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ABSTRACT: This paper presents the design, fabrication, and analysis of a wideband circularly polarized wearable antenna operating in
the frequency range of 2.6 GHz to 4.7 GHz. The antenna is designed on a jean’s substrate with dimensions of 25 x 30 x 1.4 mm?®, having
a dielectric constant of 1.7 and a loss tangent of 0.085. The proposed antenna demonstrates a gain of 2.8-3.4 dB across the operating
frequency band and exhibits circular polarization in the frequency range of 3.2 GHz to 3.9 GHz. To achieve wideband performance and
circular polarization, the antenna design incorporates an octagonal ring patch with a hybrid slot and stub in the partial ground plane,
along with four slots in the ring patch. The antenna is fabricated, and its performance is validated through Vector Network Analyzer
and anechoic chamber measurements, showing good correlation with simulated results. Specific Absorption Rate (SAR) analysis and
on-body simulations are conducted to evaluate its suitability for wearable applications.

1. INTRODUCTION

earable antennas have emerged as a critical component in

modern wireless communication systems, particularly for
applications in wireless body area networks (WBANSs), health-
care monitoring, and personal communication devices [1]. The
growing demand for compact, flexible, and efficient antennas
has driven significant research into innovative designs that can
operate effectively in on-body environments [2]. Wearable an-
tennas must meet stringent requirements, including flexibil-
ity, biocompatibility, and robustness to the effects of human
tissue, while maintaining high performance in terms of band-
width, gain, and radiation efficiency [3]. Recent advancements
in wearable antenna design have focused on the use of flexible
substrates, such as textiles, to ensure comfort and durability.
Jeans fabric, in particular, has gained attention due to its low
cost, flexibility, and favorable dielectric properties, making it
an ideal candidate for wearable applications [4]. Additionally,
the integration of wideband and circularly polarized (CP) char-
acteristics in wearable antennas has been extensively studied
to address the challenges of multipath interference and signal
degradation in dynamic environments.

Wearable antennas have become a key component in modern
wireless body sensor networks (WBSN5), biomedical monitor-
ing, and communication systems, leading to extensive research
in flexible, textile-based, and conformal antenna designs. Sev-
eral studies have explored innovative approaches to enhance
bandwidth, gain, Specific Absorption Rate (SAR) compliance,
and structural flexibility of wearable antennas. Recently, var-
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ious circularly polarized printed antenna techniques have been
proposed, including the use of metasurface-based configura-
tions, hybrid slots, and perturbation techniques to excite or-
thogonal modes with a 90° phase difference. For instance,
an all-textile circularly polarized metasurface antenna demon-
strated wide impedance and axial ratio bandwidths with high
gain and conformal stability under bending and human body
loading [5]. Similarly, U-shaped textile antennas on denim sub-
strates achieved wide axial ratio bandwidths (2.1-3.72 GHz)
and stable performance under mechanical deformation, con-
firming the suitability of textile materials for circularly polar-
ized wearable designs [6, 7].

Research has demonstrated that textile-based antennas, such
as those using denim, silk, neoprene, Cordura, and Kapton
polyimide fabrics, offer mechanical flexibility, low dielec-
tric constants, and ease of integration into clothing [8—11].
Some studies have focused on dual-band and ultra-wideband
(UWB) designs for applications such as LoRa, BLE, Wi-Fi,
and biomedical sensing, showing that the choice of sub-
strate material and antenna topology significantly impacts
performance [10-15].  Additionally, techniques like slot
incorporation, artificial magnetic conductors (AMCs), meta-
surfaces, and electromagnetic bandgap (EBG) structures have
been employed to reduce SAR values and improve radiation
efficiency. For example, a wideband stub-loaded monopole
antenna backed with a hexagonal EBG array achieved signif-
icant SAR reduction (0.44 W/kg) while improving gain and
back radiation isolation, highlighting the importance of body
decoupling techniques in wearable scenarios [16].
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FIGURE 1. Proposed antenna. (a) Top view. (b) Rear view.

To ensure that wearable antennas function optimally in real-
world conditions, studies have emphasized the impact of bend-
ing, conformal analysis, and human body interaction on an-
tenna performance. The SAR compliance of various antenna
designs has been evaluated using phantom models, confirm-
ing that many proposed designs meet US Federal Communica-
tions Commission (FCC) and European Union (EU) safety reg-
ulations [5, 8, 10, 13]. Conformal analysis has also been con-
ducted on curved surfaces to validate the antennas’ robustness
under practical conditions [6, 14, 15]. These findings confirm
that flexible substrates and optimized geometries can maintain
stable impedance and radiation properties even under deforma-
tion. Additionally, research has explored the potential of wear-
able antennas for biomedical and defense applications, demon-
strating their effectiveness in reliable on- and off-body commu-
nication [5, 7].

This paper presents the design, fabrication, and analysis of a
wideband circularly polarized wearable antenna operating from
2.6 GHz to 4.7 GHz, suitable for Wi-Fi, LTE, and sub-6 GHz
5G applications. The antenna is implemented on a jeans textile
substrate, ensuring flexibility and user comfort. The proposed
design features an octagonal ring patch with a hybrid slot and
stub in a partial ground plane, optimized for wideband perfor-
mance, while four slots in the ring patch enable circular polar-
ization between 3.2 GHz and 3.9 GHz. The antenna is fabri-
cated and validated through S, measurements demonstrating
good agreement with simulations. Additionally, SAR analysis,
on-body simulations, and conformal evaluations are conducted
to assess its performance in real-world conditions.

2. ANTENNA DESIGN

The design of the proposed wideband circularly polarized wear-
able antenna was carried out in multiple stages to achieve opti-
mal performance in terms of bandwidth, gain, and circular po-
larization. Initially, an octagonal patch with a microstrip feed
line and a full ground plane was implemented on a jeans sub-
strate (¢, = 1.7, tand = 0.085). However, this configura-
tion resulted in a narrow bandwidth, limiting its suitability for
wideband applications. To enhance the impedance bandwidth,
the octagonal patch was modified into an octagonal ring patch,
allowing better current distribution and impedance matching.
Additionally, the full ground plane was replaced with a partial
ground plane, further improving the bandwidth by increasing
the effective radiation area.
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FIGURE 2. Return loss of wideband antenna.

To achieve additional bandwidth enhancement, an inner oc-
tagonal patch was introduced within the ring patch, and a hy-
brid slot along with a stub was incorporated into the partial
ground plane. These modifications optimized the antenna’s
impedance characteristics across the 2.6—4.7 GHz frequency
range. Furthermore, to enable circular polarization between
3.2 GHz and 3.9 GHz, four symmetrical slots were introduced
in the ring patch, creating orthogonal current components that
improved polarization purity. The final antenna design pre-
sented in Figure 1 achieved stable radiation characteristics,
wide impedance bandwidth, and circular polarization, making
it well-suited for wearable applications. The optimized dimen-
sions of the antenna are presented in Table 1. The antenna
has a fractional bandwidth of 57.5%, ranging from 2.6 GHz
to 4.7 GHz, as shown in Figure 2. The antenna development
stages, depicted in Figure 3, illustrate the stepwise modifica-
tions made to achieve wideband performance and circular po-
larization.

TABLE 1. Antenna development stages.

Parameter a b |c| d e f g
Value(mm) | 30 | 25 | 5|11 [ 05| 9 | 05
Parameter h i |j| Kk 1 m n
Value(mm) | 1.5 | 11 | 6 | 7 8 | 55|45

The S}, parameters at different stages of antenna develop-
ment, as shown in Figure 4, demonstrate the progressive en-
hancement in impedance bandwidth. The initial design with
an octagonal patch and full ground plane exhibited a narrow
bandwidth, limiting its suitability for wideband applications.
By modifying the patch into an octagonal ring and adopting
a partial ground plane, a noticeable improvement in bandwidth
was achieved. Further enhancements, including the addition of
an inner octagonal patch, a hybrid slot, and a stub, optimized
impedance matching across the 2.6-4.7 GHz range.

3. RESULTS AND DISCUSSIONS

The frequency vs. gain plot in Figure 5 illustrates the gain vari-
ation across the operating band, demonstrating stable perfor-
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FIGURE 4. Return loss at antenna development stages.

mance between 2.6 GHz and 4.7 GHz. The antenna maintains
a gain of 2.8-3.4 dB, ensuring reliable signal transmission for
wearable applications. The slight variations in gain across the
band are attributed to impedance matching and radiation effi-
ciency enhancements introduced in the design.

The frequency vs. axial ratio plot in Figure 6 confirms the cir-
cular polarization characteristics of the antenna. The axial ratio
remains below 3 dB between 3.2 GHz and 3.9 GHz, indicating
effective circular polarization in this range. This polarization
behaviour is achieved through the incorporation of four sym-
metrical slots in the ring patch, which generate orthogonal cur-
rent components. The results validate the antenna’s suitability
for applications requiring polarization diversity and improved
signal stability in dynamic wearable environments.

The E-plane and H -plane radiation patterns of the proposed
antenna were analyzed at two intermediate operating frequen-
cies, 2.92 GHz and 3.95 GHz as shown in Figure 7. As ob-
served, the E-plane radiation pattern exhibits a figure-of-eight
shape at both frequencies, which is characteristic of linearly po-
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FIGURE 6. Axial ratio of wideband antenna.

larized antennas and indicates good directivity. In contrast, the
H-plane radiation pattern remains omnidirectional at both fre-
quencies, ensuring uniform radiation in all directions. This om-
nidirectional behavior in the H-plane is beneficial for wearable
applications, as it provides stable connectivity regardless of an-
tenna orientation. These radiation characteristics confirm that
the proposed antenna achieves a balanced trade-off between
directionality and coverage, making it well-suited for body-
centric wireless communication systems.

The electric field distribution on the patch at 2.92 GHz and
3.95 GHz is analyzed to understand the current flow and reso-
nance behavior as shown in Figure 8. At 2.92 GHz, the field
distribution shows strong excitation around the ring patch and
feed line, indicating efficient radiation and impedance match-
ing. At 3.95 GHz, the electric field is more concentrated around
the slots and patch edges in one side of the patch. The observed
field distributions confirm the effectiveness of the design mod-
ifications in achieving wideband operating frequency range.

The proposed antenna achieves CP through the generation
of two orthogonal surface current components of equal magni-
tude with a 90° phase difference. Initially, an octagonal patch
with a microstrip feed and full ground plane exhibited linear
polarization with narrow impedance bandwidth. To improve
impedance matching and enable polarization control, the struc-
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FIGURE 8. Electric field distribution of wideband antenna, (a) at 2.92 GHz, (b) at 3.95 GHz.

ture was modified into an octagonal ring patch and integrated
with a partial ground plane containing a hybrid slot and stub.
These modifications not only broadened the impedance band-
width but also enhanced current coupling between the patch and
ground.

To realize circular polarization, four symmetrical slots were
etched along the edges of the octagonal ring patch. These
perturbations effectively disturbed the current symmetry on
the patch, thereby exciting two orthogonal modes (TMy; and
TMj) with a quadrature phase relationship. The resultant su-
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perposition of these orthogonal modes produced circular polar-
ization within the axial ratio (AR) bandwidth of 3.2-3.9 GHz.
The surface current distribution plots at 3.5 GHz as shown
in Figure 9 confirm the rotational behavior of the current vec-
tors in successive phase intervals, validating the generation of
CP radiation. Furthermore, the simulated and measured axial-
ratio responses show AR < 3 dB across the CP band, ensuring
stable polarization characteristics. These results confirm that
the combination of the ring geometry, ground perturbation, and
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TABLE 2. Comparison of the proposed antenna.

Ref. Size (/\3) Bandwidth % | Gain (dB) | Axial Ration Bandwidth %
[5] 0.76\ x 0.76 A x 0.04\ 37.5 8.9 21.31
[6] 0.43X x 0.48X\ x 0.0081)\ 64.40 5.1 55.17
[17] 0.55X x 0.53A x 0.035X 42.6 3.5 NA
[18] 0.69X x 0.52A x 0.0047X\ 57.69 3.48 NA
Proposed Work | 0.25 A x 0.30A x 0.014X 57.5 34 19.7

270°

FIGURE 9. Surface current distribution at 3.5 GHz for different phase
angles.

slot symmetry collectively facilitates circular polarization in the
proposed design. Figure 10 shows the S}; measurement setup.

For on-body simulation, a three-layer phantom model con-
sisting of skin, fat, and muscle was used to evaluate the an-
tenna’s performance. Two analyses were conducted: SAR
(Specific Absorption Rate) analysis and conformal analysis.
The Specific Absorption Rate (SAR) quantifies the rate at
which electromagnetic energy is absorbed per unit mass of hu-
man tissue when exposed to the antenna’s near-field radiation.
It is mathematically expressed as:

o|E

SAR =
2p

(1

where o is the electrical conductivity of the tissue (S/m), | F |
the magnitude of the induced electric field (V/m), and p the
mass density of the tissue (kg/m®). SAR serves as a critical
safety metric for wearable and biomedical antennas, ensuring
that the electromagnetic exposure levels remain within the pre-
scribed international standards (FCC: 1.6 W/kg over 1g, IC-
NIRP/EU: 2 W/kg over 10 g of tissue).
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FIGURE 10. Antenna S;; measurement.

In this work, SAR analysis was performed using a multilayer
human tissue phantom consisting of skin, fat, and muscle layers
as shown in Figure 11(a). The simulations were carried out to
evaluate the antenna’s behavior under realistic on-body condi-
tions as shown in Figures 11(b) and 11(c). The SAR variation
with frequency was obtained across the operational band of 2.6—
4.7 GHz. It was observed that SAR values were higher at lower
frequencies due to stronger near-field coupling and deeper field
penetration into the tissue, whereas at higher frequencies, en-
ergy absorption was confined more superficially, resulting in
reduced SAR levels as depicted in Figure 11(d).

Bending is an inevitable condition for wearable antennas, as
they are typically integrated into garments or directly placed
on curved parts of the human body. When an antenna is bent,
the physical deformation alters the surface current distribution,
effective electrical length, and coupling between the radiating
patch and the ground plane, which can potentially shift the res-
onant frequency or degrade impedance matching. Therefore,
bending analysis is essential to ensure stable performance un-
der realistic wearable scenarios.

In the proposed design, the antenna was analyzed under
cylindrical bending conditions to emulate typical curvatures of
the human arm. The conformal evaluations were performed
by wrapping the antenna on a multilayer phantom consisting of
skin, fat, and muscle tissues, with curvature radii comparable to
practical wearable cases as depicted in Figure 11(e). The return
loss comparison among three configurations, antenna alone,
antenna placed on a flat phantom, and antenna on a cylindri-
cal phantom demonstrated negligible frequency shift and main-
tained S1; < —10dB across the operational band, confirming
mechanical robustness and electromagnetic stability as shown
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FIGURE 12. Return loss of wideband antenna.

in the Figure 12. Figure 13 presents the measurement setup for
the on body measurement of the antenna.

Table 2 presents the comparison of the proposed antenna with
earlier reported antennas.

4. CONCLUSION

A wideband circularly polarized wearable antenna oper-
ating from 2.6 GHz to 4.7 GHz was designed, fabricated,
and analyzed. The antenna achieves circular polarization
(3.2-3.9GHz) with a stable gain of 2.8-3.4dB. Design
modifications, including an octagonal ring patch, partial
ground, and hybrid slot, enhanced bandwidth and impedance
matching. Measured Si; results closely match simulations,
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FIGURE 13. Antenna on body S); measurement.

validating the design. SAR analysis, on-body, and conformal
simulations confirm its suitability for wearable applications.
The radiation patterns exhibit a figure-of-eight F-plane and
omnidirectional H-plane, ensuring stable performance. This
antenna offers a compact and efficient solution for wearable
communications, with future scope for miniaturization and
multi-band integration.
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