
further tunes the impedance profile, lowers the operating fre-
quency, and stabilizes radiation characteristics. Together, these
features enable continuous 1.28–6GHz operation with stable
moderate gain (3–5 dBi) and high radiation efficiency, over-
coming the narrowband limitations of conventional textile mi-
crostrip antennas.
Figure 3 presents a comparative performance analysis of the

antenna evolution across the three design steps, including re-
flection coefficient (S11), gain, and efficiency. As shown in
Fig. 3(a), Step 1 exhibits limited impedance bandwidth with
shallow resonances, while Step 2 improves matching but re-
mains narrowband. The final configuration (Step 3) achieves
significant enhancement, with S11 remaining below −10 dB
over the wide frequency range of 1.28–6GHz, confirming the
effectiveness of the slotting and groundmodifications. The cor-
responding gain characteristics in Fig. 3(b) show that Step 3
maintains higher and more stable gain across the operating
band, with minor fluctuations at higher frequencies due to
higher-order mode excitation. Fig. 3(c) illustrates the radiation
efficiency of the final design, which remains consistently high
across the band. The variation of S11 under bending conditions
is presented in Fig. 3(d), indicating stable impedance perfor-
mance during deformation. To evaluate dielectric perturbation
effects under bending, the substrate permittivity is varied under
the bending radius of 20mm. As shown in Fig. 3(e), the max-
imum resonance shift is observed as 5%, while the impedance
bandwidth remains nearly unchanged when εr is varied from
1.65 to 1.75. All functional parameters are summarized in Ta-
ble 2. The resonant behavior of the antenna is modeled using
a parallel RLC circuit, which captures both the resistive and
reactive components of the input impedance.
The simulated input impedance (Zin) was exported, and each

resonance was approximated by a parallel RLC branch. The
three branches correspond to the fundamental CPW-patchmode
(R1-L1-C1), the additional mode introduced by the nested U-
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(a) (b)

(c) (d)

(e)

(f)

FIGURE 3. Performance at each design step: (a) S11, (b) gain, (c) efficiency, (d) S11 under bending, (e) effect of dielectric perturbation under bending
and (f) equivalent circuit.
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(a) (b)

(c) (d)

FIGURE 4. (a) Surface current distribution at 2.4GHz, (b) at 3GHz, (c) at 4GHz, and (d) at 6GHz.

slot (R2-L2-C2), and the resonance associated with the DGS in
the CPW ground (R3-L3-C3). Initial values of L and C were
estimated from the resonant frequencies, while the real part of
the input impedance at resonance was taken as the resistance.
The quality factor (Q), input impedance, and equivalent induc-
tance and capacitance values were calculated using the equa-
tions in [15].

Q =
fr
BW

(7)

where Q is the quality factor, and bandwidth (BW) is the reso-
nance bandwidth.

ω0 = 2πfr (8)
where ω0 is the angular frequency of resonance.

Zin = R = Z0
1 + Γ0

1− Γ0
(9)

where Zin is the input impedance, Z0 the characteristics
impedance, and Γ0 the reflection coefficient.

L =
R

ω0Q
and C =

Q

R · ω0
(10)

where R is the resistance, L the inductance, and C the capaci-
tance.
The equivalent circuit of the proposed antenna is shown in

Figure 3(f).
Figure 4 shows the simulated surface current distribution

of the proposed jeans-based CPW-fed antenna at representa-
tive frequencies of (a) 2.4GHz, (b) 3GHz, (c) 4GHz, and (d)
6GHz. At 2.4GHz, strong current concentration is observed
around the feed line and the inner U-slot, indicating the fun-
damental resonance. At 3GHz, the current spreads across the

nested U-slots, supporting the excitation of an additional reso-
nant mode. At 4GHz, multiple slots are activated with signifi-
cant current density along the outer edges of the patch, confirm-
ing the role of slotting in bandwidth enhancement. At 6GHz,
the current distribution becomes more complex and is concen-
trated along the edges of the patch and ground slots, corre-
sponding to higher-order modes. These results demonstrate
that the combined effect of nested U-slots and the defected
ground structure enables multiple resonances, leading to ultra-
wideband operation.

5. PARAMETRIC STUDY
To systematically understand and optimize the proposed tex-
tile CPW-fed wideband antenna with nested U-slots, a focused
parametric study was conducted on the substrate material and
four key geometric parameters that strongly influence reso-
nance behavior, impedance matching, and radiation perfor-
mance. The parameters considered in this study are

• substrate material
• outer patch length (l1),
• patch width (w1)
• CPW-to-patch gap (g1), and
• inter-DGS slot spacing (g3).

Figure 5(a) presents the simulated reflection coefficient (S11)
of the antenna when it is implemented on three different tex-
tile substrates: cotton, denim (jeans), and polyester. The corre-
sponding performance variations are summarized in Table 3.
All three substrates support wideband impedance matching
over the 1.28–6GHz range with S11 below−10 dB. Cotton and
polyester exhibit slightly improved matching near the 2.9GHz
resonance, whereas denim provides more stable impedance be-
havior at higher frequencies. Multiple resonances consistently
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(a) (b)

(c) (d)

(e)

FIGURE 5. Parametric results: (a) S11 for different substrates, (b) effect of patch length L1, (c) patch width W1, (d) CPW-to-patch gap g1, and (e)
inter-slot spacing g3.

TABLE 3. Impact of varying substrate material on the performance of the proposed antenna.

Parameters Resonant frequency (GHz) S11 (dB) Bandwidth (GHz)
εr = 1.6 (Cotton) 2.6, 3.1, 4.15 −20.80,−26.42,−22.55 1.85–4.75
εr = 1.7 (Jeans) 2.5, 3.05, 4.05 −21.65,−28.45,−24.52 1.23–6

εr = 1.9 (Polyester) 3, 4.05, −30.44,−25.42 1.4–5.35

appear around 2.5GHz, 3.05GHz, and 4.05GHz, confirming
the robustness of the design with respect to substrate permittiv-
ity. Although small frequency shifts occur due to variations in
dielectric constant, the overall bandwidth remains largely unaf-

fected. Denim is therefore preferred owing to its durability and
suitability for wearable applications. Fig. 5(b) illustrates the ef-
fect of varying the outer slot length l1 from 48 to 52mm. This
parameter strongly influences resonance tuning and impedance
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(d)

(a) (b)

(c)

FIGURE 6. (a) Radiation pattern at 2.4GHz, (b) at 3GHz, (c) at 4GHz, and (d) at 6GHz.

matching. For l1 = 48mm and 49mm, deeper notches are
observed near 3GHz; however, the high-frequency bandwidth
is reduced. The optimal value, l1 = 50mm, results in well-
distributed resonances covering the 1.23–6GHz band with sta-
ble S11 below −10 dB.
Further increases in l1 to 51mm and 52mm shift the

resonances toward lower frequencies and degrade impedance
matching at higher frequencies. The influence of patch width
w1 is shown in Fig. 5(c). While all configurations maintain
wideband operation between 1.3 and 6GHz, the resonance
locations and impedance matching are sensitive to w1. Smaller
values (28–29mm) produce a stronger resonance near 3GHz
but introduce ripples and mismatches above 5GHz.
Increasing w1 beyond 31mm shifts the resonances down-

ward and reduces high-frequency matching. Optimal perfor-
mance is achieved at w1 = 30mm, where S11 remains con-
sistently below−10 dB across the operating band. This behav-
ior is attributed to the effect of w1 on lateral current distribu-
tion and CPW-to-patch coupling, with an intermediate width
providing the best compromise between resonance tuning and
bandwidth stability. Fig. 5(d) shows the effect of varying the
CPW-to-patch gap g1, which controls the coupling strength be-
tween the feed and the radiating patch. At g1 = 0.5mm, strong
resonances occur near 2.9GHz and 4GHz, but impedance

matching degrades at higher frequencies. At g1 = 0.7mm,
the resonances shift upward, and matching deteriorates below
3GHz. The optimal gap, g1 = 0.6mm, offers the best bal-
ance, providing deep resonances, evenly distributed notches,
and continuous wideband coverage from 1.28 to 6GHz. Fi-
nally, Fig. 5(e) illustrates the influence of inter-DGS slot spac-
ing g3, varied from 3 to 5mm. A smaller gap increases capac-
itive coupling and improves low-frequency resonance but lim-
its high-frequency matching. Conversely, a larger gap weak-
ens coupling, shifting resonances toward higher frequencies.
At g3 = 3mm, good matching is observed near 2.9GHz, but
performance deteriorates above 4.5GHz. At g3 = 5mm, low-
frequencymatching degrades, although stronger resonances ap-
pear near 3GHz and 4GHz. The optimal spacing, g3 = 4mm,
provides the most stable ultra-wideband response, maintaining
multiple resonances across the 1.28–6GHz band with S11 con-
sistently below −10 dB.

6. SIMULATED/MEASURED RESULTS AND DISCUS-
SION
After validating the antenna performance through full-wave
simulations, experimental measurements were conducted on a
fabricated prototype to verify agreement under realistic textile
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(d)

(a) (b)

(c)

FIGURE 7. Prototype results: (a) fabricated antenna, (b) simulated/measured S11, (c) S11 under 20mm bending, and (d) gain comparison.

TABLE 4. Dielectric characteristics of human phantom model.

Tissue
Layer

Relative
Permittivity

Conductivity
(S/m)

Mass Density
(kg/m3)

Thickness
(mm)

Skin 38.09 1.43 1001 2
Fat 5.29 0.10 900 8

Muscle 52.82 1.69 1006 20
Bone 11.4 0.39 1008 13

conditions. This section compares simulated and measured re-
sults in terms ofS11, realized gain, radiation patterns, and bend-
ing performance. Fig. 6 shows the fabricated prototype and the
corresponding measurement results. The antenna was imple-
mented on a flexible textile substrate using conductive fabric
for the radiating element and feed, as shown in Fig. 6(a). The
prototype retained good mechanical flexibility and structural
integrity, confirming its suitability for wearable environments.
Figure 6(b) compares the simulated and measured S11 re-

sponses under flat conditions. The measured results closely
follow the simulated trends, validating the accuracy of the de-
sign and fabrication processes. Minor frequency deviations
(less than 5%) are observed, which can be attributed to fabrica-
tion tolerances, connector losses, and variations in the dielec-
tric properties of the textile substrate under ambient conditions.
Distinct resonances are observed near 1.77GHz, 3.75GHz,

4.43GHz, and 5.25GHz, confirming the intended wideband
operation.
The bending performance is illustrated in Fig. 6(c), where

the antenna is wrapped over a cylindrical surface with a ra-
dius of 20mm. The antenna maintains good impedance match-
ing under bending, with slight upward shifts in resonant fre-
quencies due to mechanical deformation and changes in sur-
face current distribution. Nevertheless, all resonant bands re-
main within the targeted sub-6GHz range, demonstrating me-
chanical robustness and suitability for conformal wearable de-
ployment. A comparison of simulated and measured realized
gains is presented in Fig. 6(d). The measured gain agrees well
with simulation, remaining above 3 dBi across the operating
band. Small discrepancies at higher frequencies are mainly
attributed to measurement setup imperfections and connector
alignment. Overall, the antenna exhibits stable gain character-
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TABLE 5. Comparison of various wideband antennas with the proposed antenna.

Ref. Antenna
Type/Technique Material Size (mm3) Bandwidth

(GHz)
Peak

Gain (dBi)
Key

Limitations

[1] Circular patch with
slots, and DGS FR-4 (εr = 4.4) 24× 30× 1.6 1.5 0.2–6.1

VSWR up to 3.5, ground
plane dependent,
no prototype

[2]
Filtering patch,
circular slot,

T-shaped ground

FR-4 (εr = 4.33,
h = 0.8) 29× 35× 0.8 1.8 3

Modest gain, FR4
losses, moderate
suppression

[3] Flexible UWB CPW
+ CSRR ground

Polyimide
(εr = 3.5) 23.885× 23.885× 1.405 7.5 2.5–4.8 SAR not studied,

durability untested

[5]
Half-circular

spike monopole,
CPW-fed

Jeans,
cotton, silk 60× 60× 1 8.5 9.5

Focused on higher
UWB; no support
for IoT/LPWAN;
no slotting or
DGS for tuning

[7] Dragon fractal
CPW-fed FR-4 (εr = 4.4) 50× 45× 1.6 3.03 5.5 No flexibility test,

moderate gain

[10] Circular patch
+ ground slot

FR-4 (εr = 4.6,
h = 1.6) 20× 28× 1.6 2.77 4.2

FR-4 loss,
slight pattern
distortion at
high freq.

[11] Reconfigurable patch
+ DGS + PIN diodes FR-4 (εr = 4.2) 25× 28× 1.57 6.4 1.6–5.8 Complex bias circuit,

rigid, modest gain

[12] Conformal patch
+ parasitic strips

Rogers RT5880
(εr = 2.2) 73.10× 60.20× 0.787 1 3.3 (single),

6.6 (array)
Band < 30%,

large element size

[13] Inset-fed patch
+ parasitics

Rogers RT5880
(εr = 2.2) 40× 40× 1.575 1.5 2.5–3.5 Upper band < 4.2GHz,

rigid substrate

[14] Rectangular patch
+ SRR metamaterial

FR-4 (εr = 4.2,
h = 1.6) 30× 25× 1.6 0.46, 8.3 2.2 Sim. only,

modest gain

[15] 1× 4 patch array
+ FSS reflector

FR-4 (εr = 4.4,
h = 1.6) 136× 55× 1.6 2.3 11.4–12.4

Very large size,
complex air-gap

structure

[17]
UWB MIMO
+ DGS + NL
+ AMC walls

FR-4 (εr = 4.4,
h = 1.55) 46× 46× 1.6 2.55 6–9

“EL” slot into the
radiating element
and two identical
stubs needed

[18] Rectangular patch Arlon
(εr = 2.98) 55.56× 52.92× 0.79 0.120 7.5

Narrowband, rigid,
no IoT/LPWAN

coverage

[19] Textile patch
with C-slot, CPW

Denim, cotton,
polyester 18× 19× 1 7.7 3–5

No operation
below 3GHz (IoT);
slot shape different
(C-slot, not U-slot);

[25]
Flower-shaped
UWB MIMO

+ CSRR + U-slot

RT Duroid 5880
(εr = 2.2)

30.5× 42.2× 0.79 10.9 – Gain not detailed,
rigid, costly

This
work

Jeans-based
CPW-fed

+ rectangular DGS
+ nested U-slot

Jeans textile
(εr ≈ 1.6,
h = 1)

25.0 × 22.0 × 1.0
Wide

bandwidth
(4.7GHz)

3–5 Textile washing
effects need study

istics and consistent radiation efficiency, even under bending
conditions.
Figure 7 illustrates the simulated and measured radiation pat-

terns of the proposed antenna at four representative frequen-
cies, namely 2.4GHz, 3GHz, 4GHz, and 6GHz. At 2.4 and
3GHz, the antenna exhibits nearly omnidirectional character-
istics in theH-plane with bidirectional patterns in the E-plane,
resembling that of a monopole radiator. As the frequency in-
creased to 4GHz, slight distortions were observed in the radia-

tion lobes owing to the excitation of higher-order modes; how-
ever, the overall symmetry was preserved. At 6GHz, multiple
radiation lobes and nulls appear, which is a typical behaviour
of ultra-wideband antennas operating at higher resonances. De-
spite these variations, the antenna maintains a stable radiation
performance across the band, confirming its suitability for sub-
6GHz wireless communication applications.
Specific absorption rate (SAR) evaluation was carried out us-

ing full-wave simulations with a multilayer human tissue phan-
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tom comprising skin, fat, muscle, and bone layers, with dielec-
tric and conductivity properties listed in Table 4. The antenna
was placed directly on the phantom, and SAR was computed
according to the IEEE C95.1 standard using 1 g spatial aver-
aging. The simulated peak 1 g SAR value is 1.43W/kg at an
input power of 1W as shown in Fig. 8, which is well below
the Federal Communications Commission (FCC) safety limit
of 1.6W/kg.

FIGURE 8. SAR of the proposed antenna.

A comparative evaluation of recently reported antennas
for sub-6GHz and UWB applications is presented in Ta-
ble 5. Existing designs employ enhancement techniques,
such as fractal geometries [3], parasitic elements [4, 6], fil-
tering slots [2, 5], metamaterials [7, 9, 31], artificial magnetic
conductor (AMC)/frequency selective surface (FSS) reflec-
tors [8, 13, 14], and stepped-impedance resonators (SIR) [31].
While these approaches improve bandwidth or gain, most
are implemented on rigid substrates, such as FR-4, Rogers,
or Arlon [2–8, 12–14], which limits their applicability to
wearable or conformal systems. Only a few flexible designs
have been reported, notably polyimide-based structures [9],
which remain costly and have not been extended to low-cost
textile substrates.
In terms of bandwidth, many reported antennas focus on

the mid-band 5G spectrum (3.3–4.9GHz) [2, 10, 12, 13, 18].
Some designs extend further, such as the dragon fractal
antenna in [7] (3.67–6.7GHz) and metamaterial/AMC-based
structures [13, 16, 17], which achieve wide or ultra-wide
coverage. However, continuous wideband operation starting
near 1.2GHz required to simultaneously support IoT/LPWAN
and 5G services — has rarely been addressed. The proposed
textile antenna uniquely achieves continuous coverage from
1.28 to 6GHz, effectively bridging this gap. With respect to
gain performance, high-gain solutions, such as FSS-backed
arrays [15], can achieve gains up to 12.4 dBi but require
large and bulky structures unsuitable for wearable systems.
In contrast, compact single-element antennas [2, 10, 13] and
metamaterial-based designs [3, 14] typically provide moderate
gains in the range of 2–5 dBi. The proposed antenna achieves
a stable gain between 3 and 5 dBi with radiation efficiency
above 80%, offering a practical trade-off among bandwidth,
gain, and compactness. Finally, practical integration aspects
are noteworthy. Most rigid FR-4 and Rogers-based anten-
nas [2, 9, 10, 12–18] are intended for vehicular, base-station, or
fixed IoT devices.

In contrast, the proposed antenna is implemented on a jeans
textile substrate, providing a low-cost, flexible, and confor-
mal solution suitable for wearable IoT and 5G applications.
While textile materials may be affected by moisture absorp-
tion, stretching, surface roughness, and long-term aging, these
factors represent opportunities for future improvement. More-
over, higher gain configurations or array implementations may
be required for long-range communication, and the integration
of sensing or energymodules will be essential for fully practical
wearable IoT systems.

7. CONCLUSION
This work presents a flexible ultra-wideband antenna imple-
mented on a denim (jeans) textile substrate for wearable 5G
and Internet of Things (IoT) applications. From a theoretical
perspective, the results demonstrate that a coplanar waveguide
(CPW)-fed structure incorporating nested U-slots in the radi-
ating patch and a rectangular defected ground structure (DGS)
in the ground plane can effectively achieve a wide impedance
bandwidth on a low-permittivity, lossy textile substrate. The
proposed configuration confirms that appropriate slot-ground
interaction enables continuous ultra-wideband behavior with-
out compromising radiation performance.
The research contributions of this study are summarized as

follows. A low-cost, flexible textile antenna capable of op-
erating continuously from 1.28 to 6GHz was developed, sup-
porting both IoT/LPWAN and sub-6GHz 5G frequency bands.
The combined use of nested U-slots and a rectangular DGS
within a CPW-feed configuration was shown to be an effective
bandwidth-enhancement strategy on denim substrates. The an-
tenna exhibits a stable realized gain in the range of 3–5 dBi, ac-
ceptable radiation efficiency, and compliance with SAR safety
limits, confirming its suitability for wearable communication
systems.
From a practical standpoint, the proposed antenna offers

clear advantages for wearable deployment. The denim sub-
strate enables seamless integration into garments while main-
taining mechanical flexibility and low fabrication cost. The
single-layer CPW-fed design avoids vias and multilayer struc-
tures, simplifying fabrication and improving robustness. In ad-
dition, the antenna maintains stable impedance matching and
radiation characteristics under bending, making it suitable for
smart wearables, IoT-connected garments, and body-mounted
sub-6GHz communication devices.
Nevertheless, some limitations remain. Textile materials are

sensitive to environmental factors, such as moisture absorp-
tion, repeated bending, surface roughness, and long-term aging,
which may influence antenna performance in prolonged use.
Moreover, the single-element configuration limits the achiev-
able gain compared with array-based or AMC-assisted designs,
restricting its applicability in long-range communication sce-
narios.
Future research may build upon this work in several di-

rections. First, textile-based multiple-input multiple-output
(MIMO) or array configurations can be investigated to enhance
gain, isolation, and link reliability while preserving flexibil-
ity. Second, long-term durability studies, including washing,
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humidity, sweat exposure, and mechanical fatigue, should be
conducted to assess performance stability in realistic wearable
conditions. Third, integration with sensing modules or energy-
harvesting units may enable fully self-contained wearable IoT
platforms for next-generation smart clothing applications.
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