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Chapter

Wearable Textile Antennas with
High Body-Antenna Isolation:
Design, Fabrication, and
Characterization Aspects

Nikolay Atanasov, Gabriela Atanasova
and Blagovest Atanasov

Abstract

This chapter provides a brief overview of the types of wearable antennas with
high body-antenna isolation. The main parameters and characteristics of wearable
antennas and their design requirements are discussed. Next, procedures (passive
and active) to test the performance of wearable antennas are presented. The electro-
magnetic properties of the commercially available textiles used as antenna substrates
are investigated and summarized here, followed by a more detailed examination
of their effects on the performance of wearable antennas with high body-antenna
isolation. A trade-off between substrate electromagnetic properties and resonant
frequency, bandwidth, radiation efficiency, and maximum gain is presented. Finally,
a case study is presented with detailed analyses and investigations of the low-profile
all-textile wearable antennas with high body-antenna isolation and low SAR. Their
interaction with a semisolid homogeneous human body phantom is discussed. The
simulations and experimental results from different (in free-space and on-body)
scenarios are presented.

Keywords: wearable antenna, flexible antenna, textile antenna, design requirements,
SAR, antenna measurements, antenna performance, human body phantom

1. Introduction

The wearables are identified as 1 of the 10 technologies which will change our
lives [1]. They offer attractive solutions in diverse areas including healthcare, educa-
tion, finance, sport, and entertainment. For example, in the area of the healthcare,
wearable devices can collect data (on blood pressure, temperature, heart rate, steps,
calories burned, and even glucose levels) in real-time and send this information to
nearby node (on-body communication between two wearable devices) or remote
station (off-body communication between a wearable device and mobile phone,
tablet, or personal computer) using body area networks (BANs). In order to realize
remote monitoring and real-time feedback to the user, the wearable device needs
to be equipped with a sensor, processor, memory, power unit, transceiver, and an
antenna.

1 IntechOpen
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The wearable antenna plays a significant role in the overall performance of each
wireless wearable device because it determines the reliability of the wireless link
and directly influences the energy efficiency and battery life of the device [2, 3].
However, because the wearable antenna operates in a specific environment (on or
near to the human body), the effects due to lossy body tissues (as impedance mis-
matching, radiation-pattern distortion, radiation efficiency reduction) make the
design of a wearable antenna a difficult task. Therefore, care is needed in designing
antennas for wearable devices [4, 5].

2. Wearable antenna design issues, requirements, measurements,
and testing

2.1 Design requirements for wearable antennas

The design of wearable antennas for body-centric communications is discussed
in [2-8], and the most important requirements are summarized Table 1.

2.2 Design procedure

Generally, in wearable antenna design, electrical, mechanical, and safety
requirements should be taken into account. Moreover, to obtain the best antenna
performance, the antenna-human interaction needs to be taken into account during
the first stage of the wearable antenna design process. As the body is composed
of different tissues with different material properties, the choice of a proper body
model (called phantom) is critical in ensuring a good trade-off between simulation
accuracy and complexity [4]. For the initial design, the simplest and fastest option
is to use a homogenous flat phantom of the human body. A detailed review of vari-
ous types of human body models is presented in [3, 11, 12].

Requirements

Electrical  Bandwidth: sufficient to cover the frequency bands over which the wearable
device is intended to operate (|S11| < —10 dB within the frequency band of interest
in both on-body and free-space operation conditions)

* High efficiency: more than 50% in both on-body and free-space operation
conditions

* Appropriate radiation patterns that reduce the electromagnetic radiation toward
the human body

Mechanical * Low-profile
e Lightweight
¢ Compactness
¢ Flexibility

¢ Robust

Safety ¢ Low specific absorption rates (SAR): below worldwide standard limits
(1g-SAR < 1.6 W/kg [9] and 10 g-SAR < 2 W/kg [10])

Manufacturing * Low cost in both materials and fabrication

e Simple structure for ease fabrication and mass production

Table 1.
General design requirements for wearable antennas.
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The selection of materials for the conductive and non-conductive elements of
the antenna is also an important factor to consider, especially when the antenna is
required to possess characteristics such as low-profile, lightweight, compactness,
flexibility, and robust. Hence, flexible, thinner, and low-cost materials should be
chosen to make the antenna conformable to the person wearing the wearable device
and to meet mechanical and manufacturing requirements. Materials like polymers
[3, 13], non-conductive fabrics [4], paper [14], and flex film [5, 6] have been used
as the substrates in the existing wearable antennas [3, 15]. The choice of material
for the antenna’s substrate is a critical factor in the performance of the antenna
and is examined in depth in Section 3. After the selection of a suitable material for
the antenna substrate, its electromagnetic properties (complex permittivity and
permeability and loss tangent) must be characterized via measurements [4]. Several
(resonant and non-resonant) methods described in [16] can be used for charac-
terization of the electromagnetic properties of flexible materials. For conductive
antenna elements, thinner copper or brass foils, electrically conductive fabrics,
threads, or ink can be chosen.

Finally, the impact of wearable antennas on the human body also needs to be
considered. To study possible effects on body tissues, we must examine the rate at
which energy (W) is deposited in a given volume (V) of tissue with specific density
(p), as shownin Eq. (1):

s (45 1

SAR can be also calculated from the electric field (E) within the tissue, as shown
in Eq. (2):

oE’ [W
SAR = 2& [@] 2)

where o is the electrical conductivity of the tissue [S/m].

To control the possibility of high local peaks, the maximum permitted SAR is
specified as applying to any 1 g or 10 g of tissue [17].

Therefore, the antenna topology with high body-antenna isolation is required
to guarantee satisfactory performance and to reduce the SAR when the antenna is
placed on the human body. Several antenna designs with a high degree of isolation
between the antenna and human tissues have been reported. These designs use a
full ground plane [15, 18], an artificial magnetic conducting surface [19], a reflector
[13], an electromagnetic bandgap structure [20], or substrate integrated waveguide
techniques [2, 21].

Based on the above requirements, a flexible wearable antenna with a low profile,
high radiation efficiency, and low SAR can be developed using the algorithm for
numerical design and optimization proposed in [3].

After that, a prototype of the optimized design of the wearable antenna can
be fabricated using the methods for fabrication of flexible and wearable antennas
presented in [5, 8, 13].

Finally, the antenna designs need to be confirmed by both numerical simulations
and experimental measurements, first in free space and after that, when antennas
are placed on a human body model.

2.3 Measurements and testing

During the wearable antenna design and development process, measurements
of classical parameters that describe the antenna’s performance such as reflection
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coefficient magnitude (|S11|), bandwidth, gain, radiation efficiency, and radia-
tion patterns need to be performed using passive approaches. In passive antenna
measurements, the prototype is connected to the measuring equipment (a network
analyzer, signal generator, receiver, or spectrum analyzer) using an external coaxial
cable. Moreover, full verification of the antenna design requires more extensive
testing, such as flexibility tests (described in [4, 5]) and tests which represent the
behavior of the antenna in real working conditions (also called active antenna
measurements). In these measurements, a wearable device simulator (or a radio
communication test module) is used to set up a connection to the antenna under
test, which is embedded into a complete operating wearable device (or connected
to a radio communication module) to reproduce real-world behavior. In order to
conduct accurate and repeatable measurements, a test (anechoic or reverberation)
chamber with a controlled environment is required. The schematic setup for passive
(cable-fed) and active testing of antennas in an anechoic and reverberation cham-
ber can be found in [22].

Moreover, different measurement scenarios should be investigated to guarantee
optimal antenna performance in a variety of operating conditions: free-space (the
antenna is in an isolated test fixture made from foam, placed away from the human
body) and on-body scenarios (the antenna is very close to the human body phantom
or in direct contact with the phantom).

For wearable applications, the effect of antennas on the human body also must
be quantified [8]. The SAR distribution can be measured by the thermographic
method (described in [23]) or by a commercial DASY-4 system (presented in [24]).

3. The effect of electromagnetic properties of the substrate materials
on the performance of wearable antennas with high body-antenna
isolation

The major challenge of designing wearable antennas is to make an antenna that
is invisible and unobtrusively integrated inside a garment as well as comfortable
and non-hindering for the wearer [7, 25]. The integration of antennas into clothes
involves using textile materials as dielectric substrates [7].

The substrate material offers not only ergonomic properties and ease of integra-
tion into the users’ garments, but it impacts on the antenna performance. Moreover,
the thickness of the substrate also influences the overall antenna dimensions [26].

A brief survey on electromagnetic (EM) properties of textile materials used in
wearable antennas can be found in [4, 26, 27]. However, little information can be
found on the effect of EM properties of the substrate materials on the performance
of wearable antennas with body-antenna isolation. The following subsections
describe the characterization of the EM properties of textile materials (polar fleece,
polyester, polyamide-elastane, cotton, and denim) and their effects on performance
(resonant frequency, bandwidth, radiation efficiency, and maximum gain) of wear-
able antennas with body-antenna isolation.

3.1 Characterization of electromagnetic properties of the textile materials

The EM properties (real (¢') and imaginary (¢”) parts of the relative permit-
tivity and loss tangent (tané)) of the textile materials were measured by the cavity
perturbation method using a rectangular cavity resonator. This method was chosen
because it is well known for extracting EM properties of dielectrics, semiconduc-
tors, and magnetic and composite materials [16]. All measurements were performed
at 2.564 GHz, at temperature 24 + 1°C. For each textile material, five readings were

4



Wearable Textile Antennas with High Body-Antenna Isolation: Design, Fabrication...
DOI: http://dx.doi.org/10.5772/intechopen.91143

EM properties
Thickness mm Material € e’ tand Density
layers g/em®
Polar fleece 15 One 1.21831 0.00221 0.00183 0.20
Polyester 0.35 One 1.49797 0.00578 0.00389 1.38
1.5 Four 1.62022 0.00824 0.00509
Polyamide- 0.5 One 1.52389 0.03103 0.02040 1.14
clastane 15 Three 154927 0.02268 0.01463
Cotton 0.52 One 1.63850 0.10199 0.06218 1.52
1.5 Three 1.63215 0.08049 0.04930
Denim 0.5 One 1.86986 0.11786 0.06310 1.54
1.5 Three 1.87813 0.11166 0.05942
Table 2.

Parameters of the textile materials and vesults from measurements of their EM properties.

taken, and the average value is given in Table 2. To see how material thickness
affects the EM properties, we measured &' and €” of the materials at two thicknesses.
The first one corresponds to the thickness of one layer of each material. The second
was fixed (1.5 mm) for all textile materials—in this case, three/four layers of each
material were assembled by an iron-on hemming strip added in between the martial
layers to form a 1.5-mm-thick sample.

From the results presented in Table 2, it can be observed that the EM properties
of the textile materials show a variation with increasing number of layers in the
sample. Moreover, the ¢’ shows small variations with respect to the sample thickness
in comparison to ¢” and tané. For all materials are observed that with increasing of
the thickness of the textile sample, the real part of relative permittivity increases.
The ¢’ value was found to vary between 1.50 (one layer) and 1.62 (four layers)
for polyester and between 1.87 (one layer) to 1.88 (three layers) for denim fabric.
Another interesting behavior observed is that ¢” and tané of the polyester increase
with increasing number of layers (thickness) of the textile sample, while &” and
tané of the polyamide-elastane, cotton, and denim decrease. These increases are
attributed to the presence of glue (in iron-on hemming strip added in between the
martial layers), having a high tané compared to the polyester. Indeed, the use of an
interface to assemble the layers, such as glue or an adhesive sheet, can lead to varia-
tion in EM properties of the textile materials used in the wearable antenna design.

A comparison of different textile materials at the same thickness (1.5 mm) shows
that denim has the highest values of ¢/, ¢”, and tané. Moreover, the denim and cotton
show higher values of tané than polar fleece, polyester, and polyamide-elastane.
The higher values of tané can be related to the fact that these textiles are built up
from natural fibers. We conclude that the fabrics made from synthetic fibers (polar
fleece, polyester, and polyamide-elastane) have a lower relative permittivity and
tané than the fabrics made from natural fibers (cotton and denim).

3.2 Effect of textile substrate electromagnetic property variation on the
performance of wearable antennas with body-antenna isolation

Based on the EM properties provided by the above subsection, five textile wear-
able antennas with high body-antenna isolation were designed using the xFDTD
(xFDTD, Remcom Inc., State College, PA, USA), a finite-difference time-domain
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(FDTD) method-based simulation software. The configuration of the wearable
textile antenna with a substrate from denim fabric is illustrated in Figure 1a. It
consists of a hexagonal shaped monopole on the top of the substrate and a planar
rectangular reflector on the bottom. The antenna is fed by a coplanar waveguide
(CPW) feed line. This antenna structure is chosen due to its advantages of light-
weight, low-profile, low-cost, and easy fabrication, which satisfies the requirements
for wearable antennas presented in Table 1.

Then, five antennas were manufactured by a cost-effective and time-saving
fabrication technique, as described in [28]. The radiating elements of the antennas
were built using a highly conductive woven fabric P1168 (supplied by Adafruit,
Italy) with a thickness of 0.08 mm and sheet resistance of 0.05 Q/sq. Figure 1b—f
shows the fabricated prototypes of the antennas.

Two scenarios were investigated in this subsection to study the effect of the EM
properties of the textile substrate on the antenna performance.

At the first stage, a wearable antenna with a substrate from polar fleece was
designed (Figure 2) to operate in the 2.4-2.48 GHz industrial scientific and medi-
cal (ISM) band. The geometrical dimensions of the monopole, CPW, and reflector

Figure 1.

The (a) 3D numerical model of the textile antenna with a substrate from denim fabric and photographs of the
fabricated prototypes, (b) antenna with a denim substrate, (c) antenna with a cotton substrate, (d) antenna
with a polyester substrate, (e) antenna with a polyamide-elastane substrate, and (f) antenna with a polar
fleece substrate.
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were tuned by numerical simulations, following the optimization procedure in
[3], to achieve the optimal impedance match, high radiation efficiency, and high
front-to-back (FB) ratio at the targeted ISM band. The dimensions of the antenna
are listed in Table 3.

For comparison purposes, five different numerical models of the wearable
antenna with different substrates (from cotton, denim, polyester, polyamide-
elastane, air) and geometrical dimensions as that of the antenna with a substrate
from polar fleece were built. The resonant frequency of the antennas calculated by
the simulations is compared in Figure 3a.

O1

6]
&
x
R1
Figure 2.
Configuration of the wearable antenna.
Antenna Antenna Antenna with Antenna Antenna Antenna
withan witha apolyamide- witha witha witha
air-filled polyester elastane cotton denim polar fleece
substrate substrate substrate substrate substrate substrate
A 141.0 141.0 141.0 141.0 141.0 141.0
B 103.5 103.5 103.5 103.5 103.5 103.5
C 134.0 110.0 112.0 109.0 103.0 123.0
D 21.0 21.0 21.0 21.0 21.0 21.0
E 59.0 47.0 48.0 46.5 435 535
F 2.5 25 2.5 2.5 2.5 25
G — 16.5 155 17.0 20.0 10.0
H — 16.5 155 17.0 20.0 10.0
I 90.0 78.0 79.0 775 74.5 84.5
] 2.0 2.0 2.0 2.0 2.0 2.0
K 1.0 1.0 1.0 1.0 1.0 1.0
O 170 17.0 170 17.0 17.0 170
0O, 17.0 17.0 17.0 17.0 17.0 17.0
Ry 138.0 127.0 127.0 127.0 127.0 127.0
R, 93.0 875 875 875 875 875
Table 3.

The geometrical dimensions of the optimized antennas.
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As expected, the antenna with a substrate filled by air (e, =1) shows the highest
value of resonant frequency (f,o) of 2.66 GHz. For antennas with substrates from
textile materials, the resonant frequency drops (to a value of f,o//e;) as the e,
increase, because more energy is coupled into guided waves inside the substrate.

Next, the effects of the EM properties of the textile substrate on the bandwidth
were evaluated and illustrated in Figure 3b-d. The bandwidth of all antennas was
defined for |S11| = —10 dB. Figure 3b shows the bandwidth as a function of the e;
of the textile substrates. It is observed that the ¢, of the textile substrate does not
strongly influence the bandwidth. This effect can be attributed to the fact that €; of
the textiles are within the range between 1.2 and 1.9 (see Table 2). Moreover, the
bandwidth increases with an increase in the e, (see Figure 3c).

As shown in Figure 3d, the antennas with a substrate from denim and cotton
have the largest bandwidth (150.5 MHz) because these two fabrics have the highest
values of e, and tané at a thickness of 1.5 mm (see Table 2) and, thus, the highest
dielectric losses. As expected, a decline in the bandwidth is observed as the dielec-
tric loss of the substrate is decreased. Hence, it can be concluded that the antenna
bandwidth is proportional to the textile substrate loss tangent.

From the results mentioned here, it also can be concluded that fabrics made
from synthetic fibers (polar fleece, polyamide-elastane, polyester) exhibit a
narrow bandwidth compared to the fabrics made from natural fibers (cotton and
denim).

Moreover, it is well known that the bandwidth and radiation efficiency
not only are determined by the substrate’s EM properties and thickness but

Antenna with an 160+ Antenna with a
2.7 air-filled substrate cotton substrate
~ 150 4
T 286+ dAntgnna with a
o Antenna with a polar —~ 1404 enim substrate
=25+ fleece substrate =
Q 4
524 e &
=] = : T
823 - : B 1204 Antenna with a polyamide-
e Ant?nna with % gogamlde- - = elastane substrate
- elastane substrate Antenngwmta polyester S 110
5 224 substrate 5 g
c o i
§211 TG 1004 .|Anten na with a polar fleece substrate|
o Q
o :
2.0 90 4 Antenna with an Antenna with a
Antenna with a air—glled substrate polyester substrate
1.94+—————————————————denim substrate
09 10 11 1.2 13 14 15 16 17 1.8 19 2 3 09 10 11 12 13 14 15 16 1.7 18 18 20
Real part of relative permittivity Real part relative permittivity
(b)
160 ¢ : Antenna with a
égt‘tgr:\nsau st#a%e denim substrate
150 4
~ 140 4
-
= 130
£ - -
S 120 1 \Antenna wiht a goLyM|de—
= elastane substrate
C 110 4/Antenna
@ with an
[57] air-filled

8

7/substrate Antenna with a polyester su bstrate]
[4

904 Antenna with a polar
fleece substrate

-0.02-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Loss tangent

(d)

Figure 3.
Variation of (a) vesonant frequencies and (b) bandwidths with the ¢, ', (c) bandwidths with e, and ¢, "', and

(d) bandwidths with the loss tangent of the textile substrates used in wearvable antennas with the same geometrical
dimensions.
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also depend on the size of the antenna radiating elements and matching.
Consequently, it is necessary to know the effect of the EM properties of the
textile materials on antenna performance when antenna elements are optimized.
For this reason, in the second scenario, the structure of the antennas with a poly-
ester, polyamide-elastane, denim, cotton, and air-filled substrate was optimized
for the maximum impedance bandwidth, radiation efficiency, and high FB ratio
at the 2.4-2.48 GHz frequency band. The optimized dimensions are listed in
Table 3.

To illustrate the effects of textile materials on the antenna performance, the
optimized antenna designs considered in Table 3 were evaluated in the free
space and when placed on a flat phantom. First, a flat homogeneous semisolid
phantom of the human body with dimensions 265 x 50 x 350 mm to emulate 2/3
muscle tissue was fabricated accordingly to the recipe and technique described
in [29]. After the phantom mixture had solidified, EM properties were measured
at2.564 GHz: ¢, =40.805 and o = 2.33 S/m. Next, a numerical flat homogeneous
human body model (called flat phantom) with dimensions and EM properties as
those of the fabricated phantom was developed. The fabricated experimental and
numerical phantoms used in this chapter are illustrated in Figure 4.

The results from numerical simulations in both free space and on-body are
presented in Figures 5-9. Figure 5 displays the bandwidth as a function of the
loss tangent of the textile substrate. As seen in these plots, the bandwidth remains
unchanged in both free space (Figure 5a) and on-body (Figure 5b) for the antennas
with a polyester, cotton, and denim substrate. A slight bandwidth broadening is
observed when the optimized antennas with an air-filled, polar fleece and poly-
amide-elastane substrate are placed on the flat phantom. The reason for this effect

(b)

Figure 4.
Flat phantom and the antenna with a denim substrate: (a) a photograph and (b) numerical models.

210~ 210+ Antenna with a

200 ’ntenna w‘ml a 200 .den?m suttstrate

1904 @  denim substfate 190 .Antttenna itp al
190+ Antenna with a 180 cotton substra
T 1704 cotton substrate T 1704
£ 160+ < 160
£ 1504 £ 1504
2 140 240 Antenna with a polyamide-elastane substrate
= 1 s 4 =
B ®Ant ith a polyamide-elastane substrate & 120 ]
8120 ntenna with a polyami astane substrate S 120

110 @ AsnrwiihE poljester subatats 1104 ..Antenna with a polyester substrate

1£ i ® Antenna with a polar fleece substrate 133 ] oAntenna with a polar fleece substrate

b OAntehna with an air-filed substrate = Antenna with an air-filled substrate
-0.01 0.00 0.01 0.02 0.03 004 005 006 0.07 0.08 -0.01 0.00 0.01 0.02 0.03 004 0.05 006 0.07 0.08
Loss tangent Loss tangent
(a) (b)

Figure 5.
Variation of the bandwidth with the loss tangent of the textile substrates used in optimized wearable antennas
with geometrical dimensions listed in Table 3, in both (a) free space and (b) on-body.
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is that the real part of the relative permittivity of these materials (at a thickness of
1.5 mm, see Table 2) is between 1 and 1.55. Consequently, we can conclude that the
performance of the wearable antennas with substrates made from fabrics with real
part of the relative permittivity small than 1.6 will be influent from the proximity of
the human body.

Frequency (GHz)

2.40 2.41 242 2.43 2.44 245 2.46 2.47 2.48 2.49 2.50

O F = == === e e Py e s
g - B s s N
>, ]
S 2]
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:§ --'--—-—-—o—.—-—.-o—'—---—o—-—-—o-o
b= ] ]
(O] _3_\ .
put ]
o T
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CU -+ B s A s & e & s oa o= P T L
o ]

7 1
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== + » Antenna with a polyamide-elastane substrate in FS == Antenna with polyamide-elastane substrate on FP|

== = Antenna with a polyester substrate in FS == Antenna with a polyester substrate on FP

=== Antenna with a cotton substrate in FS = Antenna with a cotton substrate on FP

# = Antenna with a denim substrate in FS == Antenna with a denim substrate on FP
Figure 6.

Simulated vadiation efficiency curves versus frequency of the wearable antennas: in the free space (FS) and on
the flat phantom (FP).

Frequency (GHz)

) 2.f10 2.|41 2.f12 2.f13 2.|44 2.|45 2.|46 2.|47 2.|48 2.|49 2.50
11 ‘ - - E
10 F N T 3
N E
9 i \ p— R :

— - "\..,. — rd
% X . \ e T e E
= 7 = E
£ 6 & =
© 3 \.\ \ . - - E
> 5 S PR ——
E S iy == 3
=) 4 Sy oo s = E
g 3 E
é E
= 2 E
1 i, .
0 . S — =
- e L
-2 3
=Antenna with an air-filled substrate in FS - Antenna with an air-filled substrate on FP
----- Antenna with a polar fleece substrate in FS - Antenna with a polar fleece substrate on FP

« « Antenna with a polyamide-elastane substrate in FS === Antenna with a polyamide-elastane substrate on FP
= Antenna with a polyester substrate in FS Antenna with a polyester substrate on FP

Antenna with a cotton substrate in FS - Antenna with a cotton substrate on FP
= Antenna with a denim substrate in FS == Antenna with a denim substrate on FP

Figure7.
Simulated maximum gain curves versus frequency of the wearable antennas: in the free space (FS) and on the
flat phantom (FP).
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Figure 8.
Simulated three-dimensional vadiation patterns at 2.4, 2.44, 2.46, and 2.48 GHz for the antenna with a polar
fleece substrate (a) in the free space and (b) on the flat phantom.
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Figure 9.
Simulated three-dimensional vadiation patterns at 2.4, 2.44, 2.46, and 2.48 GHz for the antenna with a denim
substrate (a) in the free space and (b) on the flat phantom.

A comparison between the simulated radiation efficiency of the antennas is
displayed in Figure 6. The radiation efficiency is defined as the ratio of the power
radiated from the antenna to the net input power, which is the radiated power plus
material losses [30]. The comparison shows that the antennas with polar fleece,
polyester, and polyamide-elastane substrates achieve a much better radiation effi-
ciency than the antennas with substrates from cotton and denim. These differences
are attributed to the fact that fabrics made from synthetic fibers have lower tané
than the fabrics made from natural fibers. Moreover, it can be observed that the
simulated radiation efficiency of all antennas is quite stable in the target frequency
range, on both the free space and on-body.

From the results presented in Figure 6, a slight reduction of radiation efficiency
when the antennas are placed on the flat phantom (FP) also can be observed. For
example, across the operating band, the radiation efficiency of the antenna with
a substrate from polar fleece is estimated to be —0.47 dB (90%) in the free space
and — 1.1 dB (78%) when it is placed on the phantom.

The maximum gain of the optimized antennas was also evaluated and illustrated
in Figure 7. As seen, in the target frequency band, the gain varies between 11 and
7 dBi (for the antenna with a polar fleece substrate) and between 1 and —1 dBi
(for the antenna with a denim substrate). The variation in maximum gain values
is related to the maximum directivity (see Figure 8) and is primarily due to the
coupling between radiating elements and the reflector. The gain difference between
the antennas with substrates from fabrics made with synthetic fibers and fabrics
made with natural fibers can be associated with the differences in their radiation
efficiency (see Figure 6). Moreover, the maximum gains of the antennas mounted
directly on the flat phantom are not strongly affected by the phantom (human
body).

11
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Figures 8 and 9 compare the three-dimensional (3D) radiation patterns of the
optimized wearable antennas with polar fleece and denim substrates, at 2.4, 2.44,
2.46, and 2.48 GHz. These frequencies approximately correspond to the lower,
middle, and upper end of the 2.45 GHz ISM band. As shown in Figures 8 and 9, the
radiation is unidirectional for the antennas at all frequencies. Three-dimensional
patterns show that a small amount of the energy is radiated in the backward direc-
tion (i.e., behind the antenna) into the human body. Moreover, it can be observed
that in the free space, the Eg is the dominant field component at 2.4, 2.44, and
2.46 GHz for the antennas. At 2.48 GHz, the EO is the dominant field component for
these antennas. Hence, we observe that the directivity is decreased with increasing
frequency because more energy is radiated in 0 direction.

As can be seen in the figures, the radiation patterns of the antennas are not
significantly modified by the presence of the flat phantom.

Figure 10 shows FB radio as a function of frequency both in free space and on
a phantom. As seen, in the target frequency band, the FB ratios vary between 12
and 33 dB in the free space and between 18 and 36 dB on the phantom, depend-
ing on the antenna’s substrate. A FB ratio of about 30 dB is achieved for the
antennas with denim and cotton substrates in the free space, in the frequency
band of 2.4-2.46 GHz, indicating a small amount of radiation behind the
antenna.

As seen in Figure 10, both antennas with polyester and polyamide-elastane
substrates have FB ratio better than 17 dB in the free space and better than 23 dB
on the phantom. Moreover, the antennas with cotton, polyester, polyamide-
elastane, and denim preserve their FB ratios when placed directly on the flat
phantom. In the case of the antennas with polar fleece and air-filled substrate,
we see a FB ratio between 12 and 20 dB in the free space and between 25 and
35 dB when antennas are placed directly on the flat phantom; this will result in an
increase in SAR values (see Figure 11). Comparing the FB ratios of the antennas,
it can be concluded that the cotton and denim textile substrates improve FB ratio
of the antenna.

3.3 Effect of wearable antennas with textile substrates on the human body

Because the wearable textile antennas are designed to operate near to the human
body, in this subsection, we investigate the effects of these antennas on the human
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Figure 10.

Simulated front-to-back vadio as a function of frequency in both (a) free space and (b) on phantom.
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Figure 11.
SAR as a function of frequency (a) the maximum local SAR, (b) average SAR in exposed flat phantom,
(c) maximum 1 g average SAR and (d) maximum 10 g average SAR.

body by evaluating the SAR. For these computations, each antenna was placed
directly on the numerical flat homogeneous human body model as presented in
Figure 4b.

Figure 11a-d shows the maximum local SAR, average SAR in exposed flat phan-
tom, and maximum 1 g and 10 g average SAR as a function of frequency. The results
presented in Figure 11a—d were normalized to net input power of 100 mW. As can
be seen in the figures, the SAR values from the antennas with air-filled and polar
fleece substrates are higher than the SAR from the other antennas. Moreover, the
maximum 10 g average SAR is 0.18 (antenna with a polar fleece substrate) and
between 0.04 and 0.1 W/kg for the rest of the antennas. Therefore, maximum 10 g
average SAR for all antennas is 90% lower than the specification required by the
ICNIRP [10] and also smaller than most of the previously proposed wearable textile
antennas.

The differences in SAR distributions between the antennas are illustrated in
Figure 12a—f. For all antennas, the peak SAR in the phantom occurs in the region
near the antenna edges. Moreover, the SAR distribution of the antenna with a polar
fleece substrate is similar to that of the antenna with an air-filled substrate. Also,
the SAR distribution of the antennas with a substrate from cotton and denim is
quite similar.

SAR values presented in Figure 12 were averaged over a volume of 0.125 mm
containing a mass of 0.14575 mg.

Measurements were carried out to validate the simulations. Figure 13 shows
the simulated and measured reflection coefficient magnitudes of the wearable
antennas in the free space and on the phantom. A small difference between

3
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simulated and measured results was observed. This difference can be attrib-
uted to fabrication and assembly inaccuracies (due to the manual assembly).

o N o

.4GHz

2.48GHzZ

Magnitude SAR displayed

0 dB =0.07373 Wlki at net iniu( iow_er 1.6 mW

.
-49.0 dB 0dB

(9)

Figure 12.

SAR distributions at 2.4, 2.44, 2.46, and 2.48 GHz for the antenna with (a) an air-filled substrate, (b) a
polar fleece substrate, (c) a polyamide-elastane substrate, (d) a polyester substrate, (e) a cotton substrate, (f) a
denim substrate, and (g) scale.
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Figure 13.
[S21] curves versus frequency (a) simulated in the free space, (b) measured in the free space, (c) simulated on
the phantom, and (d) measured on the phantom.
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Moreover, the coaxial cable and U. FL connector were not integrated into the
FDTD simulations, which also lead to a difference between the simulations and
measurements.

We can conclude that the antennas demonstrate stable performance on both in
the free space and when placed directly on the flat phantom.

4, Conclusions

In this chapter, the main parameters and characteristics of wearable antennas
and their design requirements have been presented. The electromagnetic properties
of the textile substrates also have been examined. From the results mentioned here,
it is concluded that fabrics made from synthetic fibers (polar fleece, polyamide-
elastane, polyester) have a lower relative permittivity and tané than the fabrics
made from natural fibers (cotton and denim). It is interesting to note that for the
wearable antennas with high body-antenna isolation, an increase in the real part of
the relative permittivity of the textile substrate had minimal impact on the antenna
bandwidth. Moreover, the loss tangent of the textile substrate affects the wear-
able antenna’s bandwidth and radiation efficiency: the higher the loss tangent, the
broader the bandwidth and the lower the radiation efficiency. We conclude that the
EM properties (e;, e, , tand), thickness of the textile substrate and radiating element
geometry, play an important role in determining the antenna’s performance and
need to be taken into account when designing a wearable antenna with high body-
antenna isolation.

Five low-profile all-textile antennas with high body-antenna isolation have
been presented. The in-depth performance evaluations on both in the free space
and on the flat phantom of these antennas indicate that they cover 2.45 GHz ISM
band and the maximum 10 g average SAR for all antennas is 90% lower than the
specification.
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