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In this paper, a low-profile wearable antenna with metamaterial (MM) for wireless body area network (WBAN)
applications is presented. The designed antenna with MM operates in the ultra-wideband (UWB) between 4.55
and 13 GHz and it has a thickness of 4.68 mm. To the best of our knowledge, it is the lowest thickness reported in
the literature for UWB antennas with MM. The proposed is designed and manufactured using fully flexible
textiles. The designed antenna was simulated in free space and on the human body model. Simulation results
show that gain, directionality, and front-to-back ratio of the antenna increase considerably with the placement of
the MM. Also, in simulations, it is found that the specific absorption rate (SAR) values for the designed antenna
reduce by 98.3% when MM is used. These SAR values calculated for the designed antenna with MM are well
below the limits defined in European standards. The designed antenna and metamaterials were manufactured,
too, and scattering parameters were measured. Measurement results are in good agreement with the results
found in the simulations. It shows that the proposed antenna is very suitable for use in WBAN applications due to
its low thickness, having low SAR, and UWB operation.

1. Introduction

Recently, wearable textile antennas have attracted great interests of
researchers from both academia and industry because of wide range of
their usages as a part of wireless body area network (WBAN) systems
such as in sport, security, health, and military applications [1]. Wear-
able textile antennas are preferred to be used in WBAN applications
because they offer important advantages that include having low cost
and low production complexity, being lightweight, providing high
flexibility, and easy integration into the garment [2]. Lately, various
flexible and textile wearable antenna configurations such as planar
monopole [3,4], planar inverted-F shaped [5,6], fractal [7], reconfig-
urable [8], and substrate-integrated wave guide (SIW) [9] antennas
have been proposed in literature. However, these antennas suffer from
either narrow bandwidth or low gain. For WBAN systems usually it is
preferred to operate on ultra-wideband (UWB) frequency spectrum that
was determined by the Federal Communications Commission (FCC) in
2002 [10].

* Corresponding author.

In wearable antenna designs textiles are good choices to be used as
substrate because of their low dielectric permittivity, which increases
the antenna impedance bandwidth [11,12], and among various fabrics
felt [3,9] and denim [12-15] are widely used types. In addition, using a
partial ground plane at the back of the substrate impedance bandwidth
is further increased. In our designed antenna, to increase the bandwidth
we also used felt as substrate material and placed a partial ground plane
at the back of the substrate. On the other hand, another problem
observed while usage of wearable antennas is low gain. These antennas
are generally designed for use on a body. However, antenna perfor-
mance values such as directionality, gain and efficiency degrade when
the antenna is in close proximity to the body. Moreover, with placement
of an antenna on a body, electromagnetic waves radiated from the an-
tenna penetrate more into the body that results in increased system
specific absorption rate (SAR) value. To prevent interactions between
the antenna and the body one method is to integrate metamaterial (MM)
structures at the back of the antenna. MM structures are used as re-
flectors to improve the performance and reduce the overall thickness of
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the traditional patch antenna for single-band [14,16], dual band
[5,7,12,15,17], and wideband usages [6,18-20]. Besides, in literature
there are designs where MM structures are not used as reflectors, but
they are used as electromagnetic coupling prohibitive between antennas
and inductive surface [21,22].

In this study, to overcome aforementioned problems, a wearable full-
textile UWB antenna made of felt substrate and nickel-copper-polyester
conductor fabric tape that are placed on a partial ground plane inte-
grated with designed MM structure at the back is introduced for WBAN
applications. The designed antenna with the MM structure has 4.68 mm
thickness, which is the lowest thickness reported in literature for UWB
antennas with a MM until now. Performance of the designed low-profile
antenna was first investigated with comparative three-dimensional (3D)
electromagnetic (EM) simulations with and without the MM at the back
of the antenna in free space and on human body model. Results show
that, with placement of the designed MM structure at the back of the
antenna performance parameters of gain, directionality, and front-to-
back ratio (FBR) improve substantially, whereas interaction between
fields radiated from the antenna and the human body is prevented. The
designed antenna and the MM structure were successfully manufac-
tured, and measurements were obtained, too. Measurement results are
in good agreement with the results found in simulations. The proposed
antenna with MM structure promising to be used for WBAN applications
is proved to operate in ultra-wide frequency band with a very low SAR
value while having very small thickness despite its complete flexibility.

2. Antenna and metamaterial structure design
2.1. Antenna design

We started our designs with the antenna part. The antenna is located
on a felt substrate in sizes of 80 mm length, 61 mm width, and 1 mm
height with a relative permittivity of 1.4 and a loss tangent of 0.04. The
radiator patch and ground plane metallic layers, on the other hand, are
made of 0.17 mm thick nickel-copper-polyester tape with an approxi-
mate conductivity of 1.18x10° S/m. Structure of the designed wearable
microstrip antenna and its geometrical parameters are shown in Fig. 1
(a) from front and back views. In the figure, substrate and metallic layers
are represented with red and magenta, respectively. Also, connector in
contact with the feed line is shown with yellow color. As seen, the an-
tenna consists of a hexagonal radiating patch and a microstrip feed on
the front side of the felt substrate. The hexagonal radiator patch ge-
ometry of the proposed antenna has been presented and investigated
before in literature [3]. However, at the back side of the substrate there
is a rectangular ground plane and a circular parasitic patch, which
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increases the antenna bandwidth.

In Fig. 1(a), length and width of the substrate are depicted with Lg
and Wy, respectively. Similarly, length and width of the antenna are
labeled as L, and W), respectively. Also, Wf and L¢ stand for width and
length of the feed line, respectively, and w and 1 represent lengths of
straight edges of the hexagonal antenna geometry at the top and side. On
the other hand, at the back side of the antenna width and length of the
rectangular ground plane are pointed out with Wy and Lg, respectively.
Also, r and g stand for radius of the circular parasitic patch and distance
between the rectangular ground plane and the circular parasitic patch,
respectively.

All the geometrical parameters of the antenna that are represented in
Fig. 1(a) were optimized by means of an electromagnetic simulation tool
by taking into account the antenna bandwidth. After that, the antenna
was manufactured with sizes equal to optimum antenna geometries. The
optimized antenna parameters are given in Table 1 and the manufac-
tured antenna with optimum sizes is illustrated from front and back
views in Fig. 1(b). As seen in the table, width of the feed line (W¢) is 3.85
mm, which enables characteristic impedance of the microstrip feed line
to be equal to 50 Q in the operating frequency band.

2.2. Metamaterial structure design

After optimizing the antenna, we designed MM structure and inte-
grated it to the back of the antenna to reduce the interaction between the
antenna and a human body. In the designed system while constructing
the MM structure reflection coefficient, i.e., S;; parameter, over the
whole UWB operation frequency band is the main concern. In the design,
felt material having a thickness of 1 mm is placed between the MM and
the antenna as a spacer for fixing the distance and preventing electrical
contact between the MM and the antenna. Fig. 2(a) shows the cross-
section view of the antenna with the MM. As seen in the cross-section
view, the MM structure consists of three layers that are two metallic
(metasurface and ground plane) layers and a dielectric substrate be-
tween them. As in the antenna design, in the MM structure nickel-
copper-polyester fabric and felt fabric are used for the metallic layers
and the dielectric substrate, respectively. However, different from the
antenna felt and felt spacer, felt fabric used in the MM structure has 2
mm thickness. The MM cell sizes have been optimized with simulations.
Fig. 2(b) shows the detailed geometry of the proposed metasurface
structure that consists of square shape unit cells with a number of 49 in
total aligned in a 7x7 square lattice. The reason for choosing a square
shape lattice for the metasurface is its ease of production. As seen in the
figure, width (W) and length (L4) of the MM structure equal to 100 mm,
whereas each metasurface cell has 10 mm side lengths, i.e., both W, and

(b)

Fig. 1. (a) Proposed antenna architecture from front and back views together with its geometrical parameters, (b) photos of the manufactured antenna with optimum

sizes from front and back views.
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Table 1
Optimized geometric parameters of the proposed antenna (mm).
W, Ls W, L, w 1 We L W, L r g hsub
61 80 33 30 13 10 3.85 335 61 33 13 0.5 1
[Lm:10m:
Antenna patch LonOan
Antenna ground Wm:10
& Conductive fabric ~ Ls:100x Lot
Metasurfaces layers t:0.17 mm
MM gruond
Ws:100mm >

@

(b)

(©)

Fig. 2. (a) Side view of the proposed structure, where antenna structure consisting of patch, felt and ground from top to bottom is placed at top and spacer is
sandwiched between the antenna and the metamaterial structure that includes metasurfaces, felt and ground layers from top down, (b) proposed metasurface
structure consisting of 49 metasurface cells in total that are aligned in 7x7 square lattice together with detailed cell geometry in inset, (c) fabricated prototype of the

designed MM structure.

Ly, are 10 mm, and these unit cells are 0.6 mm (Lgy,) apart from each
other. Fig. 2(c) shows the manufactured prototype of the MM structure.
On the ultra-wide frequency band between 1 GHz and 15 GHz calculated
in simulations for the optimized MM structure, the variation of the
reflection phase is given in Fig. 3(a). In Fig. 3(b), on the other hand, the
simulation model expressing the boundary conditions of the unit cell is
shown. Because of periodic placement of the metasurface cells periodic
boundary condition is used in the simulations.

In addition, the designed MM structure was simulated, and the
permeability, permeability, and hence refractive index values of the
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structure calculated from the calculated S-parameters were calculated
on the working frequency band of the antenna. Variations of real and
imaginary parts of permittivity, permeability, and refractive index
calculated for the designed MM structure are shown in Figs. 4-6,
respectively. As seen in Fig. 4, there is a resonance of permeability in
frequency around 11.5 GHz. On the other hand, the real part of the
permittivity is negative at frequencies lower than 6.8 GHz approxi-
mately. At frequencies between 6.8 GHz and 11.5 GHz real part of the
permittivity is positive and after 11.5 GHz it again falls below 0. In short,
the designed MM structure has a negative real part of the permittivity at

Floquet
Port 1

Unit
cell

A

Floquet
Port 2

(b)

Fig. 3. (a) The reflection phase angle variation versus frequency, (b) The simulation model expressing the boundary conditions of the unit cell.
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Fig. 4. Change of imaginary and real parts of effective permittivity of the designed MM structure with frequency calculated by using S-parameters found in

simulations.
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Fig. 5. Change of imaginary and real parts of permeability of the designed MM structure with frequency calculated by using S-parameters found in simulations.

frequencies below 6.8 GHz and above 11.5 GHz. Similarly, in Fig. 5, the
imaginary part of the permeability is 0 in the whole frequency band
except the very narrow frequency band around 6.8 GHz. At this fre-
quency, permeability has resonance behavior. On the other hand, the
real part of the permeability is positive at frequencies lower than 6.8
GHz and it is negative at frequencies above 6.8 GHz up to 11.5 GHz. If
Figs. 4 and 5 are compared it is seen that at frequencies lower than 6.8
GHz and bigger than 11.5 GHz real part of the designed MM permittivity
is negative and at frequencies between 6.8 GHz and 11.5 GHz real part of
the designed MM permeability is negative. In other words, either real
part of the designed MM permittivity or real part of the designed MM
permeability is negative in the whole frequency regime spanning from 1
GHz till 15 GHz. This is an expected result and justifies the structure
used as a metamaterial.

3. Simulation and measurement results
3.1. Reflection coefficient results

The analyses were started with simulations of the designed antenna
without the MM structure behind it. Reflection coefficient (S11) of the
antenna was calculated by means of a 3D EM simulation software. After
the simulations, measurements were obtained with the prototype an-
tenna by using vector network analyzer (Rohde Schwartz ZNB). Varia-
tion of the S;; values with frequency calculated and measured in the
UWB frequency region is shown in Fig. 7. Despite the slight changes in
the reflection coefficient at some frequencies and the shifts in resonance
frequencies, still there is a good match between the calculated and the
measured coefficient values. In addition, more importantly, impedance
bandwidth (S;; < —10 dB) covering the UWB frequency region is
maintained in both the simulation and measurement. In Fig. 7, from the
measurement results it is seen that the antenna has a wide frequency
band spanning from 1.9 GHz to 13.4 GHz.

After that, the simulations and measurements of the antenna were
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Fig. 6. Change of imaginary and real parts of refractive index of the designed MM structure with frequency calculated by using S-parameters found in simulations.
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Fig. 7. Change of S;; parameter calculated in simulations and measured in experiments with frequency for the designed antenna without the MM structure behind it

in free space.

then repeated with the MM structure placed behind the antenna as
shown in Fig. 2(a). Fig. 8 shows the measured and simulated Si;
reflection coefficient parameter of the proposed antenna with the MM. It
is clear from the S;; curves that the antenna with the MM structure has a
wide operating bandwidth in the UWB frequency region. While the
simulated impedance bandwidth in which Sj; is lower than or equal to
—10 dB extends from 3.55 GHz to 13 GHz, in measurements the
impedance bandwidth starts approximately from 3.7 GHz and ends at
13 GHz. The measured S;; parameter has partial overruns above —10 dB
in the frequency range from 3.95 to 4.55 GHz, but the maximum S;;
value is below —6.8 dB. Fig. 8 shows that although the bandwidth of the
designed antenna integrated with the MM at its back is slightly nar-
rowed, it still has a wide bandwidth, i.e., 8.45 GHz frequency bandwidth
spanning from 4.55 GHz till 13 GHz, in the UWB frequency regime.

In addition, reflection coefficient calculations were repeated by
removing circular parasitic patch from the antenna ground at its back.
However, other parts of the design including the MM structure still exist
without any change. By this way, it is aimed to observe parasitic patch
effect on antenna performance. For easy comparison, in Fig. 9 variation

of S1; parameter for the designed antenna without the circular parasitic
patch on the antenna’s ground is shown together with the variation of
S11 parameter for the designed antenna with the circular parasitic patch
on its ground. In the figure, it is seen that while the S;; value is above
—10 dB in the frequency range of 3.87 GHz and 4.12 GHz for the antenna
without a circular parasitic patch on the MM structure, this value has
fallen below —10 dB with the integration of the parasitic patch. There-
fore, the use of the parasitic patch increased the designed antenna
bandwidth.

3.2. Realized gain, FBR and radiation pattern results

After obtaining reflection coefficient simulations and measurements,
similar analyses were done for the maximum realized gain, FBR, and
radiation pattern of the designed antenna with and without the MM
structure placed behind the antenna. Maximum realized gain of the
proposed antenna with and without the MM structure at the back of the
antenna calculated in the simulations over the operating frequency band
are shown in Fig. 10. In the figure it is seen that except at some
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Fig. 8. Change of S;; parameter calculated in simulations and measured in experiments with frequency for the designed antenna with the MM structure behind it in

free space.
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Fig. 9. Change of S;; parameter calculated in simulations with frequency for the designed antenna with and without the circular parasitic patch on the antenna’s

ground but with the MM structure at the back.

frequencies in the operating frequency band the maximum realized gain
of the antenna increases with placement of the designed MM structure to
its back. However, at frequencies in the range of 8.9 GHz and 10.4 GHz
gain of the antenna with the designed MM structure at its back falls
below the gain of the antenna without the MM structure at its back. The
decrease in the maximum realized gain of the antenna in the frequency
range of 8.9 GHz and 10.4 GHz is because of the specified frequency
range being outside the effective frequency range of the designed MM
and the existence of the felt spacer between the antenna and the MM
structure. Effective frequency range of the MM is the frequency range at
which reflection phase is between —90° and +90° (see Fig. 3(a)).
Nevertheless, realized gain of the designed antenna with the MM
structure at its back is calculated to be minimum 1.4 dBi at 10.1 GHz
frequency.

In Fig. 11, on the other hand, variations of the FBR value over the
ultra-wide operating frequency band calculated in the simulations for
the proposed antenna with and without the MM structure in free space
are presented. From the curves it is observed that as the designed MM
structure is integrated to the back of the antenna, the FBR value

significantly increases over the entire operating frequency band, which
is due to increased antenna directivity and reduced back radiation. As
seen in the figure, the FBR value of the proposed antenna without the
MM structure in the operating frequency band varies between —1.85 dB
and 7 dB, whereas the FBR value of the proposed antenna with the MM
structure at its back ranges between 16 dB and 23.5 dB.

Furthermore, far-field radiation patterns of the proposed antenna
with and without the MM structure in free space calculated in simula-
tions at 4, 7.5 and 10.5 GHz frequencies are presented in polar coordi-
nate system in Fig. 12. If the radiation patterns in each subfigure are
compared, it is seen that the directivity increases, and the back radiation
decreases with placement of the designed MM structure to the back of
the antenna. As a result, less EM waves impinge on and absorbed by the
body.

3.3. On body performance of the antenna with and without the MM
structure

When a wearable antenna is used on a human body, part of
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Fig. 11. Change of the FBR value with frequency calculated in simulations for the designed antenna with and without the MM structure behind it in free space.

electromagnetic energy radiated from the antenna is absorbed and part
of it is reflected by the body. Therefore, it is necessary to figure out
performance change of the designed antenna and its effects to the
human body in the case of on body usage. Human body is modelled as
cubic body model in the simulation software, and we used this model in
our simulations. The body model is shown in Fig. 13. As seen in the
figure, the body model consists of 4 layers of human body tissues that are
skin, fat, muscle, and bone from outer side to inner. The skin, fat,
muscle, and bone layers are 1.7 mm, 8 mm, 10 mm, and 3.3 mm thick,
respectively, and the modeled geometry has sizes of 120 mm, 130 mm,
and 23 mm in total. The layer thicknesses in the modeled body are the
same with those reported in literature [23]. In addition, in simulations,
the material density and dielectric constant values of body tissues are
taken from the values defined in the material library of the CST (2014)
software. Material density and dielectric constant values used in the
simulations at various frequencies are given in Table 2. As seen, both
real and imaginary parts of dielectric constant values of the body tissues
change with frequency.

We placed the designed antenna and the MM on the human body
model and obtained simulations. To investigate effect of the proposed
MM structure simulations were repeated without the MM structure be-
tween the designed antenna and the body model. For fair comparison, in

both cases, i.e., with and without the MM structure, the distance be-
tween the antenna and the body model was kept being constant at 3.34
mm. In addition, we obtained measurements with the manufactured
antenna prototype and the prototype of the MM structure. In our ex-
periments, we placed the designed antenna and the MM on our body.
The distance between the antenna and our body in the experiments is
3.34 mm (see Fig. 2(a), where total thickness of the spacer felt, meta-
surfaces, MM felt, and MM ground equals to 3.34 mm), which is the
same with the distance between the antenna and the body model in the
simulations. As in the simulations, we also repeated the measurements
with and without the prototype MM structure. Again for fair compari-
sons, in the experiments without the MM structure distance between the
antenna and our body is set to be equal to 3.34 mm. Change of S;; pa-
rameters with frequency calculated in the simulations and measured in
the experiments for the designed antenna in free space and on body
model with and without the MM structure are shown in Figs. 14 and 15,
respectively. In Fig. 10 it is observed that, despite shifts in resonance
frequencies and changes in S;; values, the ultra-wide operating fre-
quency band of the designed antenna without the MM structure main-
tains in the case of on body usage. In Fig. 15, on the other hand, changes
between the graphs of free space and on body cases are lower than those
exist in Fig. 14. This is because of the fact that when the designed
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Fig. 12. Far-field radiation patterns of the designed antenna with and without the MM structure at its back in polar coordinate system at different angels (Phi:0 and
Phi:90) calculated in simulations at a frequency of (a) 4 GHz, (b) 7.5 GHz, and (c) 10.5 GHz.

antenna is used with the MM structure behind it, the antenna is isolated
from the body by the designed MM structure.

Finally, to investigate the effect of antenna radiation on a human
body SAR values of the designed antenna with and without the MM
structure were calculated at frequencies of 4, 7.5, and 10.5 GHz. SAR is a
measurement that determines the rate of energy absorbed by the human
body due to exposure to the radio frequency (RF) electromagnetic field.
SAR is expressed as the absorbed power per unit tissue mass and its unit

is W/kg [24]. In general, it is averaged over a small sample volume or
over the entire body. However, in wearable antenna applications the
whole-body average is not taken into account in the SAR value calcu-
lations. SAR is used to measure the level of exposure to body areas in the
RF frequency ranges between 100 kHz and 10 GHz [25]. In the calcu-
lations antenna input power is set to be 0.5 W in accordance with the
IEEE C95.3 standards. Also, in the simulations cubic human tissue model
(see Fig. 12) with 10 g mass, which is a standard value, is used. The
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Fig. 13. Perspective view of cubic body tissue model used in the simulations.
Here, 4 layers of the body tissues are represented with different colors and they
are labeled. Also, thickness of each layer is indicated by an arrow and the
thickness values are written on the arrows.

safety limit is 2 W/kg for a 10 g tissue. SAR values of the proposed an-
tenna calculated in simulations for 10 g human body tissue at different
frequencies with and without the designed MM structure at the back of
the antenna are illustrated in Figs. 16 and 17, respectively. In Fig. 16 itis
seen that the maximum SAR value of the antenna without the MM
structure is found to be 6.27, 2.23 and 1.94 W/kg at frequencies of 4
GHz, 7.5 GHz, and 10.5 GHz, respectively. These SAR values exceed the
2 W/kg limit set for a 10 g tissue in European standards. In Fig. 17 on the
other hand, the maximum SAR value of the antenna with the designed
MM structure is calculated to be 0.067, 0.107 and 0.070 W/kg at fre-
quencies of 4 GHz, 7.5 GHz, and 10.5 GHz, respectively. These SAR
values are very low compared to the values found for the antenna
without the MM structure, and they are in compliance with the Euro-
pean standards.

The proposed antenna design with the MM structure is compared

Table 2

AEUE - International Journal of Electronics and Communications 126 (2020) 153465

with the antennas reported in literature in Table 3 in terms of operating
frequency bandwidth, flexibility, dimensions, and gain characteristics.
In a wearable antenna, all of these parameters and characteristics are
very important. As seen in the table, our designed antenna has the lowest
thickness. Although footprint of a wearable antenna is important, its
thickness is one of the main concerns in design and usage. Among the
antennas that are compared with our design in the table, the antennas
reported in [20,26,27] have thickness closest to the thickness of our
designed antenna. However, operating frequency bands of these an-
tennas are much narrower than the frequency band of our designed
antenna. The antennas mentioned in [28] and [29] have operating fre-
quency bands that are comparable with or wider than the frequency
band of our designed antenna. However, these antennas have high
profile structures, i.e., with thickness of 14.8 mm and 20 mm, and they
are not suitable to be used as wearable antennas. As far as we know,
4.68 mm thickness of the designed antenna with MM structure at its
back is the lowest thickness reported in literature for UWB full-textile
wearable antennas with MM structure. As can be seen from the refer-
ence studies, it is not easy to design a low profile UWB antenna with an
integrated MM structure. Therefore, because of its low profile, being
manufactured by fully textile materials that enables complete flexibility,
and UWB operating frequency regime, the designed antenna with MM
structure provides a significant advantage for wearable antenna appli-
cations. In addition, as seen in the table, 6 dBi peak gain of the antenna is
high enough for wearable antenna applications compared to the studies
exist in literature.

4. Conclusion

In this study, an UWB low-profile wearable antenna with MM
structure at its back is proposed for WBAN applications. The designed

Material density and dielectric constant values of the human body tissues used in the simulations.

Tissue Density (kg/m>) Dielectric Constant
4 GHz 7.5 GHz 10.5 GHz
Real Part Imaginary Part Real Part Imaginary Part Real Part Imaginary Part
Skin 1100 35.3 10.5 30.6 9.4 28.4 8
Fat 910 5.1 0.83 4.6 0.8 4.4 0.8
Muscle 1041 50 13.07 43.3 15.2 38.8 14.6
Bone 1850 10.3 3.3 8.5 3.2 7.4 2.6
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Fig. 14. Change of S;; parameter calculated in simulations and measured in experiments with frequency for the designed antenna without the MM structure behind

it in free space and on body.
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Fig. 16. SAR values of the designed antenna without the MM structure at its back calculated in simulations for 10 g human body tissue at a frequency of (a) 4 GHz,

(b) 7.5 GHz, and (c) 10.5 GHz.
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Fig. 17. SAR values of the designed antenna with the MM structure at its back calculated in simulations for 10 g human body tissue at a frequency of (a) 4 GHz, (b)

7.5 GHz, and (c) 10.5 GHz.

antenna has hexagonal geometry at its top side responsible from radi-
ation. On the other hand, at the back side of the antenna there are
rectangular shape ground plane and circular parasitic patch, which
decrease back radiation and increase FBR value of the antenna while
allowing large bandwidth. In addition, to further decrease back radia-
tion of the antenna and increase its directivity MM structure consisting
of metasurface cells aligned in a square lattice is proposed and imple-
mented to the back of the antenna. The designed antenna and the MM
structure are both made of full-textile materials. Performance of the
designed antenna was investigated with the simulations and

10

measurements both with and without the MM structure. Results show
that the designed antenna with the MM structure at its back has an ultra-
wide impedance bandwidth of 8.45 GHz extending from 4.55 GHz to 13
GHz in the UWB frequency regime. Also, from the results it is observed
that the gain, directivity, and FBR of the antenna increase by imple-
menting the designed MM structure to the back of the antenna. In the
simulations far-field radiation patterns of the antenna at different fre-
quencies with and without the MM structure at its back were calculated,
too. From the pattern graphs, it is deduced that the directivity increases
and the back radiation decreases with placement of the designed MM
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Table 3

Operating frequency band, substrate type, dimensions, and peak gain of our
proposed antenna design with the MM structure at its back and the wearable
antennas reported in literature.

Ref. No Operating Substrate Size of Thickness of ~ Peak
frequency type Antenna Antenna Gain
band (GHz) (flexible/ with MM with MM (dB/

rigid) (mm?) (mm) dBi)

[30] 2.4 ISM Flexible 50 x 50 9.5 4.12

dBi

[31] 2.3-3/4-5.3 Flexible 77 x 87 8 7.3dB

[26] 2.4-25 Flexible 100 x 100 6.5 2.42

dB

[32] 2.45/5.5 Flexible 102 x 102 7 5.2 dB

[20] 1.85-3.15 Flexible 84 x 6.5 3.38

162.25 dB

[27] 5.7-11 Flexible 46 x 46 5.8 8 dBi

[28] 2.6-12 rigid 72 x 72 14.8 9.9

dBi

[12] 2.45 /5.8 Flexible 42 x 63 8 7.8 dB

[29] 2.5-13.8 Flexible 52.5 x 20 9dB

52.5
Proposed  4.55-13 Flexible 100 x 100 4.68 6 dBi

structure to the back of the antenna which results in less EM waves
impinging on and absorbed by the body during on body usages of the
antenna.

Furthermore, to investigate radiation effect of the designed antenna
on a human body SAR values of the antenna with and without the
designed MM structure at its back in free space and on the body model
were calculated at different frequencies. It is seen that the peak SAR
values decrease substantially with placement of the MM structure
behind the antenna such that the decrease was calculated to reach
98.3%. The peak SAR value of the designed antenna with the MM
structure on the body model was calculated to be. 0.067, 0.107, and
0.070 W/kg at frequencies of 4 GHz, 7.5 GHz, and 10.5 GHz, respec-
tively. These SAR values are very low compared to the maximum SAR
limit of 2 W/kg identified in the European standards for 10 g tissue. In
addition, on body simulations and experiments demonstrate that the
designed antenna with the MM structure at its back maintains ultra-wide
operating impedance bandwidth in UWB frequency region.

The proposed system structure that consists of the designed antenna
and the MM structure have very low profile. As far as we know, 4.68 mm
thickness of the designed system is the lowest thickness reported in
literature for UWB full-textile wearable antennas with MM structure. We
believe that with all these advantages including having very low profile
and low SAR, manufactured by fully textile materials that provides
complete flexibility, and operating on ultra-wide frequency band, the
designed antenna with the MM structure at its back is promising to be
used for WBAN applications.
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