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Abstract

In this study, an ultra-wideband low-specific absorption rate (SAR) flexible metasurface-enabled wearable antenna is pro-
posed for wireless body area network applications. The antenna and metamaterial (MM) structure were designed and ana-
lyzed using a commercial electromagnetic simulation software program which uses a finite integration technique solver. The
antenna is designed and fabricated on a jeans textile substrate in the size of 58 x 80 x 1 mm?>. Moreover, MM reflector was
designed on a felt textile substrate to reduce the SAR effect of the antenna and to increase the antenna performance (such
as impedance matching, radiation pattern, and realized gain) parameters. Designed and fabricated antenna parameters and
the SAR value results with and without MM are investigated. The simulated peak SAR values when the antenna with MM
is placed on the body model are 0.86, 0.198, and 0.103 W/kg at frequencies of 4 GHz, 7 GHz, and 10 GHz, respectively, for
10 g of tissue. The simulated peak SAR value of the antenna with MM is also reduced by a percentage of 97, compared to
the simulated peak SAR value of the antenna without MM. The peak SAR values of the antenna were less than the European
safety limit of 2 W/kg for 10 g of tissue when the MM was used as an isolator. Furthermore, the simulated peak realized gain
value of the antenna with the MM was increased by 98% (from 4.6 to 9.1 dB) compared to the simulated peak realized gain
value of the antenna without MM. Simulation and measurement results showed that performance characteristics and peak
SAR values of the proposed antenna were suitable and safe for wearable technologies.

1 Introduction

In recent years, with the rapid development of wireless com-
munication systems, the area of wireless body area networks
(WBANS) has become an influential part of research due
to its applications in a wide variety of areas such as health
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monitoring, patient tracking, rescue systems, battlefield
survival, sport, navigation, wearable computing, and so on
[1-5]. The wearable antenna is the most important part in
WBAN systems, establishing a suitable link between in-
body, on-body and off-body devices [6]. Various frequency
bands, including ultra-wideband (UWB) and narrowband,
have been identified to provide this connection [7]. How-
ever, the UWB technology is a more popular solution for the
WBAN applications compared to other conventional narrow-
band wireless communication systems due to some obvious
advantages [8]. These advantages can be listed as high data
transmission rate, low-power spectral density (— 41.3 dBm/
MHz) and low interference [9]. The low-power spectral den-
sity is a very attractive feature for wearable battery-operated
devices [10]. Another important advantage is using the wide
band frequency spectrum of 7.5 GHz from 3.1 to 10.6 GHz
which is assigned by Federal Communications Commission
(FCC) in 2002 [11]. Therefore the UWB is a new stand-
ard for high-speed short-distance wireless communication
technologies.

Flexible, textile patch antennas are attractive choices for
wearable systems due to their characteristics such as low
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profile, lightweight, highly flexible, easy to manufacture and
easy to integrate into the garment. These features provide the
basic requirements for wearable systems such as flexibility
and compactness for user’s convenience [12, 13]. Moreover,
the textile materials used for the antenna substrate help to
reduce surface wave losses and increase the antenna band-
width with the very low dielectric constant [14]. Recently,
several designs of flexible, textile wearable antennas have
been presented for WBAN applications such as the mono-
pole [1, 10], inverted-F [5], substrate-integrated waveguide
[3, 13], and reconfigurable antennas [2, 15].

Beside the advantages of the above-mentioned wearable
antennas, there are some design challenges. In the wear-
able antenna design, the mutual coupling between the high
permittivity human body and antenna should be considered
because the antenna is very close to human body [4, 7].
When the antenna operates in close proximity to human
body, the performance parameters of the antenna are
affected; such as the input impedance bandwidth, radiation
pattern, and efficiency [3, 16, 17]. Furthermore, electromag-
netic waves have harmful effects on the users’ health; this
electromagnetic radiation from the antenna penetrates the
tissues of the human body [3, 18-21]. The electromagnetic
absorption level in body tissue is defined as the SAR value
which is evaluated as the absorption of power per unit mass
of body tissue. It could be denoted in term of a watt per
kilogram (W/kg) [18, 22]. The SAR value should be limited
to the standard value defined by the United States (US) or
Europe [5]. One of the effective methods to overcome the
mutual coupling between the antenna and the human body
is using metamaterials (MMs) as an isolator or reflector in
wearable applications due to its compatibility with the low-
profile antenna design thus resulting in the lower SAR values
[23, 24].

MMs are artificial engineering structures with two unique
beneficial properties that are not naturally found [21, 25-27].
The first of MM’s unique features is the ability to control
the propagation of electromagnetic waves, such as artificial
magnetic conductor (AMC), with a zero-phase shift. The
second is that it has the feature of electromagnetic band
gap (EBG) that can suppress surface waves in all directions
[28-30]. In the literature, it has been reported that single
narrow band [7, 18, 19], dual band [2, 5, 21, 24, 31], and
wideband [32-34] are used to improve antenna performance
by decreasing the back radiation and SAR value in wearable
applications based on MM.

In this study, design and experimental verification of a
flexible wearable textile UWB antenna with MM is proposed
for WBAN applications. The proposed antenna is a micro-
strip line feeding antenna consisting of a combination of
square and circular patch in sizes of 58 X 80X 1 mm? jeans
substrate. A similar geometric structure was previously
investigated in [35] for a 2.4 GHz industrial, scientific and
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medical (ISM) band. Besides, the MM was designed on a
felt textile substrate to reduce the SAR value of the design
antenna and to increase the antenna performance param-
eters. This material improves the gain and the directionality
of the antenna. Designed and fabricated antenna perfor-
mance parameters such as impedance matching, radiation
pattern, realized gain and the SAR value are simulated and
measured and the results with and without MM structure
are investigated. The simulated peak SAR values when the
antenna with MM was placed on the body model are 0.86,
0.198, and 0.103 W/kg at frequencies of 4 GHz, 7 GHz, and
10 GHz, respectively, for 10 g of tissue. The simulated peak
SAR value of the antenna with metamaterial is also reduced
by 97%, compared to the simulated peak SAR value of the
antenna without MM. The peak SAR values of the antenna
were less than the European safety threshold of 2 W/kg when
the MM was used as an isolator. Simulated peak realized
gain value of the antenna with MM was increased by 98%
(from 4.6 to 9.1 dB) compared to the simulated peak realized
gain value of the antenna without the MM. Consequently,
obtained results showed that the performance characteristics
and the peak SAR values of the proposed antenna were suit-
able and safe for wearable applications.

2 Design and configuration

The antenna and metamaterial structure were designed and
analyzed using a commercial electromagnetic simulation
software CST Microwave Studio, which is based on the finite
integration technique (FIT) solver [36].

2.1 Antenna design

The antenna is fabricated on jeans substrate in size of
58 x 80 mm? with the thickness of 1 mm, relative permit-
tivity of 1.7 and the loss tangent of 0.026. The properties
of the dielectric material affect the antenna performance
as it plays an important role in the propagation of electro-
magnetic waves in the dielectric medium. The loss tangent
is indicated as a measure of energy losses in dielectrics
and the rate of the imaginary part to real part of permittiv-
ity (tand =¢€"r/e'r). The patch and the ground plane of the
antenna are made up using copper tape with a conductiv-
ity of 5.88x 107 S/m and a thickness of 0.035 mm. The
dielectric permittivity of the copper tape adhesive surface
was not taken into account. Antenna patch geometry is a
combination of circular and square shapes. The antenna is
fed using a 3.5-mm wide microstrip line for the 50 O SMA
connector. Figure 1 shows the geometry of the proposed
antenna configuration design in CST. Figure 2 shows fabri-
cated microstrip line-fed antenna for WBAN applications.
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w, ) , 2.2 Metamaterial design

This sub-section is the design of the MM as the UWB band-
width reflector to reduce back radiation and to increase antenna
gain and directivity. In particular, electromagnetic waves emit-
ted from the antenna can be harmful to body tissues. The MM
structure is designed to reduce this SAR effect under the limits
of human health. The MM structure is designed by considering
the reflection coefficient (S;,) parameter of the antenna with
MM. The reflection coefficient is a parameter that indicates
how much of the power at the antenna input is reflected due to
the antenna impedance mismatch and it is used in the antenna
design to evaluate the antenna impedance matching and oper-
ating frequency band. The ethylene—vinyl acetate (EVA) foam
dielectric (e,= 1.2, tand=0.005) material of 3.2 mm thickness
was placed as a spacer to maintain the distance and to prevent
any electrical contact between the antenna and MM. Figure 3a
shows the cross-sectional view of the antenna placed on the
MM which consists of three layers: the two metallic (metas-
urface and ground plane) layers and the dielectric substrate
between them. Copper tape with thickness of 0.035 mm was
Fig.1 Configuration of the proposed antenna with; a front; b back; ~ used for metallic layers. The MM structure was designed on
and ¢ bottom view felt substrate material with thickness of 3.6 mm, dielectric con-
stant of 1.43 and the tangent loss of 0.044. The geometry of
the proposed metasurface structure is shown in Fig. 3b. Due to
the ease of fabrication, metasurface unit cell has been chosen
in the form of square and consists of 7 X7 metasurface array
cells. The fabricated prototype of metamaterial is shown in
Fig. 3c. The simulated reflection phase graph for optimum
MM is given in Fig. 3d. The MM unit cell simulation model
in CST is set as the unit cell periodic boundary conditions
and the normally incident electromagnetic wave angle with
floquet port.

2.3 Body model design

Since wearable antennas work close to the human body,
the interaction between the antenna and body tissues is an
important issue to be considered. This interaction affected the
Fig.2 Fabricated antenna front and back views antenna performance parameters such as impedance matching,

radiation pattern, realized gain and directionality. To evalu-

ate the reflection coefficient performance parameter and SAR
The geometric dimensions of the proposed antenna are given  effect of the antenna on the body, a cubic body model was cre-
in Table 1. ated in the CST simulation program. As shown in Fig. 4, the
body model consists of four layers which are skin-fat-muscle-
bone with 2-5 to 20 and 13 mm thickness, respectively [19].
The dielectric properties of the human body tissues are used
from the material library in the CST. The total size of the body

Table 1 The geometric
dimensions of the proposed

antenna (mm) 3.5 34 22 13 37.8 34.4 3.8 34 3 3 5 14

l
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Fig.3 Configuration of the proposed MM; a cross-sectional view of the antenna placed on the MM; b geometry of the metasurface structures; ¢

fabricated prototype; d Reflection phase of MM

Muscle h: 20 mm

Bone h: 13 mm

Fig.4 Cross-sectional view of the layered cubic human body tissue

model

model is 100x 110 x40 mm?. In this study, the reflection coef-
ficient parameter performance and SAR effect of the antenna
with and without the MM on the cubic body model are ana-
lyzed comparatively by CST. For an objective comparison, the
distance between the antenna and the body model was kept

constant at 6.9 mm.

@ Springer

3 Experimental results and discussion

The reflection coefficient of the antenna performance
parameters is considered as the priority parameter in the
design for planar conditions. After this parameter was suc-
cessfully obtained, the performance of the other param-
eters was evaluated. The MM structure was designed on
the back of the optimum design antenna and the imped-
ance matching of antenna with MM in the design was con-
sidered. After the optimum design of MM for the UWB
frequency band was obtained in the simulation program,
the prototype of the MM was fabricated. Designed and
fabricated antenna performance (impedance matching,
radiation pattern, and realized gain) parameters and the
SAR value simulation and measurement results with and
without MM structure are investigated and compared in
this section. The reflection coefficient of the antenna pro-
totype was measured by Anritsu MS4644B model Vector

Network Analyzer.
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Fig.5 The simulated and measured S;—parameter graph of the
antenna without MM in free space
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Fig.6 The simulated and measured S;—parameter graph of the
antenna with MM in free space

3.1 Reflection coefficient of antenna
with and without metamaterial structure

The simulation and measurement values of the reflection
coefficient parameter of the planar antenna without MM
in free space are shown in Fig. 5. The simulated band-
width was carried out between 1.9 and 16 GHz while the
measured bandwidth was carried out between 2.2 and
12.7 GHz. From the simulation and measurement results,
it is determined that the proposed antenna has a wide
frequency bandwidth, which covers the whole UWB fre-
quency region in free space.

The graph of the simulated and measured reflection
coefficient of the MM-integrated antenna in free space is
shown in Fig. 6. From the graph, the bandwidth of the sim-
ulated result is between 3.4 and 15.8 GHz and the meas-
ured result bandwidth of fabricated antenna is between 3.5
and 12.4 GHz. According to the results, the antenna with
MM has a good impedance matching (less than — 10 dB)
and a wide frequency bandwidth, which is covering the
UWB frequency region in the free space.

o
-2
"
40 Sim. without MM in free space I
= w= Sim With MM on Body
50 L L L s X L L
2 4 6 8 10 12 14 16

Frequency (GHz)

Fig.7 Simulated S,,—parameter graph of the antenna without MM
is in the free space and on the body

s,, (dB)

-40 I
w—— Sim. with MM in free space
== = Sim. with MM on body

50 L . A A
2 4 6 8 10 12 14 16
Frequency (GHz)

Fig.8 Simulated S,;—parameter graph of the antenna with MM is in
the free space and on the body

The differences between the simulation and measurement
results in Figs. 5 and 6 can be attributed to manufacturing
tolerances, numerical errors, measurement environment,
adhesive surface of copper tape and SMA connector solder-
ing effects.

The wearable antenna operates in close proximity to
human body, so the reflection coefficient parameter perfor-
mance of the antenna with and without the MM on the body
model is analyzed comparatively by CST. For an objective
comparison, the distance between the antenna and the body
model was kept constant at 6.9 mm. The simulated reflec-
tion coefficient performance results of the antenna with and
without MM in the free space and on a cubic body model
are given comparatively in Figs. 7 and 8. As a result of the
simulation, the reflection coefficient of the antenna without
the MM is very different in the free space and on the body.
This is because the antenna is affected by the body. Reflec-
tion coefficient is higher than — 10 dB from 5 to 6.5 GHz. In
addition, the reflection coefficient of the antenna with MM is
stable in free space and on-body model. This is because the
antenna is isolated from the body by the MM.

@ Springer
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Fig.9 The simulated radiation
patterns for the antenna with
and without MM (Phi:0 and
Phi:90); a4 GHz; b 7 GHz; ¢
10 GHz
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Fig. 12 The simulated front to back ratio (FBR) of antenna with and
without MM

3.2 Radiation pattern of antenna
with and without metamaterial structure

The simulated radiation patterns for the antenna with and
without MM are shown comparatively in Fig. 9. These
results showed that the back radiation of the MM inte-
grated antenna decreased and thus, the directivity of the
antenna is increased.

3.3 Realized gain, total efficiency and FBR
of antenna with and without metamaterial

In Fig. 10, the simulated realized gain versus frequency
graph of the antenna is given comparing antenna with
and without MM. It is obvious that the antenna with MM
has a higher gain than the antenna without MM over the
entire operating frequency band. The realized gain of
the antenna without MM varies between 2.1 and 4.6 dB.
When the MM is integrated below the antenna, the gain
of antenna is above 4.7 dB over the entire operating fre-
quency band. The realized peak gain of the antenna is
significantly increased from 4.6 to 9.1 dB. Hence, the
peak realized gain value of the antenna with the MM was
significantly increased by 98% compared to the peak real-
ized gain value of the antenna without the MM.

The simulated total efficiency versus frequency graph
of antenna with and without MM are shown in Fig. 11.
The total efficiency of antenna with and without MM
varies between 60 and 90% and between 37 and 80%,
respectively, within the operational bandwidth. Its total
efficiency is decreased when the metamaterial is inte-
grated with the antenna. The decrease in efficiency has
increased in resonance frequencies of MM. This reduction
in efficiency can be attributed to impedance matching and
thermal (dielectric and surface wave) losses.

In Fig. 12, the simulated front-to-back ratio (FBR)
versus frequency graph of the antenna is given compar-
atively, with and without MM. The simulated FBR for
the proposed antenna without MM varies between — 4.4
and 11 dB over the entire operating frequency band of
3-16 GHz whereas the simulated FBR for antenna with
MM layers varies between 5 and 26.6 dB. The FBR of
antenna with MM is increased over the entire operating
frequency band. The integration of MM into the antenna
has reduced the backward radiation of the antenna and
increased the forward radiation of the antenna. Thus, it is
clear that after adding the MM to the antenna, the FBR
and gain are significantly increased. These results showed
that, the proposed antenna with MM provides advantages
for WBAN applications.

@ Springer
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Fig. 14 Simulated SAR of the design antenna with MM for 10 g standard; a 4 GHz; b 7 GHz; ¢ 10 GHz

Table2 The SAR analysis summary of wearable antenna [10 g tissue
standard SAR (W/kg)]

Antenna condition  Frequencies
4 GHz 7 GHz 4 GHz
Antenna without 7.34 W/kg  Antenna without 7.34 W/kg
MM MM
Antenna with MM 0.086 W/kg Antenna with MM 0.086 W/kg

3.4 Specific absorption rate (SAR) analysis
of antenna with and without metamaterial

The SAR value of the antenna with and without MM on
the body model was simulated and evaluated according to
the International Commission of Non-Ionization Radiation
Protection (ICNIRP) for Europe’s standards. The antenna
input power is 0.5 W. The distance between the antenna
and the body model was kept constant to compare the SAR
values of the antenna with and without MM. This distance
is 6.9 mm as the sum of the MM and interlayer thickness.
The peak SAR results of the simulation of the only antenna
on the body model are given in Fig. 13. The Simulated
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peak SAR values when the antenna without MM was
placed on the body model are 7.34, 2.04, and 1.21 W/kg
at frequencies of 4 GHz, 7 GHz, and 10 GHz, respectively,
for 10 g of tissue (safety limit is 2 W/kg for 10-g tissue).
As shown in Fig. 14, the simulated peak SAR values when
the antenna with MM was placed on the body model are
0.086, 0.198, and 0.103 W/kg at frequencies of 4 GHz,
7 GHz, and 10 GHz, respectively, for 10 g of tissue. Peak
SAR values of antenna without MM have been observed
to be high according to European standards (safety limit
10 g for tissue 2 W/kg). SAR values of antenna with MM
were observed to be quite low and appropriate to Euro-
pean standards. The simulated peak SAR value of the
antenna with MM is also reduced by 97%, compared to
the simulated peak SAR value of the antenna without MM
(Table 2).

A comparison between the proposed antenna with MM
and reference antennas with MM in literature is given in
Table 3 for the operating frequency bandwidth, flexibility,
footprint, thickness (low-profile), and gain characteristics.
The design presented in the table appears to be very advan-
tageous in terms of gain and bandwidth. The studies in [32,
37, 38], whose gain is slightly higher than the proposed
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Table 3 Comparison of proposed and reference antennas with MMs

References Operating band (GHz) Substrate type MM dimensions (mm) Thickness of Antenna Peak Gain (dB/dBi)
(flexible/rigid) with MM (mm)
[40] 2.4 1SM Flexible 50x50x%3 9.5 4.12 dBi
[41] 2.3-3/4-5.3 Flexible 77x87x4 8 7.3dB
[42] 2.45/5.5 Flexible 102x102%x3 7 5.2dB
[37] 3.5-7 N/a 90x90x3 31.8 10.6 dB
[32] 5.75-14.51 Rigid 50x80x2.4 4 10.65 dBi
[33] 5.7-11 Flexible 46x46%3.5 5.8 8 dBi
[39] 4.2-8.1 Rigid 88x75%3.2 5.78 7.9 dB
[38] 2.6-12 Rigid 72Xx72%3.2 14.8 9.9 dBi
[43] 2.45/5.8 Flexible 42x63 8 7.8 dB
[34] 2.5-13.8 Flexible 52.5%52.5%5 20 9dB
Proposed 3.5-124 Flexible 91x105%3.6 7.9 9.1dB

design, are unsuitable for wearable antennas since they are
rigid (additionally [39]) and high-profile structures. Other
studies in [33, 34, 40—43] are presented by the authors for
wearable applications. The study in [34] has a wider band-
width than the proposed design, but it is the biggest disad-
vantage for wearable applications due to its relatively high-
profile construction. As can be seen from the ref [32, 34,
38], it is very difficult to design low-profile UWB antenna
with integrated MM. The proposed antenna offers advan-
tages in terms of bandwidth, footprint, low profile and gain
than wearable Ref. [33, 40—43], Ref. [42], Ref. [34, 40, 41,
43], Ref. [33, 34, 40-43], respectively. Since the proposed
antenna is within the thickness and footprint dimensions of
the antennas offered by the authors for WBAN, its slightly
larger dimensions will not be a huge problem. The table
reveals that especially when all of these characteristic fea-
tures are evaluated together, the proposed antenna is a better
performance according to the previously proposed antenna
structures.

4 Conclusions

In this study, an ultra-wide band low-specific absorp-
tion rate (SAR) flexible metasurface-enabled wearable
antenna is proposed. The results of the simulated and
measured impedance matching performance reflection
coefficient parameter have shown that the planar antenna
with MM in free space has a wide frequency bandwidth,
which covers the UWB frequency band. A MM structure
is designed to increase the radiation performance param-
eters of the antenna and to reduce the interaction between
the human body and the antenna. The impedance match-
ing characteristics and SAR values of designed antenna
with and without MM have been successfully obtained
with CST simulation program in free space and on the

body. Especially on the side of the low frequency band, the
directivity of the antenna is increased and due to this, the
back radiation and SAR values have decreased. Moreover,
when the antenna is placed on the MM, it provides a stable
impedance matching in free space and on the body. Peak
SAR values are well below the 2 W/kg European safety
limitations. The simulated maximum SAR value of the
antenna with MM is also reduced by 97%, compared to
the simulated maximum SAR value of the antenna without
MM. The realized peak gain of the antenna is significantly
increased from 4.6 to 9.1 dB by the MM. As a result of this
study, MM integrated compact, UWB, low SAR, and high
directivity flexible wearable antenna has been successfully
designed and fabricated for WBAN applications. These
features provide significant advantages for WBAN applica-
tions. It is evaluated that the study and its results will make
a significant contribution to the literature for the UWB
MM antennas and shed light on the antenna designers.
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