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1. Introduction

Copyright © 2022 Deepa Thangarasu et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

With the promising developments in wearable communication technology, attention towards flexible electronics is increasing
day-by-day. This study presents flexible low-profile ultra-wideband (UWB) antennas for wearable applications. The antenna
comprised of a modified dewdrop-inspired radiator and a defected ground plane and has an impedance bandwidth of
3.1-10.6 GHz. The antenna flexibility is investigated using four different substrates (polyester, polyamide, denim, and Teslin) and
tested on a cotton shirt and a high-end Res-Q jacket to evaluate their performance stability for body-worn applications. The
fabricated planar dewdrop-shaped radiator (PDSR) antennas have a radiation efficiency of >90%, a gain of >4 dBi, and a group
delay variation of fewer than 0.5 ns. The antenna conformability is measured by placing the fabricated antennas on various curved
and nonplanar parts of the human body. The aforementioned antennas offer better flexibility for different bent conditions. The
specific absorption rate (SAR) of the designed antennas is investigated to determine their wearability, and values are found to be
less than 0.2 W/Kg. Also, the received signal strength (RSS) is discussed in order to analyze signal attenuation, and the per-
formance analysis of the antennas is compared.

802.15.6 has been established to support both wideband and
narrowband communications [3]. Though the standard

Wearable wireless electronic systems are becoming in-
creasingly popular around the world. Particularly, wireless
body area networks (WBANSs) play a significant role in
sports, healthcare, and defense applications [1, 2]. An an-
tenna is an essential element in wearable electronic trans-
ceivers for establishing effective communication among
users. For the WBAN, an international standard IEEE

includes various frequency bands, for research, the Indus-
trial Scientific and Medical (ISM) band at 2.4 GHz and ultra-
wideband (UWB) ranges from 3.1 to 10.6 GHz are highly
preferred. Moreover, the choice of substrate is important for
WBAN applications, as it should be flexible and unaffected
by the aesthetic nature of human clothing. Hence, the an-
tennas must exhibit better radiation characteristics even
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TaBLE 1: Properties of the flexible substrates.

Substrate Dielectric constant (,) Loss tangent (6) Thickness (T) (mm) Young’s modulus (MPa)

Polyester 1.9 0.0045 0.99 72.9

Polyamide 3.5 0.0027 0.563 275

Denim 1.7 0.085 0.675 75.75

Teslin 2.2 0.0145 0.712 4.38
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F1GURE 1: Schematic of the proposed UWB antenna: (a) front view; (b) rear view.
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(©)

FIGURE 2: Design stages of the antenna: (a) stage 1; (b) stage 2; (c) stage 3.

under stretch/bent conditions when a human adopts dif-
ferent body postures. Several flexible wearable antennas have
recently been reported for the ISM band [4-9]. In [4], a
planar inverted-F antenna (PIFA) with an operating range of
4.96-5.9 GHz was reported for WBAN applications. In [5], a
dual mode (on/off-body) antenna was presented with fabric
material that resonates at 2.4 GHz for ISM application. The
antennas reported in [6, 7] were designed on the FR-4
substrate and operated between 2.3 GHz and 2.6 GHz to
support ISM and Bluetooth services for smartwatch appli-
cations, respectively. In [8], the radiating element is placed
above the FR-4 substrate to function at 1.8 GHz for wearable
applications. In [9], a patch antenna with an artificial
magnetic conductor (AMC) was designed to increase gain at
2.4 GHz. In [10], a quad-band flexible antenna with a triband
AMC reflector was reported for WBAN applications. De-
spite this, most of the reported works have less bandwidth
and are large in size.

In the last decade, UWB technology has made a
significant contribution to wireless communication by
enabling high-speed data transfer with less interference.
Due to its low power consumption, the UWB antenna is
highly recommended for WBAN applications. Several

UWB antennas have been investigated in recent years
using different flexible materials [11-23]. In [11], a co-
planar waveguide (CPW)-fed monopole antenna with a
frequency range of 7-12 GHz was designed for biomedical
applications. In [12], a flexible antenna was presented
with frequency selective surface (FSS) for the ISM band.
In [13], a UWB antenna was presented with a flexible
Kapton polyimide substrate. In [14], an elliptical
monopole antenna was designed on the material Kapton
and its performance was tested under crumpling con-
ditions. In [15], a textile material was used to develop a
flexible UWB antenna, and its bending and crumpling
analysis was performed. In [16], a polyimide substrate
was used to design a monopole antenna that covers the
whole UWB range from 3.1 to 10.6 GHz. Despite this,
high-cost fabrication technologies such as in-situ self-
metallization were used. In [17], a semiflexible dielectric
material was used to develop a circular ring-shaped UWB
antenna for body-centric applications. A Y-shaped
slotted antenna was reported in [18], and its performance
was compared between Rogers 4350 and felt materials. A
CPW-fed monopole antenna made of Kapton was re-
ported in [19], and it was fabricated using airbrush
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FIGUre 3: Evolution stages of the antenna using different dielectric materials: (a) polyester; (b) polyamide; (c) denim; (d) Teslin.

(a)
FIGURE 4: Surface current density of the UWB antenna at (a) 3.1 GHz, (b) 6.6 GHz, and (c) 10.6 GHz.
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TaBLE 2: Dimension of the antenna with different dielectric materials.

Substrate Parameters

0 r s t wy, wy u v
Polyester 16.25 16.5 3.25 4.8 3.15
Polyamide 49 6 5 16 17 1 3.35 1.5
Denim 16 16.5 2.3 5 2.3
Teslin 16.5 17.5 2 4.1 41

printing technology. Although the performance of the
antenna was satisfactory, its size needs to be reduced. In
[20], a CPW-fed monopole antenna was designed and

backed with an EBG layer, increasing the design com-
plexity. In [21], the antenna was supported by an AMC for
the ISM band applications. In [22], a triple-band antenna
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FIGURE 6: Measured and simulated S;; characteristics of the four antennas. (a) Polyester. (b) Polyamide. (c) Denim. (d) Teslin.

using the substrate integrated waveguide (SIW) tech-  inverted-F antenna with an operating range of
nique was reported. In [23], a transparent flexible an-  0.7-1.1 GHz was demonstrated. However, most of the
tenna was reported for laptop applications. In [24], an = abovementioned antennas had design complexity, and
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FiGgure 7: Continued.
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FIGURE 7: Measured radiated patterns at 3.1 GHz, 6 GHz, and 10.6 GHz. (a) Polyester. (b) Polyamide. (c) Denim. (d) Teslin.
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FIGURE 8: Gain and efficiency of the four antennas. (a) Polyester. (b) Polyamide. (c¢) Denim. (d) Teslin.

large sizes and used high-cost fabrication technology and
semiflexible substrates rather than flexible substrates.
Wearable antennas are now integrated into human
clothing and can be used in various fields such as
medicine, sports, and military to monitor patients’
health, maintain body fitness and rescue soldiers in
emergencies. When designing wearable antennas, several
factors must be considered, such as simplicity, com-
pactness, and flexibility to withstand bending and
crumpling scenarios. The substrate should be chosen
carefully so that it does not interfere with the aesthetics of

the clothing while not compromising the antenna’s
performance, and the specific absorption rate (SAR) must
be within the acceptable range of 1.6 Watt/kg.

In this work, the aforementioned challenges are taken
into account, and a simple compact flexible UWB an-
tenna is developed using four different substrates:
polyester cloth, polyamide sheet, jean cloth, and Teslin
paper. Section 2 discusses the design and development of
the UWB antenna, Section 3 presents the results, Section
4 illustrates the path loss analysis, and Section 5 presents
the conclusion.
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FIGURE 9: Measured reflection coefficients for different bent conditions (along the X-direction). (a) Polyester. (b) Polyamide. (c) Denim. (d) Teslin.

2. Antenna Design

The UWB antenna is developed using four different
flexible substrates, and their properties are shown in
Table 1. The front and rear views of the antenna are shown
in Figures 1(a) and 1(b), respectively. The overall size
(length x breadth) of the antenna is 40 mm x 42 mm.

The evolution stages of the antenna are shown in Fig-
ure 2, and the corresponding reflection coeflicients on four
different flexible substrates are displayed in Figure 3. In stage
1, an elliptical radiator is designed using equation (1) [25].
The elliptical-shaped radiator offers a bandwidth of
4.4-7 GHz.

F

a — b 1
{1+ 2h/me,F[In (nF/2h) + 1.7726]}" W

8.791 x 10°

fi

where F =

(2)

In stage 2, the electrical length of the radiator is increased
by combining a triangular-shaped stub with it. This prop-
agates the surface current to the tip of the triangular patch,
resulting in a bandwidth of 3.1-10.6 GHz. The surface
current distribution of the proposed antenna at 3.1 GHz,
6.6 GHz, and 10.6 GHz is shown in Figure 4. In stage 3, a slit

is etched from the ground plane, increasing the impedance
bandwidth further. Finally, a planar dewdrop shaped radi-
ator (PDSR) is proposed to achieve an impedance bandwidth
of 3.1-12 GHz. The resonating frequency of the PDSR can be
calculated using the following equation.

c
h=4 x(1+ (7 0/360) x \e, 172 ) (3)

where 7 is the radius of the elliptical curved surface and 0 is
the angle subtended by the sides of the triangular structure.
The radiator dimensions remain the same for all four an-
tennas except for a few parameters listed in Table 2.

3. Results and Discussion

Wearable flexible electronics adhere close to the human
body. Wearable devices, such as watches and safety bands,
are very close to human tissues in terms of permittivity and
conductivity, and thus, antenna characteristics deteriorate.
Therefore, antenna performance must be measured and
analyzed under various human body conditions. The an-
tenna simulated results are evaluated using the electro-
magnetic (EM) computer simulation tool (CST), and the
measurements are performed using the ANRITSU MS2037C
vector network analyzer (VNA). Also, the bending and SAR
analyses are performed. Figures 5(a) and 5(b) show
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F1GURE 10: Measured reflection coefficients for different bent conditions (along the Y-direction). (a) Polyester. (b) Polyamide. (c) Denim. (d) Teslin.

photographs of the fabricated antennas and their mea-
surements with VNA.

3.1. Reflection Coefficients. Figure 6 depicts the reflection
coefficient characteristics, which represent the amount of
signal reflected due to impedance discontinuity. One of the
design objectives of the proposed antenna is to achieve the
UWB frequency range. The four antennas achieve band-
widths ranging from 3.1 to more than 12 GHz, at the sim-
ulation level. The proposed polyester, polyamide, denim, and
Teslin-based antennas have impedance bandwidths of 116%
(3.1-11.7 GHz), 117% (3.13-12 GHz), 114% (3.05-11.3 GHz),
and 121% (2.9-11.8 GHz), respectively. The measured re-
sponse of the proposed antennas agrees reasonably well with
the simulation results. However, there is a shift in the
simulated and measured reflection coefficients due to
manual fabrication, use of a small ground plane, and con-
nector losses.

3.2. Radiation Characteristics. The radiation pattern is an-
other important feature of the antenna. The radiation pat-
terns are measured at 3.1 GHz (lowest operating frequency),
6 GHz, and 10.6 GHz (highest operating frequency) of the
desired UWB range. The proposed antennas achieve bidi-
rectional and nearly omnidirectional patterns in the E-plane
and H-plane, as represented in Figure 7. Figure 8 depicts the
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FIGURE 11: Measured group delay of the proposed antennas.

gain and efficiency values of the proposed antennas. The gain
of the designed antennas is 4.3 dBi, 4.2dBi, 4.1dBi, and
4.1dBi for polyester, polyamide, denim, and Teslin, re-
spectively, and the efficiencies are 95%, 90%, 70%, and 90%.

3.3. Bending Analysis. The bending analysis is carried out to
analyze the performance of the proposed antennas when they
are placed on various curved surfaces of the human body
[26, 27]. Figures 9 and 10 show the effect of bending along the
X- and Y-directions with bent radii of 10 mm, 15 mm, 20 mm,
and 25 mm. The designed flexible antennas maintain good
impedance matching over the desired band at different
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FIGURE 12: Measured phase and transmission characteristics of the proposed antennas.
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FIGURE 13: (a) Measurement setup. (b) Properties of Res-Q jacket/cotton shirt.

bending radii. However, the impedance bandwidth of Teslin
paper decreases under severe bent conditions such as 15 mm
and 10 mm. This performance degradation occurs due to the
flexing of the thin microstrip feed line width. Also, severe
bending less than 15 mm is of less importance because major
parts of the human body are not conformal to that extent.
Thus, the proposed antennas display negligible deterioration
until a bend radius of 15mm, covering the UWB range.

3.4. Group Delay and Transmission Characteristics.
Another significant characteristic, group delay, is deter-
mined to analyze the time domain (transient) characteristics
of the proposed antennas. The measured group delay of the
four antennas is depicted in Figure 11. The designed antenna
has group delay variations of less than 0.5 ns, indicating that
the signal propagates with less distortion across the UWB

range. The phase and transmission characteristics of the
proposed antennas [28, 29] are measured and represented in
Figure 12. The four antennas with flexible substrates almost
achieve flat S,; characteristics and maintain phase linearity.
Thus, it confirms that the proposed antennas are well
suitable for wideband systems.

3.5. On-Body Performance Analysis. The measurement setup
with the Res-Q jacket/full-sleeve cotton shirt is shown in
Figure 13. Figure 14 presents the reflection coefficient
characteristics with the antennas placed in different loca-
tions on the body while wearing a jacket (Woodland’s Res-
Q). The measurement is performed to validate the perfor-
mance of the designed antennas by placing them on different
parts of the human body such as the chest, wrist, and
shoulder. The reflection coeflicients shift slightly in the on-
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FIGURE 14: Measured reflection coeflicients with the antennas placed in different locations on the body (with jacket). (a) Polyester.

(b) Polyamide. (c) Denim. (d) Teslin.

body state. This frequency detuning occurs due to the high
dielectric constant property of various layers of the human
body.

Furthermore, in the presence of the jacket, all antennas
maintain good impedance matching over the desired band of
3.1-10.6 GHz. Figure 15 depicts the reflection coefficient
characteristics obtained by integrating the antennas at
various locations on the cotton-based full-sleeve shirt. The
impedance mismatching is observed at some frequencies,
which may be due to the combined effect of the dielectric
variation of the cotton shirt and the human body. It is also
noted that the detuning and impedance mismatch are less
for antennas tested on the wrist due to the smaller volume
and mass of the human body. When compared to a cotton
shirt, the impedance matching of the designed antennas
integrated with the Res-Q jacket is better. Therefore, the
designed antennas could be wuseful for body-worn
applications.

3.6. Specific Absorption Rate (SAR) Analysis. The SAR
analysis is important for wearable technology as elec-
tromagnetic waves emitted by the antennas are absorbed
by the human body [30, 31]. The high permittivity of the
body causes frequency detuning from the resonance when

the antenna is placed on the human body. The back- and
side-lobe radiations are also absorbed in body tissues.
Figure 16 depicts the human tissue model for SAR
analysis. The SAR values are simulated by placing the four
designed antennas in various locations on the human
body, as shown in Table 3. The proposed antennas have a
low SAR value of 0.16 W/Kg, which is much lower than the
1.6 W/Kg of the Federal Communications Commission
(FCC) standards.

3.7. Path Loss Analysis. In wireless communication, the
received signal strength (RSS) and corresponding path loss
are important parameters to describe signal propagation/
attenuation between the transmitter and receiver. In this
study, the RSS of four antennas with different substrate
properties is measured to determine path loss. Figure 17
depicts the measurement setup that includes an Anritsu
MS2830 A signal generator (9 kHz to 6 GHz) and an Agilent
signal analyzer (9kHz to 6 GHz). A standard calibrated
antenna operating at 3.5 GHz frequency is connected to the
signal generator as the transmitter, and the signal analyzer
and proposed antennas serve as the receiver. The mea-
surements are taken by varying the distance between the
transmitting and receiving antennas.
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TaBLE 3: SAR values of the proposed antennas on different parts of the human body.
SAR analysis for 1g model (W/Kg)
Different locations on the body Proposed antenna Frequency
3GHz 6 GHz 10 GHz
Forehead 0.01 0.03 0.06
Forearm Polyester 0.14 0.08 0.07
Chest 0.07 0.12 0.05
Forehead 0.07 0.12 0.05
Forearm Polyamide 0.01 0.03 0.07
Chest 0.16 0.04 0.08
Forehead 0.06 0.10 0.04
Forearm Denim 0.01 0.03 0.01
Chest 0.13 0.06 0.01
Forehead 0.01 0.03 0.06
Forearm Teslin 0.15 0.08 0.05
Chest 0.07 0.11 0.07
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TaBLE 4: Comparison of the proposed antennas to previously published antenna structures.
Ref. Antenna size (mm?) Substrate Frequency range (GHz) BW (%) Gain (dBi) n (%)
[13] 30x33 Kapton polyimide 3.1-10.6 109 — —
[14] 48 % 35 Kapton 1-8 155 31 —
[15] 30 x40 Cotton 3-12 120 3 —
[16] 52 %37 Polyimide 1.4-16 167 >2.8 —
[17] 30x25 RT/duroid 5880 3.14-11.53 114 5.25 91
[23] 58 x 40 Rubber polymer 2.47 13.6 — 18.3
Polyamide 1.85-13.3 151 5.53
(27] 4030 Teslin 145-13.5 161 44 -
Polyester 3.1-11.7 116 4.3 >95
. Polyamide 3.1-12.0 117 4.2 >90
This work 4240 Denim 3.1-11.3 115 41 >60
Teslin 2.9-11.8 121 4.1 >90

Figure 18 shows a comparison of measured path losses
to free space path loss (FSPL) at 3.5 GHz. The RSS from
four antennas is measured, and path loss is calculated at
various distances. The graph shows that the path loss
increases with frequency, and it is very low when com-
pared to the calculated FSPL for the proposed antennas.
The Teslin-based antenna has a high path loss when
compared to the other three flexible substrates.

4, Salient Features of the Proposed Antenna

Table 4 compares the proposed work to previously
published antenna structures. In comparison to [7, 8, 13],
and [19], the proposed antennas are small in size. When
compared to [8, 14], they show a wider bandwidth with a
simpler design and achieve higher gain and efficiency
than [7-27].
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The main features of the proposed antennas are as
follows:

(i) In comparison to [7, 8, 20], the proposed antennas
maintain the targeted UWB and provide a higher
bandwidth percentage

(i) In comparison to the reported antennas, the pro-
posed antennas offer peak gains greater than 4 dBi
and efficiency greater than 90% (except for a denim-
based antenna)

(ii) When compared to similar antennas (with nearly
the same lower cutoff frequency/broadband nature)
[7-14, 20], and [24], the proposed antennas show
less SAR of 0.16 W/Kg

(iv) The antenna prototypes exhibit less than 0.5ns
group delay variation over the operating band than
[9], indicating that the proposed antennas have low
phase distortion

(v) The time domain analysis (transmission charac-
teristics—to understand the pulse handling capa-
bility) and RSS measurements are also presented to
validate the attenuation characteristics of the
designed antennas, which were not reported in
[7-14, 20], and [24]

The polyester substrate antenna outperforms the
designed antennas. However, each substrate is intended to
be used for a specific application. The polyester substrate-
based antenna can be used in firefighter clothing due to its
lightweight, flexibility, and ease of fabrication. The poly-
amide substrate is recommended for military wearables due
to its flexibility, durability, heat resistance, and thermal
conductivity. The denim-based antenna can be used for daily
wear and medical applications as it has a higher flexibility/
bending nature and lower cost. Similarly, the Teslin paper-
based antenna is recommended for sports applications such
as wristbands/tags due to its durability (when laminated)
and versatility.

5. Conclusion

Four UWB compact flexible antennas are designed and their
performances are evaluated for wearable applications. The
antennas are placed close to the human body (with a high-end
Res-Q jacket and cotton shirt) in order to validate their con-
formal nature and flexibility. The experimental results (minimal
and acceptable degradation during body-worn implementation)
strongly support the use of the proposed antennas for wearable
devices/systems. The proposed antennas offer a bandwidth
>7.5 GHz, better gain and efficiency, low SAR values, good path
loss characteristics, and fewer group delay variations. The
designed flexible antennas can be seamlessly integrated into the
cotton outfits and are recommended for healthcare, sports,
rescue, and security applications.
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