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The field of wearable computing technology describes the future of electronic systems being an integral part of our everyday
clothing with various enhanced functionalities. The present work is aimed at making closer steps towards the real wearability of
electronics using textiles. We designed a fully-textile meander line Z-shaped monopole antenna for radio-frequency (RF)
harvesting and for short-range communication purposes in the body-area network for various wearable applications. The target
antenna was designed in the Ansys HFSS software tool and fabricated on a single-layer cotton textile using silver conductive
threads and an embroidery technique. The antenna was characterized using a vector network analyzer (VNA), and the selected
design was found to be nearly invariant under different deployment conditions. Antenna performance was studied by measuring
the return loss while the antenna was in close proximity to the human body, or under various bending scenarios and/or wet
conditions with sweat. The simulated return loss was —20.36 dB at an operating frequency of 1.62 GHz, and the measured return
loss for the fabricated antenna was —19.45 dB at 1.6275 GHz with a —10 dB bandwidth of 100 MHz (i.e., 1.58 GHz to 1.68 GHz),
and a fractional bandwidth of 6.17%. The results of this study are very important for the design of future wearable antennas in the

new concept of the Internet of bodies.

1. Introduction

In today’s world, wearable and flexible wireless technologies
have a significant role in effective communication and are
one of the hottest trends that aim at interweaving technology
into everyday activities to maximize the quality of life for
human beings [1, 2]. This interconnection of electronic
components and other materials such as fabrics introduced a
new concept, so-called wearable smart textiles or e-textiles,
which have expanded functionality and performance to be
more application specific. Due to the advancement in
technology, the demand for smart interactive textile systems
has increased in the military, sports, consumer electronics,
as well as medical sectors [3, 4]. However, one of the main
challenges that limit the successful implementation and
commercialization of such technologies is the power supply.
Conventional batteries make the system too bulky and
obtrusive. On the other hand, energy harvesting introduces
attractive features, such as self-sustainability and

environmental friendliness, which makes it suitable to be
used in a wide area of applications such as human-body-
centric communication and sensing systems. These appli-
cations require the easy integration of flexible and textile-
based high-data-rate wireless electronic devices into clothing
and other wearable devices so that the wearer can easily
communicate with different devices. Given that these sys-
tems are designed to be applicable for various daily activities,
the integrated components should maintain a reliable link
without any discomfort to the user, and hence, not be ob-
trusive. The additional requirement imposed on wearable
and body-worn systems is that the used materials should be
biocompatible and compliant with the health and safety
requirements [5, 6]. Since the antenna is an inherent and
integral part of any wireless communication [7] and radio-
frequency (RF) harvesting system, there is a considerable
interest in the optimization of wearable and flexible an-
tennas and radio-channel for operation in the vicinity of the
human body [8]. However, in the presence of the human
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body, which is a lossy dielectric, the performance of any
flexible antenna is unduly affected. The design challenges of a
wearable antenna, intended to be deployed on-body, have to
largely do with keeping the degradation in the performance
of the antenna within an acceptable range of performance.
The research activities in the area of antennas for body-
centric and other various wearable applications are focused
on the design of flexible and conformable antennas that are
technically suitable and aesthetically acceptable to be worn
on the human body [9-12]. Various effective and interesting
techniques, such as planar inverted antennas, the use of high
relative permittivity materials, and meander-line designs,
were proposed [13-15] for the miniaturization of antennas
and enhancement of bandwidth. Meander-line technology
allows us to achieve a reduction in the size of antennas by
combining a set of horizontal and vertical lines and folding
them back and forth at right angles to maintain a reduction
in the overall antenna length [16, 17]. Wearable antennas are
required to have good radiation characteristics performance
and operating frequency, depending on the application
requirements when placed in proximity to the human body
[18]. However, in real conditions, these antennas will be
subject to bending and can come into direct contact with
ionically conducting bodily liquids. Compared to other bio-
fluids such as blood, urine, and breath, sweat can be sampled
noninvasively and the collected information can be used for
monitoring species of interest, particularly in the criminal
justice system. As a result, there is a need to develop an easy-
to-use and less invasive wearable antenna, whose properties
do not change when mounted on body-worn garments.
Previous antenna-human interaction research has fo-
cused on designing wearable antennas that are planar, low-
profile, light-weight, and flexible to suit the conformal
structure of the body [8, 18, 19]. Various feeding techniques
were also adopted to energize these antennas, including
microstrip-line feed, coaxial feeding, as well as coplanar
waveguide feeding methods [15]. Different flexible dielectric
substrates such as Kapton, polydimethylsiloxane (PDMS),
liquid crystal polymer (LCP), polytetrafluoroethylene
(PTEE), polyimides (PI), and paper-based substrates [20-25]
have been proposed in the open literature. However, since
wearable antennas are required to be directly integrated with
the clothes, the components used should be made of suitable
materials to achieve proper radiation characteristics while
maintaining the functionality of the textile itself. This gives
rise to the utilization of textiles as a substrate and conductive
textile threads [26, 27] as a wire for designing wearable
antennas. Commonly used textile dielectric materials in-
clude cotton cloth, felt, denim, fleece, nylon, and polyester
[8, 28]. Numerous flexible and wearable antennas were
designed and fabricated using different techniques such as
3D printing, inkjet-printing, embroidery, and screen-
printing [20, 29]. Compared to other manufacturing
methods, embroidery is the most preferable and cost-ef-
fective technique for textile antennas. An integrated planar
monopole antenna was designed and fabricated in [13, 30],
using Pellon fabric as a substrate and pure copper taffeta for
the conducting parts. Different textile-based antennas were
also studied in [30-32], where the ground plane and the
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patch were designed on different planes and a number of
additional layers were sandwiched in between them to get
the required substrate thickness. Bending and crumpling
conditions were also studied for the fabricated antennas,
where their performance showed a considerable change in
the resonant frequency.

This paper purposes a coplanar waveguide- (CPW-) fed
embroidered Z-shaped meander line monopole wearable
textile antenna for radio-frequency (RF) harvesting and for
short-range communication in the body-area network for
varjous wearable applications. The antenna was designed to
operate at 1.62 GHz and was fabricated on a single-layer
cotton textile dielectric substrate without using any addi-
tional rigid electronic components or adhesive materials.
Another novelty of the proposed antenna lies in its fabri-
cation where conducting parts were made only on one-side
of the dielectric substrate, which makes the target antenna
highly conformal, ergonomic, and flexible to accommodate
daily human movement. To simulate the functionality of a
fabricated antenna in the real environment, its performance
was investigated using a vector network analyzer by means
of measurement of the return loss when placed in proximity
to the human body, under bending scenarios, and repeated
wet conditions with sweat, which is very limited in the open
literature.

The rest of this article is organized as follows. After the
introduction, Section 2 describes the materials required and
techniques employed, followed by design steps and simu-
lations, as well as fabrication and validation of the proposed
antenna. In Section 3, brief discussions on the simulations,
measurement setup, and results obtained in terms of the
input-return loss, voltage standing wave ratio, bandwidth,
and other antenna parameters under different deployment
and wearability conditions are presented. Finally, conclu-
sions drawn from the obtained results are summarized and
future research directions on flexible antennas for high-
frequency body-area network applications are highlighted.

2. Materials and Methods

In this section, the materials required and techniques
employed follow the design methodology; configuration and
parameter estimations, as well as fabrication and validation
of the proposed antenna, are presented and discussed.

2.1. Materials and Techniques. Due to the ease of integration
into clothing and the conformal nature of fabrics, studies of
flexible and wearable antennas using textile dielectric ma-
terials are becoming more popular compared to conven-
tional rigid substrates [13]. However, in many of these
structures, a number of additional layers were stacked be-
tween the radiating patch and the ground plane to get the
required substrate thickness. The proposed meander line Z-
shaped antenna was designed and simulated in the ANSYS
High-Frequency Structural Simulator (HFSS) software tool
using a single-layer cotton textile (relative permittivity:
e,=1.68, dielectric loss tangent: tan §=0.04 and substrate
thickness: h = 1.3 mm). A digital embroidery machine (JCZA
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0109-550), manufactured by ZSK Technical Embroidery
Systems, Germany, was used for fabricating the proposed
wearable antenna on a woven cotton textile substrate
without using any additional rigid electronic components or
adhesive materials. Commercially available silver coated
conductive polyamide/polyester hybrid thread (silver-tech
50 with a nominal resistance of 150 2/m and diameter of
0.36 mm), supplied by AMANN GROUP, Germany, was
used to create the Z-shaped radiating patch, feedline, and the
ground plane conducting parts all in the same plane. A sub-
miniature version-A (SMA) connector of 50 Q) characteristic
impedance was carefully attached to the fabricated antenna,
using a soldering technique and silver conductive paste. The
fabricated textile antenna was characterized using a two-port
vector network analyzer (VNA-Agilent E5071B), manu-
factured by Keysight (formerly known as Agilent Technol-
ogies), under different deployment and wearability
conditions. Rolling papers with a diameter of 120 mm,
100mm, 80 mm, and 60mm were chosen to study the
impact of bending on antenna performance and ensure its
structural integrity in real wearable and on-body applica-
tions. Moreover, to validate the functionality of the fabri-
cated wearable antenna under exposure to different
accidental spills, ethanol alcohol (70% v/v), and vodka al-
cohol (40% v/v) were applied to the conducting parts of the
antenna.

2.2. Design Methodology. Selection of the required substrate
materials in terms of thickness and dielectric properties,
such as loss tangent and relative permittivity, fabrication
technique, method of feeding, and overall antenna design
structure are important aspects to be considered while de-
signing wearable and flexible antennas. The basic procedure
shown in Figure 1 was employed for the design, simulation,
as well as optimization of the proposed antenna design
parameters.

2.3. Antenna Design and Configuration. The design and
simulation of the proposed antenna was performed using the
Ansys HFSS Electromagnetics Suite, which is commonly
used for designing a broad range of high-frequency elec-
tronic components such as antennas, RF or microwave
components, and other Internet-of-things (IoT) products.
This tool is based on a highly accurate finite element method
and other integral equation methods supported by high-
performance wearable computing technology to get the
required frequency domain solutions. The design of the
CPW-fed meander-line Z-shaped textile antenna typically
consists of the radiating meander-line patch, a dielectric
substrate, and two equal sized ground planes with the gap
(b) from the feedline as shown in Figure 2. The structure of
the antenna is based on a meander-line technology that
allows it to achieve miniaturization in size and wideband
antenna performance by combining a set of horizontal and
vertical lines that form right-angle bends. The efficiency and
resonant frequency of a meander-line antenna depend on
the number of turns of a meander and the spacing between
the meander-lines, respectively [33]. The performance of

antenna, such as wider bandwidth, higher resolution, and
better radiation, can be enhanced by using thicker substrates
with a low dielectric constant (usually less than 6); however,
this leads to larger antenna dimensions [34]. Therefore,
another mechanism of improving antenna performance by
inserting meander-line slots to perturb the flow of current is
applied in our design. The main radiator is a microstrip
meander-line with two parallel and equal-sized meandered
slots that form a Z-shape, which is then directly connected to
the 50 Q feedline.

2.4. Analysis of Design Specification. The structure of the
antenna is realized by a Z-shape meander line with di-
mensions of L, and W, where L, is the length of the
antenna, W, is the width of the antenna, and W,, is the
width of the meander-line shape. The operating frequency
(f,) and substrate parameters (e,,h) are fundamental
parameters for the design and simulation of the antenna.
The substrate thickness (h = 1.3 mm) is the value obtained
by measuring the thickness of the textile substrate together
with the embroidered conductive threads. This value is
used in the design and simulation process and further
calculation of other antenna dimensions. Figure 3 depicts
the detailed geometric configuration of the Z-shaped
meander-line antenna element whose dimensions are
calculated in accordance with the operating frequency (f,)
and, hence, the free space wavelength (A,). Two parallel
meander-line slots of length approximately equal to the
width of the antenna (W) were placed symmetrically in
the XY plane to form the Z-shaped radiator element.
Initially, the length and width of the radiating patch an-
tenna with the specified relative dielectric constant and
thickness of the substrate were calculated. This is then
followed by the calculations of the effective relative di-
electric constant and the change in the length extension
(AL) due to fringing effects, as illustrated in Figure 2,
between the radiating patch and substrate.

The relative permittivity of the dielectric material, the
thickness of the substrate, and the resonant frequency are
important design parameters [35] based on which the fol-
lowing dimension calculations were performed for the
proposed textile antenna. First, the width (W) of the
meander-line patch antenna was calculated using the fol-

lowing formula.
c 2
W,=— , 1
Poafo \1+e, m

where ¢ = 3 x 108 m/s is the speed of light in free space, f, is
the resonant frequency, and ¢, is the relative dielectric
permittivity of the cotton substrate material, which is then
followed by calculating the value of the effective dielectric
constant on the given substrate (for W ,/h>1) as in [36];

] -1 n\"2
&R:fﬁr +8’ 1+12— , (2)
2 2 Wp

where ey is the effective relative dielectric constant of the
substrate, h is the substrate thickness, and WP is the width of
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FIGURE 2:

Proposed design of a meander-line Z-shaped monopole antenna.
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FiGure 3: Configuration of the designed meander-line Z-shaped
antenna.

the radiating Z-shaped patch antenna. Due to the fact that
the portion of fringing fields from the radiator patch element
to the ground plane are confined within the dielectric
substrate and the remaining are spread in the air, the value of
effective relative permittivity is smaller (1 < ey < ¢,) than the
actual dielectric value of the substrate [37]. Due to the in-
herent narrow bandwidth of the resonant element (i.e.,
patch), the length of the antenna is a very critical design
parameter which governs the resonant frequency. In order to
calculate the total length of the radiating patch antenna (L),
first the length (L) as in Figure 3 was calculated using (3)
and a value of approximately 35 mm was obtained.

c
Ly=——-2AL,
0 4fo/en (3

where AL is the change in the length extension of the
proposed meander-line antenna. Since the radiating Z-
shaped antenna has a finite length and width, the electric
fields undergo fringing at the edges. Because of this, elec-
trically, the antenna looks larger than its actual physical
dimensions [38]. The radiating patch antenna has been
extended by AL along its length on each side, as shown in
Figure 2. This extension in the length of the antenna (AL) isa
function of the effective relative dielectric constant (eg) and
the width-to-height ratio (Wp/h) and is expressed as in [38];

(ex +0.3)(W ,/h + 0.264)

AL = 0.412h .
(ex — 0.258)(W ,/h +0.8)

4)

Once the length (L, = 35 mm) as shown in Figure 3 was
obtained, the two lengths L, and L, are equal, which implies

L, = 35mm. Then, the length of the Z-shaped radiating
element is adjusted as; a, = a; = 10mm, b, = b; = 15mm,
and ¢, = ¢; = 10mm such that the total length of the ra-
diating patch element becomes L, = Ly + b, + ¢, =L, + by +
a, = 60 mm. Therefore, the length and the width of the Z-
shaped patch antenna are optimized close to a quarter
wavelength of the resonant frequency (f,). The width of
feedline (W f) and the gap (b) between the ground and the
feedline were calculated for a 50 Q characteristic impedance
(for Wf/b> 0.35) as in [39].

_ 307 b
0_\/5*Wf+0.441*b' ®)
Therefore, to get a characteristic impedance of 50 Q2 on
the given substrate, one of the two parameters, W for bwas
first fixed to a specific value and the other parameter was
computed. Accordingly, the width of the transmission line
was fixed at 2.5 mm, and the separation distance (b) was
calculated as 2.4 mm to ensure the matching to the 50 Q.
The lumped port was used to excite the proposed antenna
and the basic rule for port size definition of the trans-
mission line was applied to determine its dimensions.
Accordingly, the length of the port (along the X-axis) was
chosen to be at least six times the width of the feedline and
five times the height of the substrate along its width, as
depicted in Figure 2. Usually, antenna dimensions are
expressed in terms of wavelength. The shorter the wave-
length and the higher the resonant frequency, the smaller
the length of the antenna can be fabricated and vice-versa.
The dimensions of the substrate, ground and the distance
or height of the antenna from the ground plane were
computed in terms of the guided wavelength and optimized
dimensions are shown in Figure 2. The wavelength inside
the dielectric substrate, or guided wavelength (1)), is a
function of the ratio of free space wavelength-to-effective
dielectric constant [40];
A
Ay =—=,
= (6)
where e = 1.63 is the effective relative dielectric constant of
the textile substrate calculated from (2) by using a 1.3 mm
thick cotton textile dielectric material and A, is the free space
wavelength corresponding to the frequency of operation (£,
). Therefore, the fundamental antenna equation that relates
the wavelength, speed of light and (effective) relative per-
mittivity of a dielectric substrate can be expressed as

_C_ Cc
0% T @

Table 1 summarizes the overall optimized geometrical
antenna parameters, calculated using the above design
equations, for the proposed meander-line textile antenna
structure, which consists of the Z-shaped radiating element
of dimension (Lp * Wp), cotton textile dielectric substrate
(Ly* W), and two ground planes of equal size (L, * W),
where relative permittivity: ¢, = 1.68, dielectric loss tangent:
tan 6 =0.04, substrate thickness 4 = 1.3 mm, and the guided




TaBLE 1: Optimized dimensions for the Z-shaped meander-line
patch antenna.

Parameter Description Value (mm)
L, Length of patch 60
w, Width of patch 40
L Length of substrate 90
Wy Width of substrate 57.5
L, Length of ground 25
w, Width of ground 15
Wy Width of feedline 2.5
b Separation distance 2.4
Sqf Antenna height from ground 10
L,. Port length (along the x-axis) 20
W, Port width (along the z-axis) 6.5

wavelength inside the dielectric material (A g = 145.05 mm)
at the operating frequency of 1.62 GHz.

2.5. Fabrication and Validation. Among various techniques
available for the fabrication of textile-based wearable an-
tennas, such as inkjet-printing, screen-printing, and 3D
printing, the embroidery technique was chosen because of its
high speed, flexibility, and cost-effectiveness. Previous works
on feasibility of using digital embroidery and conducting
threads to create transmission lines and potentially antennas
were investigated in [41, 42]. This technology has proven a
more flexible manufacturing technique, especially for flex-
ible and textile antennas and the integration of high-fre-
quency systems into clothing. The proposed meander-line
textile antenna was fabricated using a double-head digital
embroidery machine, which consists of the F-head (also
called standard embroidery) operating at an embroidery
speed of 1000 stitches per minute depending on the stitch
length and materials used. The designed antenna in Ansys
HESS was exported as a DXF file and later converted into a
ZSK TC (Transport Code) file using the GiS BasePac 10
software tool provided by ZSK Technical Embroidery Sys-
tems, which is more compatible with an embroidery ma-
chine for production. For the creation of antenna, both the
conductive and nonconductive threads were used, which are
then interloped during the embroidery process, as shown in
Figure 4(a), in order to create stitched pattern on the
substrate. The top conductive thread (silver thread) runs
through a tension system, take-up lever, and the needle eye,
which is then pulled along the bottom of the substrate to
form the lock stitch. The nonconductive lopper thread
(cotton thread) is wound onto the bobbin, which is then
inserted into a casing in the lower half of the machine for the
proper operation of embroidery in creating the required
stitched antenna designs on the textile substrate.

After the fabrication of antenna, a sub-miniature ver-
sion-A (SMA) connector of 50 Q) characteristic impedance
was carefully coupled, using soldering technique and silver
conductive paste as shown in Figure 4(b), with the two
ground planes and the feed port in order to perform
measurements. To validate the simulated design and cal-
culated results, the attached SMA connector was further
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linked to a two-port VNA, which provides comprehensive
measurement capability in the range of frequencies from
300kHz to 8.5 GHz, through a 50 Q) coaxial cable. An ex-
perimental study of antenna performance was conducted by
means of the measurement of the reflection coefficient (dB)
and other antenna parameters under different deployment
and wearability conditions. Figure 4(c) shows the scanning
electron microscope (SEM) images of the embroidered
textile antenna. The darker area is the cotton textile material
and nonconductive thread, and the lighter area shows silver
conductive threads.

3. Results and Discussion

This section presents the simulations followed by mea-
surement results for the fabricated textile antenna under
different wearability and deployment conditions. The an-
tenna response under the exposure to accidental spills of
ethanol alcohol and vodka alcohol, which mimic the realistic
on-body situation, are also presented and discussed.

3.1. Simulated and Measured Return Loss and Bandwidth.
The simulated design of a wearable Z-shaped antenna on a
cotton textile material showed a good return loss result over the
frequency range from 0.9 GHz up to 2.4 GHz. In antenna design
and simulation, the quality of matching the antenna to the
teedline and RF source is specified by the return loss and voltage
standing wave ratio (VSWR). The return loss, or S11 (dB),
indicates how much power is reflected back to the transmitter
from the antenna due to impedance mismatch. The higher the
value of S11 (dB), the greater the impedance mismatch between
the antenna and transmitter and, consequently, the less forward
power feed to the antenna. Similarly, the voltage standing wave
ratio is an indication of the amount of mismatch between the
antenna and the feed line connected to it. The smaller the value
of VSWR (usually 1<VSWR<2), the antenna is better
matched to the feedline and more power is delivered to it.
Simulation results were validated by means of measurement of
the return loss using a VNA-E5071B as shown in Figure 5. An
empty box with a rectangular cut (of the same dimension as the
antenna under test) was prepared and the fabricated antenna
was placed on top of it for measurement purposes.

The simulated and measured return loss (dB) and VSWR
plots for the fabricated textile antenna were analysed as
depicted in Figures 6(a) and 6(b). The simulated return loss
was —20.36 dB at an operating frequency of 1.62 GHz and the
measured return loss for the fabricated antenna was
-19.45dB at 1.6275GHz with a -10dB bandwidth of
100 MHz (i.e., 1.58 GHz to 1.68 GHz) and a fractional
bandwidth of 6.17%. Even though there are slight variations
between the simulations and measurement results, which
can be attributed to the soldering of a 50 O SMA connector
to the fabricated textile antenna, the return loss for the
fabricated antenna prototype was able to cover the required
range of frequencies over which the antenna operates
properly. Similarly, the value of VSWR for the antenna falls
within the acceptable range. It can be observed from
Figures 6(a) and 6(b) that experimental results verify the
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simulations and a very good agreement was obtained pro-
viding S11 -10dB (i.e., 90% of power fed is delivered) and
VSWR <2, respectively, with an acceptable resonant fre-
quency close to 1.62 GHz.

3.2. Simulated Radiation Pattern and Current Distribution.
The radiation pattern of an antenna is a graphical repre-
sentation of the relative field strength transmitted from or
received by the antenna as an angular function of directional
coordinates. Usually, it is represented graphically for the far-
field properties of an antenna along the electric field (E-
plane) and the magnetic field (H-plane), in the direction of
maximum radiation, which are reference planes for linearly-

polarized antennas. The E-plane determines the polarization
of the radio wave, which relates to the orientation of the
electric and magnetic components of electromagnetic waves
generated from the radiating antenna. It coincides with the
azimuth plane for a horizontally polarized antenna and with
the elevation plane for a vertically polarized antenna. The
opposite is true for the H-plane, which is at a right angle to
the E-plane. Figure 7(a) represents the simulated 3D radi-
ation gain pattern of the proposed antenna at 1.62 GHz. A
simulation of the antenna was performed for the range of
frequencies from 0.9 GHz to 2.4 GHz, where a maximum
gain and radiation efficiency of 3.8dB and 92.28%, re-
spectively, were obtained. The simulated surface current
distribution of the antenna is also given in Figure 7(b),
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indicating the current density and flow of the electric field
inside the conducting parts of antenna along with a density
meter for multiple frequencies. It can be observed from
simulation results that a high strength of current is found to
be radiated along the edges of the Z-shaped patch as well as
along the transmission line at 1.62 GHz. The corresponding
2D radiation gain patterns on the azimuth plane (i.e., X-Y
plane at 6 = 90°) and the elevation planes (i.e., X-Z plane at
¢ = 0° and Y-Z plane at ¢ = 90") were simulated as shown in
Figures 7(c) and 7(d), respectively, at the operating fre-
quency of 1.62GHz. It can be seen from the simulated
radiation pattern that the designed antenna provides a di-
rectional radiation pattern in both planes. In the E-plane
(i.e., X-Z plane), there is a single main lobe that is radiated
out from the front of the antenna with a fairly wide
beamwidth. Part of the radiation is focused around the feed
line, which agrees with the current distribution given in
Figure 7(b). Furthermore, the radiation pattern for the H-
plane (i.e., Y-Z plane) at the resonant frequency demon-
strates a radiation pattern similar to a conventional
monopole antenna, displaying a directional pattern with two
shallow nulls. The designed antenna in this study can be used
in applications that do not require a long range, which
means it is ideal for body-area network applications.

3.3. Impact of Various Wearability Conditions on Antenna
Performance. An embroidered fully-textile antenna pro-
posed in this paper was designed and fabricated to be used as
part of normal clothing for radio-frequency (RF) harvesting
and for short-range communication purposes in body-area
networks for various wearable applications. As such, there
will always be an interaction between the antenna and the

human body, which is a hostile environment for the
propagation of electromagnetic waves. In this section, the
performance of the fabricated antenna is studied under
different wearability and deployment conditions, such as
proximity to the human body, under different bending
scenarios, and repeated wet conditions with sweat, in order
to validate simulation results and the overall functionality of
the proposed textile antenna in the real environment.

3.3.1. Analysis of Fabricated Antenna on Bent Conditions.
Flexible and wearable antennas are designed to be used on
the human body, which has uneven surfaces, and due to
the frequent movements made by the user and the nature
of the textile fabric, bending and twisting actions are
always unavoidable. Due to these effects, the performance
of wearable antennas changes, often negatively, when
mounted in garments worn on the human body, such as
the arms and thighs. This implies that it is necessary for
wearable and flexible antennas to be comfortable for the
user, easily integrated into the clothing, as well as robust
under different bending and twisting conditions. For this
reason, antenna flexibility tests have been carried out by
bending the fabricated textile antenna over rolling papers
of different diameters, as shown in Figures 8(a)-8(e).
Rolling papers with diameters of 120mm, 100 mm,
80 mm, and 60 mm were chosen by considering the radii
of different locations on the human body, where antennas
can probably be placed or integrated with the clothing, in
order to evaluate the flexibility of the fabricated textile
antenna in terms of the resonant frequency and return loss
response. The corresponding bending angle (0) in degree
for the textile antenna when it was bended over rolling
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FIGURE 7: (a) Simulated 3D radiation pattern of the antenna, (b) surface current distribution and 2D radiation pattern, (c) over the azimuth
plane (E-plane), and (d) elevation plane (H-plane) for the proposed antenna at 1.62 GHz.

papers of different diameters was computed, using a
simple formula as in (8), for the total length, S = 85mm, of
the antenna.

o= s 1, ®)

where X is the total length of the bended portion of the
antenna under test and r is the radius of the rolling paper in
millimetres, which is computed as half of the corresponding
diameter of the rolling paper over which the antenna was
bended for testing purposes.

The measured return loss results corresponding to dif-
ferent bending radii (or bending angles) are presented in
Figure 9. Due to the bending effect, the resonant length of
the antenna usually changes, which further results in a small
shift in the operating frequency of the antenna. Significant
deviation from the measurement result under the normal flat
orientation of the antenna is observed for the highest
bending angle, 0 =162.34" since the rolling paper over
which the antenna was bended has the smallest radius of
30 mm. In contrast, the minimum variation in the operating
frequency of an antenna is observed for the bending angle of
97.40° (i.e., bending radius of 50 mm). Finally, when the
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FIGURE 8: Snapshot of measurement setup under different bending angles of the fabricated antenna; (a) bending angle, 6 = 162.34°, (b)

0=121.75, (c) 6 =97.40°, (d) 6 =81.17°, and (e) 6 = 0.00".

antenna was bent over the rolling paper with the highest
radii (i.e., r=60mm), no variation was observed in the
operating frequency of the antenna as this scenario was
approaching towards the normal flat orientation of the
antenna under test.

As it can be observed from Figure 9, the measured res-
onant frequency spans from 1.61 GHz to 1.64 GHz for the
range of bending angles considered. Subsequently, the
magnitude of the return loss varies from —22.8 dB to —17.6 dB
for the fabricated textile antenna. From the experimental
results, it can also be noted that with decreasing in the
bending angle (i.e., increasing bending radius), the resonant
frequency increases and the antenna tends to reach its op-
erating frequency at the normal flat orientation (i.e., =0°).
Moreover, a very good agreement was observed between the
simulations and measurement results, not only in the normal
flat case but also under different bending conditions of the
fabricated textile antenna. Overall, the experimental results

showed that there were no severe changes in the input-im-
pedance bandwidth of the antenna (i.e., a —10 dB impedance
bandwidth of 1.58 GHz to 1.71 GHz) as well as return loss at
the operating frequency when the antenna was bent around
rolling papers of different radii.

3.3.2. Analysis of Textile Antenna on Sweat Conditions.
Sweat is an easily accessible and attractive source of infor-
mation. For example, to detect and monitor a user’s unsafe
levels of alcohol consumption lifestyle in a noninvasive way,
which increases rapidly worldwide, leading to serious health
concerns and significant socioeconomic costs. Moreover,
sweat is an ideal bio-fluid that can be collected noninvasively
and without the requirement of active participation of the
person to perform measurements in real-time. Accordingly,
artificial sweat was applied, in steps of 10 4L to a maximum
of 50 uL, at the same place on the conducting parts of the
antenna, using a micropipette as shown in Figure 10(a).
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FIGURE 9: Measured return loss versus frequency plot for textile antenna under bending conditions.
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FIGURE 10: (a) A snapshot of the measurement setup in the wet condition of the antenna; and (b) return loss versus frequency plot when the

antenna gets wetted with different quantities of artificial sweat.

Antenna performance was measured in terms of the return
loss (dB) with 30 minutes of waiting time between each test.
At first, 10 uL of artificial sweat was applied to the fabricated
textile antenna, and a return loss of —17.58 dB was obtained
at 1.63 GHz. After 30 minutes of waiting time, another 20 yL
of artificial sweat was applied at the same place and a return
loss of —16.45 dB was obtained at 1.64 GHz. Similarly, 30 yL,
40 uL, and 50 yL of artificial sweat samples were applied to

the antenna in the same way, where the return loss values of
—-15.66dB, —15.62dB, and —14.30dB at the operating fre-
quencies of 1.6275GHz, 1.62 GHz, and 1.6125 GHz were
obtained, respectively, as depicted in Figure 10(b).

As it can be seen from Figure 10(b), the operating
frequency changes very little even after repeated wet con-
ditions with sweat, which mimic the realistic situation when
the antenna is mounted in different wearables and body-
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FIGURE 11: (a) Fabricated textile antenna placed on the chest, (b) conformal on the human arm for experimental study of the body’s effect on

antenna performance, and (c) return loss versus frequency plot.

worn garments. However, the shift in the resonant frequency
stays within the operational bandwidth of the antenna (i.e.,
within a —10dB impedance bandwidth of 1.58 GHz to
1.71 GHz). This confirms that the proposed fully-textile
antenna can be easily deployed on working clothes or un-
dergarments and will still continue to communicate
effectively.

3.3.3. Analysis of Antenna in Proximity with the Human
Body. Experimental study of the fabricated textile antenna
was performed in proximity with the human body by placing
the antenna on the chest and conformal on the human arm
as depicted in Figures 11(a) and 11(b). Antenna perfor-
mance was investigated by means of measurement of the
reflection coeflicient (dB) while the antenna was kept on the
chest, at 10 mm distance from the human chest, as well as by
placing it conformal on the arm of the human body.

It can be observed, from the experimental results in
Figure 11(c), that the fabricated antenna was able to provide
a return loss below —10 dB, indicating its good performance
when placed in a close proximity with the human body. Even
though there are slight variations in the resonant frequency,
the change is very little and it stays within the simulated

operational bandwidth of the antenna (1.58GHz to
1.68 GHz). Moreover, from the previous experimental re-
sults in Figure 9, the return loss ratio when the antenna was
bent over the rolling paper of radius 40 mm (i.e., 6 = 121.75°
), corresponding to the radius of a human arm, to the return
loss in the normal flat case is 0.9878. A similar analysis of the
return loss ratio was performed for the on-body condition of
the antenna as shown in Figures 11(a) and 11(b). Accord-
ingly, the ratio of return loss when the antenna was placed on
the human arm to the value when placed on the human
chest, as shown in Figure 11(c), is approximately 98%. This
implies that the on-body behaviour of the antenna is not
very different from without a body, and the proposed textile
antenna can be easily integrated into smart clothing ap-
plications and effectively work together with the on-body
communication devices over a short range.

The novelty of this work lies in all the processing stages
involved. At first, the conducting parts were designed only on
one side of the substrate; hence, fabrication was made on a
single layer of cotton textile, which is naturally safe and
comfortable to wear. This makes the proposed antenna highly
conformal to the body and ergonomic to accommodate daily
human movement. Moreover, an embroidery technique using
silver conductive threads was employed for fabrication with
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FIGURE 12: (a) Snapshot of measurement setup under accidental spills, and (b) return loss plot of the proposed textile antenna when wetted

with 50 L each of ethanol alcohol and vodka alcohol.

no additional adhesive materials and rigid electronic com-
ponents. Finally, characterization was performed under dif-
ferent deployment conditions to ascertain its functionality in a
real environment, and overall, the antenna showed optimal
performance. Table 2 summarizes the novelty of the present
work in terms of design and fabrication techniques.

3.3.4. Antenna Response under the Exposure to Accidental
Spills. In order to make sure that the antenna still works
effectively under accidental spills of liquids, the fabricated
textile antenna was studied under exposure to ethanol al-
cohol (70% v/v) and vodka alcohol (40% v/v), which mimic
the realistic on-body conditions. Antenna performance was
investigated by measuring the return loss (dB) response.
Accordingly, the same quantity of ethanol alcohol and vodka
alcohol was applied, as depicted in Figure 12(a), at the same
place on the conducting parts of the antenna, using a mi-
cropipette. The measurement of S11 (dB) was performed
with 30 minutes of waiting time between each test. At first,
50 uL of ethanol alcohol was applied, where a return loss of
—17.06dB was observed at the operating frequency of
1.6275 GHz. Then, after 30 minutes of waiting time, another
50 uL of vodka alcohol was applied at the same place, and a
return loss of —15.9 dB was obtained at 1.6125 GHz.

The return loss plot for the fabricated textile antenna,
when wetted with 50 uL each of ethanol alcohol and vodka
alcohol, was analysed and comparisons with the dry mea-
surement condition were made as depicted in Figure 12(b).

There are slight variations in the operating frequency of the
antenna compared to the previously dry measurement
scenario (i.e., 8 = 0°) as shown in Figure 9. However, the
change is very small and the results stay within the simulated
operational bandwidth of the antenna (1.58 GHz to
1.68 GHz). This shows the optimal performance of the
proposed textile antenna even under exposure to accidental
spillage of liquids such as ethanol and vodka alcohol.

4. Conclusions

In this work, an embroidered CPW-fed meander line Z-
shaped monopole textile antenna for radio-frequency (RF)
harvesting and for short-range communication purposes in
the body-area network for various wearable applications was
presented. The antenna was designed and fabricated on a
cost-effective and commercially available woven cotton
textile cloth, where the conducting parts were made of silver
conductive thread (silver—tech 50) using a digital embroi-
dery technique. The performance of the antenna was in-
vestigated in close proximity to the human body, under
exposure to accidental spills and repeated wet conditions
with sweat, as well as under different bending angles cor-
responding to the radii of various locations of the human
body where antennas can probably be placed or integrated
with the clothing. It was found that the properties of the
fabricated textile antenna do not change significantly. Even
though there are small discrepancies in terms of operating
frequency and impedance bandwidth, which can be
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attributed to the bending and soldering effects, a very good
agreement between the simulations and measurement re-
sults of return loss at 1.62 GHz frequency was obtained.
Overall, the fabricated compact and flexible fully-textile
embroidered antenna performed well, which makes it
suitable for future high-performance wearable smart
clothing applications.

The design and fabrication of miniaturized textile an-
tennas for high-frequency body-area network applications
are envisioned for future work by changing dimensions from
the already fabricated antenna prototype. Even though
various flexible and textile antenna works have been re-
ported in the scientific literature, it is still a long way for
wearable textile antennas to improve their performance and
increase reliability in future Internet-of-bodies (IoB) related
applications. Further research is still needed to explore novel
antenna designs, compatible fabrication and feeding tech-
niques, as well as integration of high-frequency systems into
clothing to make a real wearable, washable, and entirely
textile antenna, which is insensitive to bending as well as to
the proximity of the human body as well as energy har-
vesting aspects.
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