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ABSTRACT: The ever increasing use of body-worn systems in the Internet of
Things application needs better antenna subsystem designs compatible with its
requirements. Several challenges limiting the performance of a body-worn system,
from materials, and environmental conditions to the effects of on body application
and its hazards are discussed. As a test case, a flexible textile Planar Inverted-F
antenna is presented and discussed. The choice of this topology is due to its sim-
plicity in design and fabrication, relatively broad bandwidth and the presence of a
rear ground plane, which minimizes the impacts of the human body on the antenna
performance. It is designed on a felt substrate, whereas Aaronia-shield conduc-
tive textile is utilized as its conductive parts (radiator, shorting wall and ground
plane). The antenna performance is studied in two cases, first in free space and
then in bent conditions in the close proximity to the human body. The influence
of the relative humidity on the textile antenna performance is also investigated
numerically. Simulated and measured results indicated good agreements. Finally,
the proposed antenna is integrated with a transceiver module and evaluated on
the body in practice. Its wireless link quality is assessed in an indoor laboratory.
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1. INTRODUCTION

Services and systems related to the Internet of
things (IoT) have attracted increasing attention in
recent years. They potentially provide solutions in
applications such as smart agriculture, smart homes,
shopping systems, smart grids, health-care, health
monitoring, and so on [1-2], as illustrated in Figure 1.
One of the most promising applications of such a sys-
tem in recent years is elderly care. The elderly pop-
ulation has constantly been increasing in most devel-
oped countries, thus increasing the costs drastically
for providing long-term health care and well-being

services. This has motivated researchers to explore
possible implementations of wearable wireless health-
monitoring systems (WWHMs), which integrate var-
ious wearable or implantable sensors to communicate
physiological parameters wirelessly to health practi-
tioners. The data can be communicated to a wearable
central node prior to transmission to a medical cloud-
based system for further processing.

The need for the development of IoT services has
triggered the industry to propose wireless technol-
ogy solution and standards. Bluetooth Low Energy
(BLE) for instance, has been one of the pioneering
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technologies in enabling the combination IoT tech-
nology and the wearability of the device. On the
other hand, making an IoT system body-worn is chal-
lenging and necessitates a better physical layer design
that is compatible with the specific requirements of
ToT. Antennas and RF front end sections are one of
the challenging sections of the physical layer, which
profoundly affects a wearable system’s performance.
Various factors may limit the performance of a body-
worn system, from materials, and environmental con-
ditions to the effect of on body operation.

Fig.1: IoT Services Across User’s Daily Activities.

Wearable antenna is a vital interface for wire-
less communication between on-body sensors and off-
body devices in wearable IoT, which can be inte-
grated into clothing to ensure comfort [3]. Since
wearable antennas play an integral role in IoT sys-
tems, they have drawn considerable interest in liter-
ature [2], [4-8]. Depending on the type of applica-
tion and services these systems operate in, various
wearable antennas with different features have been
proposed. However, as a general requirement, they
should be lightweight, low-profile, easy to manufac-
ture and cost-effective. Furthermore, they must fea-
ture simple and fast installation while being easy to
maintain. These antennas are used in proximity of
the human body, and their operation under various
curvatures, situations, and in different climates have
been investigated. This requires the assessment of
parameters such as specific absorption rate (SAR),
bending performance, and moisture absorption.

Since more than a decade ago, researches have in-
troduced various wearable antennas, which have been
designed based on either conventional planar dipoles
antennas [4], planar monopoles [5], planar inverted-
Fs (PIFAs) [6], [7], and microstrip patch antennas
[8]. These antenna types are preferred due to their
low cost and ease of fabrication. In this paper, a
PIFA is chosen due to its small electrical size, sim-
ple design, and popularity. The ground plane on its
rear, despite being relatively small, enables its oper-
ation near the human body with minimized effects.
This article is aimed at exploring wearable antennas
in general and PIFA specifically, the different chal-
lenges they face such as SAR, effects of the body, hu-

midity, or moisture impacts. Next, the PIFA is pro-
totyped, measured, and compared with simulations.
The design and parametric analysis of the antenna
is performed using the time domain solver in CST
Microwave Studio™. The initial antenna design is
designed based on the PIFA in [9], prior to further
optimization in terms of reflection coefficient and ra-
diation pattern in flat and bent states are simulated
for operation in the ISM band with satisfactory ro-
bustness. The influence of humidity and the human
body (arm) on antenna performance are also inves-
tigated. Besides this, measurements of the antenna
performance are performed using a Vector Analyzer
Network (Rohde & Schwarz ZVL-13). Due to the
limited number of past literature assessing link qual-
ity as an end to an antenna work, a communication
link evaluation with a base station using the proposed
PIFA is performed. The major contribution of this
work is the followings:

1. Design, simulation, and fabrication of a com-
pact PIFA with a wide impedance bandwidth
using felt substrate.

2. Evaluation of the impact of bending, the hu-
man body, and humidity on the antenna per-
formance.

3. The antenna sensitivity measurement via the
integration of the antenna with a transceiver
module, and evaluation of the wireless link.

The following section will first present a brief re-

view on body-worn antennas available in the litera-
ture. This is followed by a literature review on several
wearable antennas for IoT applications and a discus-
sion of their challenges. Section 4 will introduce the
design of the proposed wearable PIFA. In Section 5,
the sensitivity analysis of the PIFA under different
situations is studied. They include when the antenna
is operated in close proximity to the human body
or when it is bent. Then, the assessment of mois-
ture content and its impacts on the performance of
the antenna is investigated in Section 6. In Section
7, the PIFA fabrication and measurements, both its
radiation patterns and its reflection coefficients are
presented. The antenna is finally integrated with an
nRF24L01 wireless module working in the 2.4 GHz
band and worn on-body to evaluate the wireless link’s
performance in Section 8. Finally, this paper is con-
cluded in Section 9.

2. BODY-WORN ANTENNAS: A BRIEF
REVIEW

Wireless Body Area Networks (WBAN) require a
wide bandwidth to guarantee continuous operation
[10]. On the other hand, the human body, as a
lossy medium, degrades antenna performance signif-
icantly. Therefore, it is crucial to design wearable
antennas such that they could compensate for inac-
curacies caused by the human body. For example, a
wider bandwidth (usually more than 5 %) is consid-
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Table 1: A Comparison between Some Wearable Antennas.

A . A n A - Max
Ref Year Ant. Type Dielectric am! metallic Dimensions Rat.il_atlon Directivity BW
(number) Material (mm) Efficiency (dBi)
(measured
CPW-Fed Slot 489
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Dual-band patch About % @ lower gain) 3.1dB @ ou @
. . 60x55x4 band lower band
antenna with a C-Foam PF-4 Cuming - 2.44GHz
[18] 2018 A . (considering
dedicated varactor- Microwave (&= 1.06) (measured
loaded module (2) snap-on 88.3% @ gain) 8.3 dB @ About 150MHZ @
button) upper band ) upper band
5.8 GHz
E-shaped microstrip
monopole antenna . _ ) )
[21] 2017 with an EBG Structure denim (&-=1.7) 46x46x2.4 7.8 dBi 660 MHz
(3)
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9 =|
38% @n=0 20dB (gain) |\ width) 157 MHz
mode @n=0 mode @ n=0 mode
[19] 2016 Patch antenna (4) Felt(&-=1.3) 100x100x3.34 (measured
() =. i
45% @n=+1 3.9dB (gain) bandwidth) 119 @
mode @n=+1 mode
n=+1 mode
Above 50%
Magneto-Electric
. lower band 490 MHz lower band
[12] 2015 Dipole antenna Felt (&-=1.37) 100x100x3 and 60% Better than 4.7 (2.45GHz band)
(5)
upper band
2.89dB @ About 400MHz @
A patch Antenna with lower band lower band
16 2014 Felt (er=1.2 100x100x3.84 above 40%
[16] an AMC plane (6) ( ) ) 4.398 dB About 700MHz @
@ upper band upper band
flat@ flat@
“ . 2.5GHz:89% 2.5GHz:4. 65dB
Slot denim (&= 1.7) 73.78x67x0.9
[13] 2014 ) Convex -
(7) Shieldlt 5 Convex
35mm@ 91% 35mm@
3.45dB
On phantom On phantom about
PIFA less than 50% 340 MHz
[20] 2014 &=1 30x33x4 On human -
(8) human body about
model less 350 MHz
than 30%
PIFA Fleece as substrate(&7 70x30x4 650 MHz
[15] 2013 ) =1.17) denim host &, About 60% 5dB
=17 (with ground)
PIFA* PCPTF 76.6% PCPTF 1.51 dB PCPTF 1115 MHz
[9] 2011 Fleece (&-=1.17) 50x19x6 Shieldlt Shieldlt 1.53 .
10
(10) 77.2% dB ShieldIt 1280 MHz
44x42x1.67
Mi trip Patch Slightl 100
[14] 2007 crostrip Fatc Aramid (&= 1.75) Ant (66mm 70% on body 8 'ghtly over
(11) X MHz
with GND)

ered advantageous for these antennas [11]. Further-
more, the performance of textile antennas is mainly
affected by choice of the substrate, its thickness, and
the geometry of the patch. The resonant frequency
of the antenna, its gain, and efficiency can be im-
proved by choosing the substrates with lower permit-
tivity [11]. The geometry of the antenna should be
chosen such that the antenna remains compact and
lightweight while maintaining satisfactory efficiencies
and gain. Low profile antenna is preferable to ensure

low fabrication cost in mass production and the least
interference with the user’s comfort.

Various researches have been performed in design-
ing efficient wearable antennas, and they are sum-
marized in Table 1. The researchers in [12] intro-
duced a dipole featuring two U-shaped slots made
fully using textiles, except for the feeding connector.
The performance of this design is found to be robust
against bending when assessed on the body. Next,
the work in [13] proposed a slotted antenna design,




which was then evaluated under a flat and bent condi-
tion in free space. Denim fabric was used as the sub-
strate, with an L-shaped slot integrated in the ground
plane of this antenna structure. Meanwhile, in [14], a
rectangular patch antenna was proposed for integra-
tion into a fire fighter’s jacket. For PIFAs, a PIFA
structure is introduced in [9] to achieve a large band-
width and avoid detuning caused by the human body.
Next, researchers in [15] have investigated the effects
of embroidered conductive patterns on a PIFA’s per-
formance. Besides, an artificial magnetic conductor
(AMC) plane is used as a ground plane in [16] to
reduce the backward radiation.

Among the works presented in Table 1, it is no-
ticed that the slot antenna in [17] and patch anten-
nas in [18] and [19] are incapable of providing large
bandwidths to potentially alleviate any additional de-
tuning caused by the human body. Furthermore, the
final antenna in [19] is relatively large. The size of
the PIFA in [20] is suited for wearable applications,
but its efficiency when simulated on-body and on-
phantom is less than 50%. Similar to the work pre-
sented in [18] and [19], the patch antenna of [14] has a
relatively limited bandwidth of about 100 MHz. Con-
sidering its radiation pattern and high backward ra-
diation, the slot antenna proposed in [13] is unsuit-
able for on-body use. Meanwhile, the antennas in
[12] and [16] perform almost the same in terms of the
backward radiation and bandwidth, and their sizes
are electrically large. From literature, PIFA struc-
tures presented in [15] and [9] are good choices for
on-body application considering structure simplicity,
bandwidth and gain. The latter is selected as the
basis of this design due to its smaller size, better ef-
ficiency and larger bandwidth.

3. CHALLENGES
TENNAS

OF BODY-WORN AN-

Antenna design for wearable applications is chal-
lenging, considering different factors such as the flex-
ible materials that are used. As wearable antennas
are used in proximity to the human body, its opera-
tion under various curvatures, environments, and in
different climates has been investigated. This investi-
gation requires the assessment of parameters such as
specific absorption rate (SAR), bending performance,
and moisture absorption to be accounted for in the
design process. Besides, wearable antennas should be
lightweight, thin, and enable fabrication simplicity to
ensure cost-effectiveness. In the following part of this
section, five of these issues are discussed.

3.1 Material and Methods

The first issue regarding body-worn systems is the
material chosen for both the substrate and conduct-
ing part of the antenna. The subsection discusses
the critical aspects in selection of materials for the
antenna’s development.
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3.1.1 Dielectric Substrate

The choice of substrate for wearable antennas is
very important to guarantee consistent performance.
Textile fabrics are mainly low in permittivity, €, and
this parameter is usually expressed as follows:

€ = eoer = eolel. — jer) (1)

In (1), g is the permittivity of vacuum, which is
equal to 8.854 x 10712 F//m, ¢, is relative permittiv-
ity, which consists of two parts: its real part is e/,
which is also called dielectric constant, although it
is not constant in all frequencies, and its imaginary
part is /. The ratio of € to €. is called the loss
tangent, tan § = e/ /e!. The relatively low permit-
tivity of between 1 and 2 in textiles reduces the sur-
face wave losses and increases the antenna impedance
bandwidth (BW). One of the important factors deter-
mining the dielectric properties of textile substrates
is the moisture content of the materials [22]. Mean-
while, the thickness of the substrate also influences
the antenna bandwidth. This can be explained in
terms of the antenna quality factor, @), as summa-
rized in equation (2), as follows:

BW ~ */q (2)

The @ coefficient is influenced by four factors, in-
cluding space wave losses (@Qrqd), the ohmic conduc-
tion losses (Q.), the dielectric losses (@) and sur-
face waves losses (Qsy) as specified in equation (3).
For thin substrates (h < Ag), Qraq is generally the
dominant factor and is inversely proportional to the
substrate thickness.

Therefore, increase in the substrate height results in
lower @ factor (@) and thus, a wider antenna band-
width [22].

O L (3)
Qt B Qrad Qc st Qd

3.1.2 Conductive Textiles

The fabrics used for designing textile antennas
must be high in conductivity to minimize electrical
losses. This factor, when it is less than 10% S/m, is
capable of affecting antenna efficiency. Besides, fab-
rics must have enough flexibility for body-worn appli-
cations and be stretchable so that the final antenna
structure can be deformed to support wearable ap-
plications. An interesting investigation in choosing
the type of conductive textile was performed in [23],
where a simple patch antenna has been designed and
fabricated using four different conducting fabrics e.g.
Flectron, Shieldit, Zelt, and Taffeta. Results indi-
cated that Taffeta fabric performed the best relative
to the other three fabrics due to its high conductivity.
It was also shown that these conductive fabrics could
be applied for antennas, similar to copper sheets [23].
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Besides the aforementioned aspects, the fabrica-
tion techniques have a dominant role in determining
the wearable antenna’s final cost and speed of pro-
duction. A dual-band textile monopole antenna with
a synthetic fabric as its dielectric substrate for IOT
application has been presented in [24]. The antenna
components were assembled using an adhesive sheet
by ironing with and without steam. Applying steam
can cause higher compaction of the antenna mate-
rial, increasing its substrate permittivity or lowering
its radiating parts’ conductivity, which in turn leads
to a higher frequency shift [24]. It is also shown that
conductive fabric orientation does not have any im-
pact on antenna performance. Seven prototypes of
these antennas were fabricated by two manufactur-
ing methods, lamination, and embroidering. Embroi-
dering reduces production costs, which is suitable for
mass production. However, in this method, the di-
rection of stitches towards the feed line and the num-
ber of stitches may affect antenna performance. An
antenna with a lower number of stitches and stitch
direction parallel with the feed line showed a higher
match based on simulation results. Integration of the
antenna into clothing also does not influence antenna
behavior [24].

3.2 Moisture

Textile antennas which have been integrated into
garments will be used in various environmental con-
ditions. One of the most important parameters that
can significantly affect the performance of wearable
antennas is the humidity. Humidity changes the di-
electric properties of the substrate. This is due to
the high permittivity of water (¢, = 78 at 25°C and
2.45 GHz), and its ease in seeping through the mainly
air-filled cavities of the textile materials [25].

its Moisture Regain (M R), which is defined as the
level of moisture presence in a material (at 20°C and
65% relative humidity) in comparison to its dry state
[25]. Increasing the relative humidity (rH) increases
relative permittivity, consequently shifting the reso-
nant frequency downwards. Moreover, increasing rH
causes more losses in the material, which leads to
a wider band operation and smaller resonance peak.
Materials with a higher M R have a higher tendency
to be influenced by changes in humidity [25]. The ef-
fect of relative humidity on a patch antenna with five
different substrate materials is summarized in Table
2.

These materials have been referred to as:

e NAT 1: Jeans, a woven 100% cotton fabric

e NAT 2: A woven fabric consisting of flax yarn

as a wrap and cotton yarn as weft

e NATSYN: A woven fabric, including 50% cotton

and 50% polyamide (nylon)

e SYN: A fleece fabric consisting of polyethylene

terephtalate (PET)

e FOAM: A polyurethane-based flexible foam

Table 2: Properties of the substrate materials [25].

MR(%) | & | Tand | h(mm)

NAT 1 7.33 1.71 | 0.020 | 1.090
NAT 2 8.02 1.70 | 0.020 | 0.858
NATSYN 5.68 1.60 | 0.020 | 0.400
SYN 0.95 1.15 | 0.000 | 2.060
FOAM 1.99 1.50 | 0.001 | 3.500

Three prototypes were built for each substrate and
all 15 prototypes were placed at least for 24 hours
in a test cabinet, at a temperature of 23°C and a
rH of 10, 20, 30, 40, 50, 60, 70, 80 and 90% [25].
To minimize the influence of the moisture absorption
on the antenna resonant frequency, a synthetic fabric
with low M R was chosen by [25].

3.3 Antenna Performance Under Deforma-
tions

The use of flexible materials for comfort purposes
in garments potentially causes physical deformations
to wearable antennas such as bending. Bending the
antenna changes its electrical characteristics and ra-
diation properties. Besides that, physical proper-
ties such as thickness may result in the variation
of bulk permittivity, which consequently affects an-
tenna bandwidth and resonant frequency. An inves-
tigation on the effects of bending on a PIFA in [26]
indicated that the bending in the z-direction over a
hypothetical cylinder deteriorated its reflection coef-
ficient (S11) and bandwidth at the higher frequencies.
On the contrary, bending in the y-direction did not
affect the antenna bandwidth significantly in the up-
per band. However, in the lower band and with more
extreme bending, the antenna performance suffered
from degradations. The radiating edge of the PIFA
is the main resonance generating mechanism and in-
fluences its behavior under bending. The radiating
edge is only bent at the z-direction, rendering me-
chanical changes at the y-direction is ineffective at
changing the surface current flowing on the radiator.
Gain variation is more intuitive when the antenna is
bent in the y-direction. Also, it is found that bending
along the radiating edge using the smallest cylinder
radius resulted in the worst antenna performance in
terms of bandwidth, reflection coefficient, and gain
[26].

3.4 Specific Absorption Rate (SAR) of Wear-
able Antennas

The microwave radiation may potentially enhance
temperature in human cells, which then may give rise
to dielectric heating. The main safety parameter for
the operation of wearable antennas operating in the
vicinity of the human body is the SAR (in W/kg). It
is a parameter that measures the rate of energy ab-
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sorption by the human tissues when exposed to RF
electromagnetic fields. This parameter can be calcu-
lated by the following equation:

2
SARZBZM (4)
p p

where P is the power absorbed per mass of tissue
(W),p is the mass density (Km/m3), o is the electrical
conductivity (S/m), and |E| is the root-mean-square
electric field strength (in V/m). SAR is typically ex-
pressed as average power absorbed by a small volume
of tissues, which is either 1g or 10g [27].

One of the main concern on the use of wearable
antennas is maintaining its SAR value under inter-
national standards’ limitation. The work in [28] pre-
sented a wearable triband dipole antenna with low
SAR for IoT applications. This antenna with a semi-
omnidirectional pattern comprises two symmetrical
E-shaped patches backed by a rectangular patch with
L-shaped cuts on a denim substrate. The rectangu-
lar patch with L-shaped cuts increased the antenna
bandwidth and the operating frequency band [28].
However, the influence of bending on antenna per-
formance was not significant. There is a good agree-
ment between the antenna’s on-body and off-body
measured reflection coefficient when the wearable an-
tenna was placed on different parts of the human
body, including the chest, arm, wrist, and leg. How-
ever, antenna gain and efficiency were considerably
affected [28]. For an input power of up to 100 mW,
the average SAR (10g) peak value was 1.71 W/Kg (at
5.75 GHz), which meets International Electrotechni-
cal Commission (IEC) standards. Increasing input
power will lead to a significant increase in SAR val-
ues.

The use of conductive textiles with lower conduc-
tivities causes higher antenna SAR. It is also depen-
dent on the distance between the antenna and the
body. Selecting an appropriate antenna topology and
ground plane size can ensure that the antenna oper-
ates below the safety limit. In general, antennas with
higher backward radiation have higher SAR values
[27].

Requirements:
Frequency band
Broad bandwidth
Lightweight
Fabrication
simplicity
Flexibility

v

Determination of the Antenna Design

Specifications i.e. €., §, and o

2

Definition of the Antenna Geometry (Initial
—p| Geometry is Based on Estimated Parameters in
[18], Next Time it is Optimized by CMA
Evolution Strategy in CST Microwave Studio)

v

Simulation of the Antenna Using CST
for Return-Loss, Radiation Pattern, and
Bandwidth

v

Evaluation of the Results

Requirements
met

Change Geometry

v

Fabrication of the Antenna

v

Measurement of the Fabricated Antenna
to Validate the Simulation Results

v

Integration of the Antenna with an
nRF24L01 Wireless Module to evaluate
its indoor performance

Fig.2: Methodology flowchart.

3.5 Effects of the Human Body

Placement and operation of any radiating struc-
ture in the vicinity of the human body will certainly
affect parameters such as the reflection coefficient,
bandwidth, gain, efficiency, and radiation characteris-
tics, due to the coupling and absorption by the human
body. This is due to the human body, which acts as
a dielectric and lossy medium. In [29] an investiga-
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tion using three circular wearable antennas operating
in close proximity to the human body indicated that
their resonant frequencies shifted upwards. This is
due to the reduction of effective capacitance between
the patch and ground plane, which are in series. In
addition, intuitively, operation near a lossy medium
leads to the decrease in the antenna’s quality factor,
and thus a marginal increase in impedance bandwidth
can be observed. Besides that, the operation of wear-
able antennas in the vicinity of the human body will
reduce efficiency and gain [29]. The efficiency of small
antennas can be improved by using metamaterial and
fractal technology. Moreover, the operating range of
an antenna can be increased while maintaining size
compactness by the fractal slot structures. This was
proposed for IoT applications in frequencies ranging
from 0.5 GHz to 4 GHz in [30]. The gain and direc-
tivity of this patch antenna with split-ring resonators
(SRR), has been enhanced by 2.5 dB than the patch
antenna without SRR [30].

Furthermore, when a wearable antenna is placed
on the body, a limitation in the direction of radiation
is expected. To overcome this, the wearable antennas
can be integrated with the reconfigurable feature. A
polarization reconfigurable wearable antenna with a
total dimension of 70 x 70 x 4 mm? for IoT applica-
tions is presented in [31]. Four PIN diodes control
the truncations on the radiating patch and provide
three polarization modes, including LHCP, RHCP,
and LP. These three modes have a front-to-back ra-
tio of above 23 dB. The bandwidth of this antenna
covers the overall 2.4 GHz ISM band [31].

4. DESIGN OF TEXTILE PIFA

Figure. 2 illustrates the methodology used in this
research. The proposed PIFA structure is consists of
a radiator, a shorting wall, a ground plane, a sub-
strate, and a feeding probe. This antenna is designed
based on [9] with a focus on achieving a broad band-
width. TIts ground plane prevents severe detuning
when operating in close proximity to the human body.
An empirical formula in [32] is used for the calcula-
tion. This formula, shown in equation (5), is suitable
for antennas with dimensions of Sy, + R, + R, < A.
In (5) Wy is the width of the feed. f, and f, are
respectively the vertical and horizontal distance of a
50 2 SMA port from the edge of the shorting plate.
Other dimensions are depicted in Figure. 3. In equa-
tion (5) f. is central frequency, which is 2.45GHz in
this work, c is the speed of light, Ry and Ry, are the
width and length of the radiator, respectively, and
Wiy is shorting wall width. The ground plane has a
length and width of G x Gy, and the substrate has
a height of Sh.

Cc

= 5
3Ryw+5.6Ry, + 3.75,— 3W;— 4.3\/F2+ 2 (

fe )

This equation may only provide an initial estimate
for the PIFA dimensions and is limited in terms of
dimensional accuracy. Thus, the calculation of the
initial design in [9] is performed using equation (5).
Upon simulating the initial antenna using dimensions
provided in [9], the antenna is optimized using CMA
Evolution Strategy in the simulation software. In this
simulation algorithm, some variables are considered
for antenna dimensions, and they are altered to ob-
tain resonance at the desired frequency of 2.45 GHz.
The estimated radiator size before and after optimiza-
tion is approximated to be 19 x 21 mm? and 19 x
20 mm?, respectively.

A conventional PIFA shown in Figure.3 is chosen
as the design. Shieldlt conductive textile, which is
0.17 mm thick, is used as conductive components
of the antenna (radiator, shorting wall, and ground
plane). A 4 mm-thick felt with a relative permittivity
of £,=1.45 and tan § = 0.044 is used as the substrate.
For simulation simplicity, the conductive textile is as-
sumed as a metal (with a conductivity, o = 5.9 x 107
S/m). All antenna dimensions are summarized in Ta-
ble 3.

Fig.3: The proposed PIFA structure [9].

Table 3: Dimensions of the proposed PIFA [9].

Parameter | W, | f, fn |Rwl| R, |Gy | G
Size(mm) | 50 | 95 [ 85| 19| 21| 19 | 50

5. SENSITIVITY ANALYSIS

The most common factor affecting antenna per-
formance is the impact of the proximity of the hu-
man body. The human body is an electrically lossy
medium, with each tissue having dissimilar complex
dielectric constants. This lossy medium affects the re-
flection coeflicient and bandwidth of the antenna. To
analyze this effect, the antenna is assumed to be lo-
cated on an arm model. Simulations were performed
using CST Microwave Studio (MWS) software. A
four-layered arm model which is consist of the skin,
fat, muscle, and bone (listed from the outer to inner
layer) is used in this analysis. The permittivity, con-
ductivity, and density of each material is extracted
from the software’s material library. The thickness of
each layer is listed in Table 4, and the model is illus-
trated in Figure 6(a). To represent the gap between
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antenna and human body, the proposed antenna is
located 15 mm away from the human tissue when
it is under evaluation. Due to the use of the open
boundary condition beneath the tissue model in the
simulation, the depth of the tissue model is assumed
to be infinite, which is a good approximation.

The relationship between the injected signal into
the antenna and the reflected signal is described as
a reflection coefficient. The reflection of the injected
signal happens due to the impedance mismatch. An
ideal impedance matching will result in a minimum
reflection coefficient. Due to the interaction between
the human model and antenna, the reflection coeffi-
cient changes depending on the proximity of the hu-
man body. The simulated antenna reflection coeffi-
cients (S11) of the cases with and without the tissues
in flat states are compared in Figure 4. It can be seen
that the presence of the tissues resulted in an extra
resonance at 2.26 GHz, besides causing the 2.45 GHz
center frequency to be shifted upwards to 2.62 GHz.
There is also an increase in the -10 dB impedance
bandwidth of the antenna by approximately 50 MHz,
from 700 MHz in free space to 750 MHz in proximity
of the body. The radiation patterns of the antenna
in free space and in proximity of the human body are
compared in Figure 5. It is noticed that due to the
presence of the human body, the radiation pattern is
directed away from the body.
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Fig.4: Reflection coefficients of the proposed PIFA
in free space and in proximity of the body.
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Fig.5: Radiation patterns of proposed PIFA in free
space and in prozimity of the body at (a) Phi= 0° (b)
Phi= 90° cuts.

The next evaluation involves the bending of the
proposed antenna around an arm model shown in
Figure 6(b). The reflection coeflicients of the bent
antenna are depicted in Figures 7. It can be seen
that the changes in the radius of the arm did not sig-
nificantly shift antenna resonant frequency. However,
a decrease in the antenna bandwidth is seen when it is
bent around a smaller arm radius. The antenna per-
formance in flat condition and bending radii of 67.5
mm and 40.5 mm, which are close to realistic radii
of the arms of a normal adult, are compared. The
antenna resonates at 2.35 GHz, with a bandwidth
of 750 MHz when bent on a 67.5 mm arm radius,
whereas bending the antenna on a 40.5 mm arm ra-
dius slightly lowered the resonant frequency to 2.32
GHz with a bandwidth of 650 MHz. The 750 MHz
antenna bandwidth is produced in planar condition,
as previously observed. The antenna maintains its
dual-band characteristic with a 67.5 mm arm radius.
This however, is not the case for the 40.5 mm arm
radius.

Table 4: Thickness of each layer in the multilayered
human arm model [33].

Layer Air Gap | Skin Fat Muscle | Bone
ihicknese 15 2 10 28 12.5
(mm)

(b)

Fig.6: 3D view of two types of phantom models: (a)
Flat (b) Cylindrical Arm.
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Fig.7: Reflection coefficients of the bent PIFA on
the human arm model with radii, R = 67.5 mm and
40.5 mm in comparison with the planar condition.

The radiation patterns of the bent antenna are de-
picted in Figure 8. The maximum gain of the antenna
is 3.187 dB and 0.804 dB for larger and smaller arm
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radii, respectively. This is mostly due to the degra-
dation of radiation efficiency due to the absorption
of electromagnetic power in the lossy body tissues
beneath the antenna. Generally, the bigger the arm
radius is, the better the antenna performance is.

A comparison between the reflection coefficients of
the antenna in flat and bent states are also assessed
in free space. This is presented in Figure 9. Based on
the comparison with the previous evaluation on the
human tissue model in Figure 8, there exists incon-
sistencies in terms of resonant frequencies between
these two cases. Despite this, the changes in gain are
clearer, as observed in Figure 10. When bent around
the arm model with a 67.5 mm radius, the antenna
resonates with a bandwidth of about 730 MHz, cen-
tered at 2.54 GHz with a gain of 2.465 dB. For the
bending using 40.5 mm of radius, the bandwidth and
resonant frequency are 690 MHz and 2.3 GHz, re-
spectively, with a gain of about 2.389 dB. It is clear
from these results that antenna gain decreases with
the reduction in the bending radii.
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Fig.8: Radiation patterns of the bent PIFA on the
human arm model with radii of 67.5mm and 40.5mm
at: a) Phi=0° b) Phi=9(0° cut.
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Fig.9: Reflection coefficients of the planar and bent
PIFA in free space (without the human arm model).

Next, SAR levels for the bent PIFAs are assessed.
The antenna with an input power of 250 mW in the
simulations produced a SAR level of 1.97 W /kg, as
seen in Figure 11(a). This does not surpass the limi-
tations set by well-known standards such as ICNIRP,
which is 2W /kg averaged over 10g of tissues. More-

Farfield Gain Abs (Phi=0)

Farfield Gain Abs (Phi=90)

Phi=180 Phi=90 30 Phi=270
30

Theta / Degree vs. dB

(a) (b)

Theta / Degree vs. dB

=« = farfield (f=2.45) r=40.5
----- farfield (f=2.45) r=67.5

Fig.10: Radiation patterns of bent PIFA in free
space with radii of 67.5mm and 40.5mm at: a)
Phi=0° b) Phi=90° cut.

over, in the 2.43 GHz band, the input power threshold
set by FCC, which is limited to 1 W, is also met when
using an input power of 250mW. In [27], for the slot-
ted PIFA (SPIFA) located at a distance of 10 mm
from the human body in a flat situation and using an
input power of 100 mW at 2.45 GHz, measured SAR
is about 0.5 W/kg. Similarly, the simulated SAR for
the proposed PIFA is 0.807 W/kg when evaluated un-
der the same condition, indicating a reasonable agree-
ment. The small disagreement is due to the difference
in the evaluation method in this work, which is con-
ducted in bent condition, while the SAR evaluation
in [27] was conducted in planar condition.

6. EFFECT OF HUMIDITY ON ANTENNA
PERFORMANCE

In general, textile antenna performance will poten-
tially be affected by humidity or moisture. The high
permittivity of water (¢,=78 at 2.45 GHz and 25°C),
may result in a raise in a substrate permittivity if
it penetrates into that substrate. To evaluate the
moisture impact on the antenna performance, simu-
lations using different relative permittivities are per-
formed. In these simulations, other characteristics are
presumed unaltered. The initial relative permittivity
of this substrate is €, = 1.45. Figure 12 shows that
the resonant frequency shifts towards the lower fre-
quencies as the relative permittivity increases. On the
other hand, as the permittivity increases, the —S11—
is gradually degraded to above -10 dB around ¢,=2.
These observations are in good agreement with the
experimental moisture impact assessments conducted
in [25]. Therefore, the impact of humidity on the di-
electric loss tangent of textile materials can be further
investigated in this way to model this effect in a more
precise manner.
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Fig.12: Effect of Permittivity Change (Humidity)
on Reflection Coefficient of PIFA.

7. FABRICATION AND MEASUREMENTS

To fabricate this antenna, felt is selected as the
substrate, whereas a conductive textile, Aaronia-
shield is used as the conductive components — its radi-
ator, shorting wall and ground plane. It is lightweight
(about 34g/m?), with low surface resistance (lower
than 0.1€2/sq) and thus satisfactory surface conduc-
tivity. The dimensions of this PIFA is summarized
in Table 3. The conductive textiles and substrate are
sewn together for mechanical strength, whereas an
SMA connector is soldered to the ground plane for
galvanic connection. A prototype of the fabricated
PIFA is shown in Figure 13.

The simulated and measured reflection coefficients
are compared in Figure 14. The antenna opera-
tion is centered at 2.5 GHz with a wide 750 MHz
of bandwidth, extending from 2.25 GHz to 3 GHz.
Meanwhile, the antenna radiation patterns illustrated
in Figure 15 indicated a larger discrepancy between
simulations and measurements. This is due to the
slightly damaged substrate during the soldering pro-
cess and inaccurate electrical properties of the sub-
strate (permittivity and loss tangent). These prop-
erties have been obtained from [9], but are found to
be different in practice. Moreover, the sewing pro-
cess also added more dimensional inaccuracies, which
in turn affected the measurement results. The an-
tenna performance on the front and the back of the
human body are also measured. These results are
similar to the antenna performance when placed on
an arm. The antenna placement in these two posi-
tions are shown in Figure 16.

(b)

Fig.13: (a) Top (b) Front view of the PIFA Proto-
type.

N ‘__,4//
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Fig.14: Simulated and measured reflection coeffi-

cients of the proposed PIFA.

8. WIRELESS LINK EVALUATION

Being flexible, low in dielectric permittivity, and
thus showing low surface wave losses, textiles hold
vast potential for IoT applications, especially in
wireless-based health monitoring and reporting sys-
tems [34]. The operation frequency within the indus-
trial, scientific, and medical (ISM) band overlaps with
Bluetooth Low Energy (BLE) standard. This makes
the proposed antenna, which operates from 2.25 GHz
to about 3 GHz with less than -10 dB of reflection
coeflicient, suitable for BLE applications.

As the final validation, a single-chip radio
transceiver module (nRF24L01 from Nordic Semicon-
ductor) which operates in the 2.4 GHz ISM band was
used in this work. This transceiver contains a fully

eeeee Simulation

Measurement

270 20

180

Fig.15: Simulated and measured radiation patterns
of the PIFA.
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integrated frequency synthesizer, a crystal oscillator,
a demodulator, a power amplifier, a modulator, and
an Enhanced ShockBurst™ protocol engine. Using an
SPI interface, the frequency channels, output power,
and protocol setup are easily programmable. Cur-
rent consumption in RX mode, at an output power
of -6dBm is only 9.0mA, which is very low. Built-
in Power Down and Standby modes enables power
saving realizable [35]. The nominal range of this
transceiver is 1800m. Health data using a series of
small integrated heartbeat rate sensors, thermal sen-
sors and accelerometers can be collected using this
module and communicated to the indoor access point
situated remotely.

Fig.16: Placement of the antenna in front and the
backside of the human body.

Real-time test data is collected using a laptop com-
puter via a converter board, which connects the USB
port of the RF and antenna system to the computer.
The prototyped PIFA is then attached to this USB
converter board and the NRF24L01 module, as de-
picted in Figure 17. On the other hand, the remotely
located base station (in the form of a laptop) is con-
nected with a monopole antenna, as illustrated in Fig-
ure 18. To evaluate the wireless link quality, the wear-
able system is worn on a human volunteer and set to
transmit simple repeated bits in an indoor laboratory
environment. This volunteer then gradually moves
away from the base station while this assessment con-
tinues until the wireless link connection between two
nodes is completely disconnected. The wireless link
quality of the wearable system with the PIFA is then
compared with a simple monopole when worn on the
body. It is seen that the link quality for the system
using both types of antennas is very similar. The next
test moves the base station away from a static wear-
able node with the proposed PIFA on the body and
evaluating the wireless link quality. Due to the severe
multipath of the indoor environment, the connectiv-
ity range of the link is limited to around 100 meters.
The communication between the base station to the
on-body wearable system is also illustrated in Figure
18. The ultimate goal of this research is to be able to
fully integrate the antenna with the wearable sensors
module to track human health, which is aimed to be
prototyped in the near future.

9. CONCLUSION

The antenna and RF design and implementation
challenges of a body-worn system have been outlined

Fig.17: Wearable textile PIFA with a« NRF2/L01
and a driver board for wireless link evaluation.

Fig.18: Base station (laptop) and the prototyped
PIFA for the wireless link evaluation .

and discussed in this work. To demonstrate the chal-
lenging aspects, a Planar Inverted-F antenna was de-
signed using textiles. The proposed antenna is mainly
aimed at health monitoring purposes. It can also be
used for other applications, including, but not lim-
ited to, rescue applications (for example, in firefight-
ers’ jacket), security services, sleepwalking accident
prevention, sports, and entertainment. For instance,
athletes can use this antenna to collect data from dif-
ferent on-body sensors for further investigations [36],
[37]. The design process and method of estimating
the initial dimensions of this PIFA are first presented,
followed by its assessment in flat and bent situations,
both on-body and in free space. To guarantee the
safety level of the antenna operation on body, the
specific absorption rate of this antenna is simulated
when placed in the proximity of two types of human
arm phantoms, a three-layered rectangular body tis-
sue model, and a three-layered cylindrical human arm
model. To assess the severity of the bending on the
antenna performance, the antenna is bent over two
radii, 40.5 and 67.5 mm, using an arm model. Besides
bending, the antenna was also evaluated with differ-
ent substrate humidity levels, performed by changing
its electrical property while assessing the reflection
coefficient. Simulation and measurement results of
the optimized antenna is then compared in terms of
reflection coefficients and radiation patterns. Finally,
the proposed antenna is integrated with a nRF24L01
wireless module to evaluate its indoor performance
when worn on a human volunteer. Comparison of
the proposed PIFA with a simple monopole antenna
indicated similar and acceptable performance.

The reported empirical results in this work indi-
cated several limitations that could be addressed in
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future research. First, the soldering process is one of
the challenges of such works, and it is recommended
to be replaced by other alternatives. Second, the
sewing process also added more dimensional inaccura-
cies, for example, compression of the substrate, which
in turn affected the measurement results. These phys-
ical changes could be avoided by means of special
glues; which precise impact must be investigated fur-
ther in future works. Third, in simulations, it is as-
sumed that the electrical properties of the selected
substrate (permittivity and loss tangent) are similar
to those of the previously reported works [9] but are
found to be different in practice. Fourth, to evaluate
the effects of humidity on the antenna performance,
the study focused on the variation of relative permit-
tivity and assumed a constant characteristics of the
other antenna parameters for the sake of simplicity.
In reality, other textile characteristics such as loss
tangent may be further affected by humidity.
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