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Abstract
This work introduces a novel compact ultra-wideband (UWB) antenna designed for wear-
able applications, employing a bioinspired structure and machine learning (ML) techniques
to achieve exceptional performance in the 3.10–10.42 GHz range. The antenna is fabricated
by positioning conductive fabric on a polydimethylsiloxane polymer of 1 mm thickness
to augment high flexibility and durability. Additionally, it pioneers integrating a complete
ground plane to mitigate back radiation toward the human body, presenting a compact
(35.5 × 30.5 × 1 mm3) UWB antenna design compliant with IEEE 802.15.6 standards. The
design methodology includes using bandwidth enhancement techniques such as chamfer-
ing edges, slots, and adding stubs in the feed, along with applying ML to optimize the
antenna’s dimensions for desired return loss characteristics. The proposed antenna demon-
strates exceptional resilience to human body loading and physical deformation.The simulation
and measurement results have good agreement. The K-nearest neighbour method beat the
other ML algorithms maximum accuracy of 99.62% to predict the S11. According to the
author’s best knowledge, this is the first compact UWB antenna with full ground specified by
IEEE.802.15.6 with ML reported.

Introduction

In recent years, there has been a significant increase in interest in wireless body area networks
(WBAN), since advancements in wireless communication have led to the development of
cutting-edge technologies like 5G and the internet of things. These technologies will bring new
experiences to industry and society. Furthermore, it will lead to a significant change in how we
live in this world. Integrating WBAN with these technologies provides connectivity between
everything and anything [1–3]. WBAN deals with several critical applications, such as disaster
management services, care for the elderly and impoverished children, sports, internet of
military things, health monitoring, emergency rescue services, and so on [1–6]. In the Federal
Communication Commission (FCC), the U.S., in 2002, the unlicensed ultra-wideband (UWB)
applications were assigned a range of frequencies from 3.1 to 10.6 GHz. Based on the most
recent IEEE 802.15.6 WBAN standard, UWB technology has been expanded into the applica-
tion ofWBAN [7–11]. It is a high-speed data transmissionmethod that is resistant to multipath
interference and jamming due to its low chance of detection [12, 13]. In a WBAN system, the
UWB technology is a suitable candidate to reduce power spectrum density, resulting in longer
battery life and lower electromagnetic exposure [14–18]. WBAN connectivity is offered using
small, flexible, lightweight UWB antennas that are unobtrusive to the user [11,12]. Antennas
worn ON or OFF the body are crucial for establishing contact with certain devices in WBAN
networks [1, 18]. According to the literature, most wearable antennas operating in the UWB
band use a partial or faulty ground plane to increase bandwidth [19]. However, because of the
high permittivity and lossy nature of the layers of human flesh underneath it, antennas without
a complete ground plane are not appropriate for wearable applications [20]. This affects the
antenna’s performance and raises the specific absorption rate (SAR). Most wearable antennas
were prototyped using textile materials to increase flexibility, even though newer UWB antenna
designs with a complete ground plane attempt to overcome these problems. However, after a
few washes, they become extremely deformed and are sensitive to moisture and humidity. As
a result, they cannot be used in severe environments like those seen in wearable applications.
On the other hand, a few researchers [15, 21–26] reported durable UWB antennas with full
planes, which may occupy more space, or multilayered antennas that may not fit into portable
devices.

https://doi.org/10.1017/S1759078724000837 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078724000837
mailto:pinkuranjan@iiitm.ac.in
https://orcid.org/0000-0001-6978-0218
https://orcid.org/0000-0002-2160-9769
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1759078724000837&domain=pdf
https://doi.org/10.1017/S1759078724000837


2 Praveena et al.

In this paper, a compact antenna for WBAN applications in
the 3.1–10.42 GHz frequency band is designed. The proposed
antenna is prototyped with a conductive fabric, on a 1 mm thick

Figure 1. (a) Circular patch with radius “R” =10 mm (b) maple leaf patch with
maximum edge length “r” of 10 mm from its center.

Figure 2. Evolutionary stages and their return loss characteristics.

Table 1. Details of the evolutionary stages and reflection characteristics

Evolutionary
stage

No. of
bands Frequency range (GHz)

Bandwidth
(GHz)

1 3 4.12–5.48, 7.15–8.53, 10.25–11.36 3.85

2 2 3.38–5.74, 7.12–9.97 5.21

3 2 3.13–5.67, 6.08–9.60 6.06

4 1 3.1–10.42 7.32

polydimethylsiloxane (PDMS) material that is biocompatible,
highly elastic, heat resistant, watertight, and optically transparent
(90%) [19, 21, 27, 28]. A full ground plane is maintained to min-
imize the back radiation and obtain low SAR values. However,
an antenna with a thin substrate and full ground plane leads to
a narrow bandwidth. To overcome this, a bioinspired maple leaf
structure with serrated edges is chosen due to its multiband res-
onating capabilities with wider bandwidth. Further, the bandwidth
enhancement techniques of chamfering edges, slots, and adding
stubs in the feed are employed to achieve an UWB frequency
range. A machine learning (ML) approach is used to fix the final
dimensions of the antenna with desired return loss characteristics.

Thus, the proposed antenna design has the following attractive
characteristics:

1) It has a novel and compact structure with a full-ground plane
that resonates at the UWB frequency range.

2) It has a boresight radiation pattern, as required for WBAN
applications.

3) It exhibits significantly lower SAR values than the FCC stan-
dards due to employing a full ground plane with highly con-
ductive fabric.

4) It demonstrates high flexibility due to the integration of a thin
layer of inherently flexible PDMS with conductive fabric.

5) It has a reliable performance under free space and on body
conditions by maintaining 7.32 GHz and 9.8 GHz bandwidth,
respectively, for S11 < −10 dB.

Antenna configuration and prototype

Modelling and evolutionary stages of the proposed antenna

The initiation of the proposed antenna begins with a circular patch
with a radius (r) of 10 mm, which is considered the initiator in
this work, as seen in Fig. 1(a). The equations (1–4) adapted from
reference [15] are used to calculate the r to achieve a lower edge
frequency (LEF) of around 3 GHz. The maple leaf, resembling an
open hand with serrated edges (Fig. 1(b)), has a maximum edge
length from its center of 10 mm. The initiator’s area, calculated
using equation (2) for the area of a circle, is 314.2 mm2. However,
through measurements with the high-frequency structure simula-
tor (HFSS), the resultant maple leaf shape is found to have an area
of 239.9 mm2, indicating a 14% reduction compared to the initia-
tor.This reduction influences the LEF; an expected LEF of 3.2 GHz
is calculated with the resultant area equations (3) and (4).

f lower = 0.24 × 300

(D + G + ( D

2𝜋
)) × K

(GHz) (1)

Figure 3. Flow chart of Mmachine learning in the proposed UWB antenna.
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A = 𝜋r2 (2)

f r (GHz) = 300
𝜑√𝜀eff

(3)

𝜀eff ≈ 𝜀r + 1
2 (4)

The symbol “D” corresponds to the millimeter measurement
of the circle’s diameter, the gap, expressed in millimeters, between
the ground plane and the radiating patch is denoted by the letter
“G.” “A” is the area of a circle. φ represents the patch’s perimeter,
while εr stands for the substrate’s dielectric constant, f r expresses
the resonant frequency, and the variable k considers the influence
of the substrate’s dielectric permittivity, with its value specified as
1.15 [15].

In stage 1, the patch is modified to the maple leaf structure,
which resembles an open hand with serrated edges and has amaxi-
mum edge length from its center of 10mm, which enables multiple
resonating modes and results in multiple frequency bands and a
total impedance bandwidth of 3.85 GHz. In stage 2, a rectangu-
lar stub is perpendicularly added to the feed line, which increases
the electrical length of the antenna and results in a bandwidth of

Table 2. MSE, MAE, and R2 score of ML algorithms

ML algorithms XGB ANN DT KNN RF

MSE 0.355 0.4913 0.166 0.0455 0.086

MAE 0.310 0.3852 0.106 0.0541 0.111

R2 score 0.9706 0.9594 0.9862 0.9962 0.9928

5.21 GHz. A rectangular slot is etched in the center of the patch in
stage 3, and the antenna resonates with an increased bandwidth of
6.06 GHz. Further, to tune the frequency of operation and improve
the return loss (<−10 dB) for the entire UWB band, the edges of
themaple leaf structure are chamfered [24]. A change in resonating
modes occurred, and the increment in bandwidth was due to the
chamfering of the corners, which resulted in an impedance band-
width of 7.32 GHz. An optimization process was pursued in Ansys
HFSS version 2022 to fix the dimensions and position of the slot,
stub, and chamfering length. The evolution of the modified maple
leaf full ground (MFG) antenna and its reflection characteristics
are shown in Fig. 2. Table 1 details the frequency range, number
of bands, and impedance bandwidth obtained at each evolutionary
stage.

Optimization of the proposed antenna through ML

Thefinal structure andoptimal dimensions of theMFGantenna are
obtained after the optimization of the antenna dimensions using
ML algorithms. Figure 3 illustrates the proposed antenna’sML flow
chart. The proposed UWB antenna is designed using HFSS soft-
ware. A large amount of data is required to apply theML algorithms
for the proposed antenna [29–38].The dataset is prepared by vary-
ing the various parameters of the UWB antenna. In total, there
are 4,50,451 datasets created. The whole dataset is distributed into
training and testing datasets. Eighty percent of the dataset is used to
train theML algorithms, and the remaining 20% is used for testing
the trained ML models. In this work, five ML algorithms, extreme
gradient boosting (XGB), artificial neural network (ANN), deci-
sion tree (DT), K-nearest neighbour (KNN), and random forest
(RF), are used [34–42]. Table 2 represents theML algorithms’mean

Figure 4. Actual and predicted values of ML algorithms.
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Figure 5. Training time of ML algorithms.

Figure 6. Testing time of ML algorithms.

Figure 7. Accuracy of ML algorithms.
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Figure 8. Comparison of KNN ML with HFSS.

Figure 9. Dimension (in mm) (a =35.56, b =13.79, c =4.06, d =5.59, e =7.9, f =3.9, g =3, h =8.5, i =5.1, j =3, k =5.9, l =3.9, m =2.2, n =2.7).

Figure 10. Prototype of the UWB antenna (a) front view and (b) rear view.
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Figure 11. Flexibility of the UWB antenna (a) bent in the Y (b) X-axis.

Figure 12. Surface current distribution at 3.1, 5.5, and 9.5 GHz.

Table 3. Dielectric properties of human tissue layers at various frequencies

Human tissue layer and thickness

Dielectric values at different frequencies Skin (2 mm) Fat (5 mm) Muscle (10 mm) Bone (10 mm)

3.8 GHz Dielectric constant εr 36.753 5.1444 51.072 10.635

Loss tangent δ (S/m) 0.28451 0.15792 0.26189 0.3033

7.5 GHz Dielectric constant εr 33.638 4.8044 46.182 8.9762

Loss tangent δ (S/m) 0.37847 0.20356 0.36955 0.41712

10 GHz Dielectric constant εr 31.29 4.6023 42.764 8.1197

Loss tangent δ (S/m) 0.46038 0.22857 0.44666 0.47284

Figure 13. Anechoic chamber (a) pictorial
representation, and (b) measurement setup inside the
chamber.
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Figure 14. Comparison of the measured and simulated return loss in
free space.

Figure 15. Comparison of measured and simulated return loss free space in X and Y axis bending.

square error (MSE), mean absolute error (MAE), and R2 Score.
Actual and predicted values of S parameters are shown in Fig. 4.
R2 Score represents the accuracy of our ML algorithms. Training
time, testing time, and accuracy of various ML algorithms are rep-
resented in Figs. 5–7. respectively. FromTable 2 and Fig. 7. it is seen
that KNNML algorithms achieved the highest accuracy compared
to other ML algorithms. It accurately predicts the S11 of the pro-
posed UWB antenna. The comparison of KNN ML with HFSS is
shown in Fig. 8.

Geometry and prototyping of the proposed antenna

The proposed antenna is initially designed based on a bio-
inspired maple leaf structure and further modified for desired
performance characteristics, as shown in Fig. 9(a) and (b).

Bioinspired structures, such as fractal structures, are known for
their compactness and increased electrical length [43–45]. The
antenna has overall optimized dimensions of 35.5 × 30.5 × 1 mm3,
and the detailed dimensions are given under the caption for Fig. 9.
The entire ground plane has been maintained on the bottom side,
and the modified maple leaf-shaped patch is positioned above a
substrate with a relative permittivity of 2.77. Conductive textile
is used for radiating components because of its high conductivity
with the combination of nickel + copper-plated and silver-coated
nylon [46]. Several methods for bandwidth enhancement have
been used to achieve an ultra-wide bandwidth, including the adop-
tion of bioinspired radiating structures, etching slots, truncating
edges, and introducing stubs in the feeds, as covered in paper [12].
Figures 10 and 11 illustrate the prototype of the fabricated antenna
from various perspectives, including Fig. 10(a) front view, 10(b)
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Figure 16. Simulated and measured E plane at various frequencies (a) 4.8 GHz, (b) 6.2 GHz, (c) 8.6 GHz, (d) 9.2 GHz and (e) 10.2 GHz.

Figure 17. Simulated and measured H plane radiation pattern at (a) 4.8 GHz, (b) 6.2 GHz, (c) 8.6 GHz, (d) 9.2 GHz and (e) 10.2 GHz.

rear view, Fig. 11(a) X-bent, and 11(b) Y-bent, respectively. Surface
current distribution diagrams at 3.1 GHz, 5.5 GHz, and 9.5 GHz
frequencies covering lower, middle, and higher frequencies of the
UWB band are shown in Fig. 12. From the surface current distri-
bution, it is observed that the maximum current is at the feeding
point and around the slot.

Experimental outcome

The performance of the proposed antenna is analyzed in free space
and on body conditions. To test the flexibility, the MFG antenna is
bent inX andYorientations on a cylinderwith a 30mmradius.The
on-body bending analysis is performed on a cylindrical dispersive
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Figure 18. Antenna setup for group delay analysis (a) side by side (b) face to face.

Figure 19. Group delay plot of the proposed MFG antenna.

Figure 20. Human tissue layer model (a) flat (b) cylindrical.

human tissue model (HTM) of a 30 mm radius. To perform SAR
analysis, the proposed antenna is placed on a flat human tissue layer
model. Both the cylindrical dispersive HTM and flat human tissue
layer model consisting of skin, fat, muscle, and bone with differ-
ent dielectric constants values at different frequencies. The various
layers of the human tissue model and corresponding dielectric
properties at different frequencies are listed in Table 3 [47]. The
antenna under test in the anechoic chamber is shown in Fig. 13.

Figure 21. On body bending in X and Y orientations.

Figure 22. Return loss comparison of the simulated and measured return loss at
0 mm on flat human body model.

Free space measurements

The simulated and measured return loss in free space under flat
and bent scenarios are compared in Figs. 14 and 15, respectively.
The simulated return loss is identical to the measured in flat and
bent conditions. It is noticeable that the measured results exhib-
ited a wider bandwidth of 8.8 GHz, i.e., from 3.212 GHz. The E
andH plane radiation patterns are measured in an anechoic cham-
ber at different frequencies, such as 4.8 GHz, 6.2 GHz, 8.6 GHz,
9.2 GHz, and 10.2 GHz. Overall, as seen in Figs. 16–17, respec-
tively, there is a noticeable agreement between the simulated and
measurements at the E and H planes. As expected, the antenna
mostly radiates in its boresight direction because of the complete
ground plane. Consequently, this reduces the coupling between the
antenna and the body, minimizing energy dissipation within the
body and loading of the antenna.

Assessing the group delay of UWB antennas is crucial for veri-
fying the undistorted nature of their structure. A consistent group
delay signifies that the antenna is nonresonant, leading to effec-
tive radiation [48]. It is essential to minimize the group delay, with
a maximum acceptable value of Dt = 1/2 fs, and for short pulse
transmission, it should be 3.8 ns [49, 50]. Two identical antennas
are positioned facing each other and in side-by-side orientations
with far-field distance (Ds) of 221 mm calculating at 3 GHz fre-
quency as shown in Fig. 18.The group plots are presented in Fig. 19,
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Figure 23. SAR values at (a) 3.8 GHz (b) 7.5 GHz and (c) 10 GHz.

Table 4. Comparison with state-of-art works

References Size (mm2)
Operating

frequency (GHz)
Bandwidth
(GHz)

Machine
learning

Dielectric
materials Advantages/Limitations

[15] 80 × 61 3.1–10.6 7.5 No All textile Larger dimensions and
complex-multi-layered structures, may not
be watertight.

[22] 80 × 67 3.7–10.3 6.6 No PDMS Highly flexible, however, has larger dimen-
sions and failed to cover the entire UWB
range.

[28] 101 × 64 3.63–9.21 5.58 No TacomcRF35 Larger dimensions and failed to cover the
entire UWB range.

[27] 70 × 70 3.8–8.3 4.5 No PDMS Highly flexible, however, has larger dimen-
sions and failed to cover the entire UWB
range.

[51] 97 × 88 3.4–10.2 6.8 No Felt Larger dimensions and materials may not be
water-tight

Proposed 35.5 × 30.5 3.1–10.42 7.32 Yes PDMS The smaller footprint is highly flexible due
to the overall thickness of the antenna and
covers the entire UWB range.

revealing that the variations are under 2.5 ns and exhibit an almost
linear pattern across the entire UWB frequency range.

On-body measurements

It is essential to examine how the antenna affects the human body
and vice versa to ensure the stability of the antenna’s operation
and the safety of human tissues. Using Ansys HFSS, a four-layered
flat human body model and the cylindrical dispersive HTM are
created, incorporating skin, fat, and muscle and bone as shown in
Fig. 20. On-body bending analysis is performed both in X and Y
orientations on a 30 mm radius cylindrical dispersive HTM. The
corresponding return loss characteristics are compared and plot-
ted in Fig. 21. From the plot is evident that the antenna bent on the
body in the X and Y axis agrees well maintaining the resonating
bandwidth with negligible frequency shift. MFG antenna placed
on the flat HTM (90 × 90 mm2) with 0 mm gap and comparison

of return loss is plotted in Fig. 22. It is observed that the pro-
posed antenna exhibited S11 < −10 dB for 7.32 GHz bandwidth
(3.1–10.42 GHz) over the human body for simulated results and
bandwidth of 9.8 GHz (2.2–12 GHz) for measured results. The
nonuniformity of the substrate is the reason for the discrepancies
between the measured and simulated findings. The manufactur-
ing fault that occurred during the soldering of the connection is
another element that contributes to the mismatch. Mismatches
have also been seen in the free space measurement facility since
the proposed antenna input parameters were determined using a
Vector Network Analyzer (VNA) in an open environment. Safety
assessment involvesmeasuring SAR, while antenna performance is
evaluated through return loss measurements. As per the FCC stan-
dards, the maximum SAR limit is 1.6 W/kg for 1 g of tissue. The
simulated SAR values for different frequencies with an input power
of 25 mW are 0.66 W/kg, 0.53 W/kg, and 0.90 W/kg at 3.8 GHz,
7.5 GHz, and 10 GHz, respectively, as demonstrated in Fig. 23. It is
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observed that the obtained SAR values are significantly lower than
the FCC standards. The proposed antenna is compared with the
state of artwork in Table 4. The comparison shows that the pro-
posed antenna is a compact, single-layered structure with smaller
dimensions covering the entire UWB.

Conclusion

This article presents a highly flexible UWB antenna for wearable
applications. The dimensions of the proposed antenna are well-
predicated and optimized using ML algorithms. The KNN ML
algorithms accurately predict the S11 of the proposed antenna.
The KNN ML algorithms give 99.62% compared to other ML
algorithms. The ML algorithms are compared concerning training
time, testing time, and accuracy.The proposed antenna has a com-
pact footprint with a full ground plane.TheMFG antenna exhibits
a boresight radiation pattern as required in wearable applications.
The proposed antenna maintains stable performance under flat,
body, and bending conditions.The obtained SAR values are signif-
icantly lower than the FCC standards making it an ideal candidate
for wearable applications.
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