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Abstract—In this paper, we present a wideband planar E-
shaped textile antenna and study its performance numerically and
experimentally. The textile material and radiation patch shape provide
the antenna a wide working band (2.25 GHz-2.75GHz). A digital
human model is established to numerically analyze the affect of
human body on antenna. Experiments are carried out to study the
performance changes of antenna in different states which may be
experienced in the potential applications. These states are antenna
on human body, antenna getting bent, and antenna after getting wet.
The simulated and measured results in free space and on human chest
show good agreement with each other. From the study it is also found
that the textile antenna’s performance does not get deteriorated in
these states. Therefore, the wideband planar E-shaped textile antenna
is suitable for body-centric wireless communications with high quality.

1. INTRODUCTION

With the development of body-centric wireless communications [1-5],
more and more communications systems contain antennas integrated in
clothing, called wearable antennas [6-9]. Wearable antennas are mainly
divided into three types, hard dielectric substrate antenna with low
profile and small area [10-12], flexible antenna with substrate of foam
or flexible PCB (printed circuit board) [13-17], and textile antenna [18—
23]. Hard dielectric substrate antennas are usually restricted by
antenna area and antenna form, and operating bandwidth is often
difficult to achieve the requirement. Flexible antennas with substrate
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of foam or flexible PCB are difficult to be integrated well with clothing,
and the area of the antenna cannot be too large. Textile antenna means
that the conductive or non-conductive material of antenna adopts
fabric material. This type can be well integrated with clothes and is not
restricted by the antenna area, which can bring more freedom to design,
so it has the most potential for wearable antennas. There are several
papers focusing on textile patch antenna. Hertleer et al. presented a
aperture-coupled method [24] for textile antenna feed, and Locher et
al. adopted direct edge feed method [25]. The two methods have to
use textile microstrip line inevitably, which increases the possibility of
interference from the human body, and the textile microstrip line needs
to be connected to coaxial via SMA connector eventually, which also
brings instability to the feed. Actually, probe feed may be a better
choice for textile patch antennas before the more advanced textile
transmission technology appears. This paper will adopt probe feed
method for textile patch antenna.

The design and manufacture difficulties of textile antenna are as
follows: 1) Compared to lithography printed antenna, the manufacture
accuracy of textile antenna is very low. 2) The shape change of
textile antenna is unpredictable, which may lead to a drift of work-
band and deterioration of radiation performance. 3) The antenna is
located in the proximity of human body, which may have a greater
impact on the antenna. Therefore, the requirements of a good textile
antenna are low demand for manufacture accuracy, wide band, and
insensitive to human body. Based on the above analysis. This paper
presents a wideband E-shaped patch textile antenna to meet the
above requirements. Compared to other forms of patch antenna, E-
shaped structure is relatively simple and easy to manufacture. The
size of the antenna is large enough to reduce dimensional accuracy
requirement. The work-band of E-shaped patch textile antenna is
2.25 GHz-2.75 GHz, which covers the 2.45 GHz ISW band and the
work-band of the forth generation mobile system in China: Time
Division Long Term Evolution (TD-LTE). From the plan of Ministry
of Industry and Information Technology, the band of 2.32 GHz-
2.37GHz is used for TD-LTE coverage indoor, and the band of
2.57 GHz—2.62 GHz is used for TD-LTE coverage outdoor. The antenna
bandwidth is about 20% with a center frequency of 2.5 GHz. So even
the working band of the antenna drifts. The antenna can also work at
some required frequency, and the shielding effect of the antenna ground
reduces the body effect on antenna.

The antenna is located in proximity of human body, so it is
necessary to consider the interaction between the human body and
the antenna [26-30]. Finite-difference time-domain (FDTD) method is
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a direct time-domain method to solve Maxwell’s Equations [31], which
is suitable for dealing with the complex and highly inhomogeneous
human body. However, a high spatial resolution is often required for
the description of the antenna’s small geometrical features. Therefore,
considering the size of human body and a uniform meshing for the
whole FDTD domain, the human body will be a large oversampling
area, and the computation time and memory requirements will increase
greatly. For such a multi-scale problems, a numerical technique based
on the surface equivalence theorem is adopted to characterize on-
body antennas [32]. This method divides the original problem into
two sub-problems, each characterized by a different mesh. Then the
equivalent principle is used on the surface of two sub-problems to
reduce the reflection from interface. Hence, for the first, this paper
adopts equivalent principle FDTD method to analyze the wearable
antenna with an accurate human digital model [33].

The rest of this paper is organized as follows. Section 2 shows a
wideband planar E-shaped textile antenna and introduces a numerical
analysis method. Section 3 presents some numerical results and their
comparison with measurement in different states. Section 4 draws a
conclusion.

2. ANTENNA DESIGN AND NUMERICAL METHOD

2.1. Antenna Design and Prototyping

In order to design a patch textile antenna, a selection of
suitable conducting and non-conducting textile materials is required.
Conducting material is applied to both the patch and the ground plane,
while non-conducting textile is needed for the antenna substrate layer.
For the antenna substrate, a fleece fabric is chosen because of its high
thickness and a low permittivity of 1.14, which are excellent properties
for textile antenna design. The three fleece fabric layers are stitched
together in order to ensure a well-defined substrate thickness and to
keep the antenna conformal when it is bent, which has a thickness of
10 mm and provides an adequate antenna bandwidth. The conducting
material is self-adhesive copper foil tape from Shenzhen JUNYE Inc.,
which has a thickness of 0.035 mm and provides low surface resistivity
Rs < 0.039Q/sq. The self-adhesive side makes it easy to fasten the
copper tape to the substrate. This conducting material is chosen also
because of its easy handling such as cutting and sewing.

Since the E-shaped patch antenna was proposed by Yang et al.
in 2001 [35], various forms of improved E-shaped patch antenna have
appeared successively. Salonen et al. presented a dual-band E-shaped
patch wearable textile antenna [36] in 2005, which worked at a double
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resonant frequencies of 2.2 GHz and 3.0 GHz. We makes the two
resonant frequencies closer to form a continuous work-band of 2.25-
2.75 GHz by adjusting the design parameters of the E-shaped patch
antenna. The two resonant frequencies are still visible at 2.38 GHz
and 2.54 GHz, shown in Figure 5. The single-feed planar E-shaped
textile antenna works for short range wireless communication and
personal area networks. As shown in Figure 1, the reasonable size
and simple shape reduce the difficulty of processing of the textile
antenna. Actually, we have made several textile antennas. The
manual processing errors did not have a significant impact on antenna
performance, which shows that the objective of reducing the sensitivity
on the machining accuracy is achieved by rational designing of antenna
size.
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Figure 1. Geometry of planar E-shaped textile antenna.

2.2. Description of the Numerical Method

Consider the problem presented in Figure 2. As it is shown in this
figure, the antenna is located in proximity of human body. For such
a multi-scale problems, the simulation is divided into two FDTD
simulations steps.

The aim of the first step of the equivalent principle FDTD is
recording antenna’s primary radiation by the use of an excitation
recording surface placed around it. Thus the antenna is described using
a fine mesh to describe its geometrical features. Absorbing boundary
condition is adopted to simulate the infinite open space. The field
components on the excitation recording surface are recorded in a data
file for every time step. These records will be used as the excitation
of the next step of equivalent principle FDTD. This step starts at g
and ends at t; when all the electromagnetic energy radiates outside
the excitation recording surface.

The calculation region of the second step of the equivalent
principle FDTD contains the whole problem of both the antenna and
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Figure 2. Equivalent principle Figure 3. Zubal human digital
FDTD principle. phantom.

the human body. It aims at calculating the antenna radiation while
taking into account the coupling effect between the antenna and the
human body. The whole region is described using a coarse mesh to
reduce memory requirement. Absorbing boundary condition located
outside the whole region is adopted to calculate the antenna radiation.
The field components recorded in the first step are used as excitation
source in this step, which is realized by using the total-field /scattered-
field boundary condition on the excitation surface to ensure that only
scattered-field exists inside the excitation surface. This step starts at
to and ends at to generally longer than ¢; to allow the electromagnetic
energy radiates outside the whole region. The Mesh density of the
second step is chosen in order to correctly represent the human body,
but it only provides a coarse description of the antennas. More
specifically, it is not fine enough to simulate the antenna radiation
in the first step, but it is just enough to simulate the reflected signal
received by the antenna in the second step.

Since grid density and time step are inconsistent in the two steps,
an interpolation process of the field component recorded in the first
step is needed before it is used as excitation source in the second step.
It is a fine-to-coarse interpolation process. The spatial interpolation
can be realized by weighted average of the electromagnetic fields of
neighboring grids, and the temporal interpolation can be realized by
weighted average of the electromagnetic fields of adjacent time.

The next is post processing. After the above two steps, we
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Table 1. Permittivity and conductivity of human tissues at 2.5 GHz.

Tissue Er o (S/m)
Skin Dry 38.063 1.4407
Brain White Matter | 36.226 1.1899
spinal cord 30.196 1.0681
Bone Cancellous 18.606 | 0.78761
Muscle 52.791 1.705
Lung Inflated 20.51 0.79022
Heart 54.918 2.2159
Liver 43.118 1.6534
Gall Bladder 57.68 2.023
Kidney 52.856 2.3901
Cartilage 38.878 1.7172
Oesophagus 62.239 2.1671
Stomach 62.239 2.1671
Small Intestine 54.527 3.1335
Colon 53.969 1.9997
Pancreas 57.272 1.9283
Fat 5.2853 | 0.10235
Blood 58.347 2.5024
Bone Marrow 5.3024 | 0.092834
Lymph 57.272 1.9283
Thyroid 57.272 1.9283
Trachea 39.79 1.4206
Spleen 52.546 2.2
Testis 57.629 2.1273
Prostate 57.629 2.1273
Duodenum 62.239 2.1671
Mucous Membrane | 42.923 1.5618
Cerebellum 44.893 2.069
Tongue 52.698 1.7662
Lens 44.681 1.4738
Tooth 11.41 0.38459
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can calculate the reflection coefficient S1; and the antenna radiation
pattern. S7p is calculated as follows:

o Vvtot( ) ZOItot( )
U VD) + Zolia) .
‘/tot(t) — stepl(t) + ‘/stepZ( ) (2)
Itot(t) — stepl( )+Istep2( ) (3)

where Vi (f) and I (f) are the Fourier transform of the
corresponding voltage Vo (t) and current Iy (t) of the feeding point.
The Vit (t) and I, () are the sums of the simulation results of the two
steps. Radiation pattern calculation is completed in the second step,
which is the same as the conventional FDTD method.

In order to accurately predict the effect of the human body on
antenna, the human model should be as accurate as possible. This
paper adopts Zubal Phantom data [33], which is established based on
computer tomography (CT) and magnetic resonance imaging (MRI)
data of two living human males. It is segmented into 88 different organ
types, and the resolution of Zubal Phantom data is 3.6 x 3.6 x 3.6 mm?.
Three-dimensional human model is shown in Figure 3. In order to
show clearly, it draws only brain, eyes, bones, and stomach. In order
to simulate conveniently, the 88 different organ types are attributed to
31 kinds of tissue types, The permittivity and conductivity [34] for the
31 tissues at 2.5 GHz are shown in Table 1.

3. NUMERICAL AND EXPERIMENTAL RESULTS

In this section, we first compare the simulated and measured results
of the antenna in free space and onbody and show the input reflection
coefficient and radiation pattern of the antenna. Secondly, we carry
out measurements with the antenna bent around cylinder and bent on
human arm in order to investigate their potential behavior in wearable
applications. Finally, we carry out measurements to study the antenna
performance changes after getting wet, because this state may appear
in wearable applications.

3.1. Antenna in Free Space and on Human Chest

The antenna reflection coefficients were measured using an HP 8510
Vector Network Analyzer, and the antenna radiation patterns were
measured in the microwave anechoic chamber. The antenna location
on the humanbody is show in Figure 4, which is placed in center of
the body, about 20 cm under the shoulder, and the antenna ground is
about 1 cm from the body surface.
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Figure 4. Antenna location Figure 5. Comparison of the
on human chest. reflection coefficients of antenna in
free space and on human chest.

It can be noticed that the simulated and measured results in
free space show good agreement with each other in Figure 5. The
results show the good impedance matching across the bandwidth of
2.25 GHz-2.75 GHz for the —10 dB reflection coefficient, featuring 20%
bandwidth with a center frequency of 2.5 GHz. The simulated and
measured results on human chest are consistent with each other. The
difference between the two is because the simulation method and
simulation model are not precise enough, and the measurement and
simulation models cannot be fully consistent with each other. By
comparing the antenna performance in free space and on human body,
we can see that the presence of the human body acts as a load and
slightly affects the impedance matching. The change in reflection
coefficient can be due to both the impedance matching and the power
absorption by the human body. Due to the isolation effect of the
antenna’s ground, the effect of human body on antenna is very small,
which is also consistent with our design expectations.

Figure 6 shows the distribution of the radiation pattern in free
space and around the human chest in the horizontal plane at 2.3, 2.5,
and 2.7 GHz. It is clear that the measurements agree well with the
simulation results. We observe only small differences. The measured
gain is about 2dB lower than the simulated result, because the actual
antenna efficiency is less than the lossless simulated antenna, which
is probably caused by manufacturing imperfections and material loss.
The measured gains in free space are between 8 dB and 9 dB, which is
similar to the results in [24]. When comparing the radiation patterns
in free space and on human chest, we find the shielding effect provided
from the metallic ground plane minimizes the absorption of the energy
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Figure 6. Comparison of the radiation patterns of antenna in free
space and on human chest. (a) 2.3 GHz. (b) 2.5 GHz. (c) 2.7 GHz.

by the human body, and hence, the radiation pattern is slightly
distorted from that in free space. The result indicates that the use of
planar E-shaped textile antenna with a ground plane for body-centric
communications minimizes the effect of human body on antenna.

3.2. Bending Effect on Textile Antenna

In the case of potential applications, the antenna may be in the bent
state, so we studied its effect on planar E-shaped textile antenna.
In Figure 7, the antenna is fixed to a cylinder with a diameter of
12 cm, and the bending gauge must not affect the measured antenna
characteristic, so we chose foam (dielectric constant about 1) and
dug round hole in the center for antenna feeding. Next, we carried
out measurements to study the antenna performance changes bent on
human arm. A 10mm foam gap is postulated between the antenna
ground plane and the human arm.

In Figure 8, the reflection coefficient in flat state is compared to
the results in bent state and on human arm. It is clear that the working
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Figure 7. Antenna location on foam cylinder and on the human arm.
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Figure 8. Comparison of the reflection coefficients of antenna in flat
and bent states.

band in bent state shifts upward about 50 MHz compared with the flat
state, and bandwidth on human arm is reduced about 50 MHz. The
magnitude of reflection coefficient offsets about 5dB and 10dB for
bending in free space and on human arm, respectively. This behavior
can be seen best at a frequency of 2.5 GHz in Figure 8. Nevertheless,
the antenna shows good impedance matching across the bandwidth of
2.3 GHz-2.75 GHz for the —10dB reflection coefficient. So it can be
concluded that a robust design is obtained by extending the bandwidth
to 2.25-2.75 GHz, to accommodate the potential shift in frequency or
the deterioration of reflection coefficient in a real-life application. The
same results are shown in [37,38], and they had found that bending
would decrease the antenna’s bandwidth and made it shift upward.
Figure 9 shows the radiation pattern in flat state, bent state and
on human arm in the horizontal plane at 2.3, 2.5, and 2.7 GHz. We can
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Figure 9. Comparison of the radiation pattern of antenna in flat and
bent states. (a) 2.3 GHz. (b) 2.5 GHz. (c) 2.7 GHz.

see that the bent antenna patterns are less directional for both bent
states compared to its patterns in flat shape, which is reflected in the
wider lobe pattern in the main radiation direction. Besides, because of
the shielding effect of human body, the back radiation on human arm
remains about 10dB smaller than the other states. Nevertheless, the
shape of the radiation pattern, and the gain of the antenna changes
slightly, due to relatively large area of the antenna. The result indicates
that bending the antenna has little effect on the radiation pattern of
this planar E-shaped textile antenna.

3.3. Dry-wet-dry Changing Effect on Textile Antenna

As part of the wearable system, the textile antennas are likely to
experience getting wet and then drying process. In the dry-wet-
dry again changing process, the deformation of the fabric will bring
unexpected impact on antenna performance. So we carried out
measurements to study the antenna performance changes in the dry-
wet-dry again changing process. In this paper, the substrate material
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Figure 10. Textile antenna Figure 11. Comparison of the
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of antenna is fleece fabric, which is not a waterproof material, so it can
be expected that the permittivity will change significantly in the wet
state. This may bring very negative impact on antenna performance.
In Figure 10, we keep the textile antenna in water for several minutes
to ensure that it is completely soaked.

The reflection coefficient of antenna in wet state is almost 0dB
across the whole working band, which is the same as that we have
inferred. This is mainly because the permittivity of substrate is
completely changed in wet state. Figure 11 just compares the reflection
coefficient of antenna in dry and dry-again states. It can be noticed
that the measured results in dry and dry-again states show good
agreement with each other. This means that although the fleece fabric
is not a waterproof substrate material, it still keep stability in size and
permittivity in dry and dry-again states.

4. CONCLUSION

We present a wideband planar E-shaped textile antenna and study
its performance numerically and experimentally. The agreement of
simulated and measured results shows that the analysis method and
experimental results are accurate and effective. The antenna not only
has good properties, but also is easy to manufacture. It satisfies
communication requirements even when placed on human chest and
bent on human arm. Furthermore, the antenna provides sufficient
antenna gain to be applied in a body-centric wireless communications.
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