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Abstract—This paper proposes a wearable antenna for Wireless Body Area Network (WBAN) that
operates at the 2.45 GHz medical band. The antenna is enabled by coplanar waveguide, and the
impedance bandwidth of the antenna is expanded by combining a circular slot with asymmetric slots. In
order to reduce the radiation of the antenna back lobe and improve the antenna gain, a new 2x2 Artificial
Magnetic Conductor (AMC) is designed and loaded under the monopole antenna. The radiation of
antenna back lobe is effectively reduced due to the addition of AMC reflector. Also, the front-to-back
ratio of the demonstrated antenna is higher than 20 dB, achieving a forward gain of 7.47 dBi and Specific
Absorption Rate (SAR) lower than 0.15 W /kg, in the ISM band. For further research, the antenna is
fabricated and tested, showing a strong agreement between simulation and measurement. Meanwhile,
the antenna has stable performance under the bending condition, meeting the practical application
requirements of wearable equipment.

1. INTRODUCTION

Wireless Body Area Network (WBNA) is a human-centered communication network [3], taking human
body as a part of the whole network [1,2]. As a new form of the network, through WBAN, human
body can communicate and synchronize by electronic devices and network terminals. In the field of
health care, WBNA has a very wide range of applications. Through wireless physiological sensors,
human physiological information such as blood pressure, blood sugar concentration, temperature, and
heartbeat can be transmitted to medical monitoring equipment, achieving real-time remote monitoring.

Wearable antenna is an important medium for data transmission in WBAN, which integrates
structure and material improvement into clothing to achieve effective transmission of human body sign
data [4]. Because of the great application value of wearable antennas, they have attracted the attention
of scholars.

The original wearable antennas mainly use conductive fabric material with flexible characteristics
as the substrate, which is conducive to be conformal with human body, also enabling the antenna
to have good abrasion resistance and stable performance [5]. Later, some experts were devoted to
improving the bandwidth of wearable antenna and designed a wearable antenna with ultra-wideband
(UWB) characteristics covering a wider operating frequency band [6, 7], which has a wider application
value in practical applications.

In contrast to general antennas, the wearable antenna used for human body is more special. In
recent years, many experts and scholars have mainly researched on reducing the radiation intensity of
antenna to human body [8-10]. In [11], Jiang et al. proposed a compact wearable antenna used for ISM
2.36 ~ 2.4 GHz. By utilizing the 0° reflection phase characteristic of a highly truncated metasurface,
the antenna has shown unidirectional characteristics, reduced coupling between antenna and human
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body, and achieving the gain of 6.2 dBi, with a front-to-back ratio more than 23 dB. It proved that the
truncated metasurface had significant effect on reducing SAR value. In [12], the authors proposed an
M-shaped monopole wearable antenna integrating a 3 x 3 AMC structure. With the addition of the
AMC structure, the antenna gain was increased by 3.7 dBi, while the SAR value was decreased by 64%,
which is less than 0.638 W/kg in the measurement range. A wearable antenna was presented in [13],
integrating a miniaturized Electromagnetic Band Gap (EBG) structure, covering 2.36 ~ 2.4 GHz ISM
band. Combined with EBG structure, the antenna’s radiation intensity to human tissues was increased
by 6.79 dBi. Meanwhile, the antenna has a compact structure, and the EBG structure reduces the effect
of frequency detuning, but the front-to-back ratio is not very high. A wearable dual-band ring printed
monopole antenna was proposed in [14], and the influence of backscattering wave on human body was
reduced by placing a 3 x 3 AMC structure underneath the planar monopole. The antenna has a low
profile and 102 x 102 mm? of the overall size. For wearable antenna application, the size is relatively
large, which is liable to be deformed when conforming to human body and affects the performance of
the antenna. It can be seen that wearable antennas are gradually developing towards isolating the body
from undesired electromagnetic radiation based on periodic supersurface ground plane such as AMC
and EBG. Furthermore, the impedance mismatch of the antenna caused by the proximity to human
tissues can be minimized by the ground plane.

In this paper, a flexible wearable antenna for WBAN is proposed, integrating a novel L-slot AMC
ground plane with the same phase reflection characteristics. Due to the addition of an AMC structure,
the proposed antenna meets the basic application requirements of WBAN for wearable devices.

2. DESIGN AND CONFIGURATION

In this paper, a miniaturized single-frequency wearable circular slot antenna is proposed and designed.
By integrating an artificial magnetic conductor structure, the coupling between the antenna and the
human body is effectively reduced. The antenna covers 2.45 GHz band of ISM, achieving S1; < —15dB,
front-to-back ratio > 20dB, and SAR < 0.15 W /kg.

2.1. Antenna Design

The structure of the proposed monopole wearable antenna is shown in Fig. 1. The simple structure and
planar characteristic of the antenna make it easy to be conformal with human body. The antenna is
fed by a Coplanar Waveguide (CPW), and the feeding unit is a semi-circular metal patch with radius
R;. Both the feeding unit and radiation patch are printed on the upper layer of the dielectric substrate
which offer a single-layer fabrication process. In order to cover 2.45 GHz band of ISM, the impedance
bandwidth of the antenna is expanded by combining the circular slot with the asymmetric slots. The
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Figure 1. Geometry and dimensions of the proposed antenna.
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antenna is printed on polyimide material with flexible characteristics (¢, = 3.5, tand = 0.002). The
antenna structure is adjusted by ANSYS HFSS based on finite element method to optimize the antenna
performance.

As shown in Fig. 2(a), the antenna covers 2.27 ~ 2.76 GHz of ISM band and has good impedance
matching characteristics at 2.45 GHz, with S11 of —29.85dB. Fig. 2(b) shows the E-plane and H-plane
radiation patterns of the antenna. It can be seen that the radiation direction of the monopole antenna
is omnidirectional. The radiation of the back lobe, that is, the radiation energy of the antenna to the
human body is the same as that of the forward radiation. The overall size of the designed antenna is
40mm X 32mm X 1mm, with a simple structure. The specific dimensions of the parameters of each
part of the proposed antenna are shown in Table 1.

Table 1. Dimensions of the proposed antenna in mm.

Parameter | W W L | L1 | Ly | L3
Value 40 49 | 32 |66 |05 15
Parameter | Ry Ry S | T g | di
Value 104 | 184 | 1.2 | 7.5 0.5 | 1.0
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Figure 2. Simulated results of the monopole antenna. (a) Simulated Si; of the monopole antenna
alone in free space. (b) Simulated E-plane and H-plane normalized radiation patterns of the monopole
antenna at 2.45 GHz.

In order to study the effects of electromagnetic radiation on human body, Fig. 3 shows the
relationship between SAR and tissue depth d when the antenna is placed on the human surface. In the
range of 0 ~ 17mm tissue depth, the SAR values are generally higher than the standard of 1.6 W /kg
SAR maximum of 1g tissue in 6 minutes defined by IEEE. From the radiation pattern and SAR value,
it can be seen that the proposed antenna may have some impact on human health and cannot meet the
practical application requirements of wearable antenna. Moreover, the antenna needs to be placed on
human body in application, and the electrical characteristics of human tissue may change the impedance
matching of antenna. Based on these, the antenna needs to be further improved.

2.2. Design of L-Shaped Slot Artificial Magnetic Conductor Structure

Considering the practical application of wearable antenna, reducing the influence of strong back lobe
radiation of antenna on human body is necessary. In this paper, an artificial magnetic conductor
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Figure 3. SAR of the proposed antenna placing on human tissue model.

structure with the same-phase reflection characteristics of £90° is designed to improve the back lobe of
the antenna and the forward gain, also reduce the the influence of impedance mismatch caused by human
tissue characteristics. Distinguished from other structures, the important effects of AMC structure in
reducing the height of the antenna profile and the coupling between antenna and human body, make it
suitable for improving the performance of wearable antenna.

Based on the structure of classical Mushroom-AMC, a new type of AMC unit is designed. The
AMC unit structure is shown in Fig. 4(a), and the dielectric substrate is copper-clad on both sides of
a flexible polyimide material with a thickness of 1.5 mm. The central position is a metallized through
hole, connecting the upper and lower layers. L-shaped grooves around the rectangular radiation patch
are to realize the miniaturization of AMC unit. The reflective phase of the L-slot AMC cell structure is
simulated as shown in Fig. 4(b). The reflective phase band gap of £90° covers 2.4 ~ 2.485 GHz in the
ISM band, and the reflective phase point of 0° operates at 2.45 GHz. By optimizing the parameters,
the cell has a size of 28.9 mm x 28.9mm x 1.5 mm. The specific parameters of AMC unit cell are shown
in Table 2.
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Figure 4. (a) Geometry and dimensions of the proposed AMC structure. (b) Simulation of reflection
phase of the AMC unit cell.
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Table 2. Dimensions of the proposed AMC structure in mm.

Parameter | Le |Ge | Gey | S1 | Ty | To | D | dy
Value 289 | 1 2 2 8 | 5 | 1|15

2.3. Wearable Antenna System Loaded with L-Slot AMC Structure

In Sections 1.1 and 1.2, the single-frequency flexible monopole antenna and L-slot AMC cell applied to
ISM 2.45 GHz band are proposed, as well, and the basic performance is analyzed. In this section, the
proposed AMC cell is periodically arranged and loaded on the monopole antenna, and the back lobe
radiation of the antenna is reduced by using +90° reflection characteristic, thus the coupling between
the antenna and the human body is reduced. Through the simulation and optimization of the wearable
antenna system, the antenna system is finally made up of 2 x 2 AMC structure. As shown in Fig. 5, in
order to realize a good impedance matching of the antenna system, the plastic foam isolation is placed
between the monopole antenna and the AMC structure, and the distance is adjusted by 2.5 mm. The
size of the whole antenna system is 66.8 mm x 66.8 mm.
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Figure 5. Structure of the proposed wearable antenna.

Figure 6 shows the simulation results of the antenna integrated with AMC structure. In Fig. 6(a),
it is indicated that the antenna system operates at 2.45 GHz in the ISM medical band, and S1; reaches
—15.12 dB. Because the £90° reflection phase band gap of the artificial magnetic conductor structure is
relatively narrow, the operating bandwidth of the system antenna becomes narrower after integrating
the AMC structure, but it can still cover most of the ISM medical frequency bands. The E-plane and
H-plane radiation patterns of the antenna system are shown in Fig. 6(b), and obviously, the back lobe
of the antenna is improved. It can be concluded that the proposed AMC structure can effectively reduce
the electromagnetic radiation of the monopole antenna to the human body, and the forward gain of the
antenna is much higher than that of the antenna without AMC structure, achieving the gain of 7.47 dBi.

3. ANALYSIS OF ANTENNA STABILITY PERFORMANCE

3.1. Performance Analysis of Antenna Near Human Body

In practical application, a wearable antenna is used for human body. Considering that the human body
is nonuniform dielectric with complex electric field, in order to ensure that the proposed antenna will
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Figure 6. Simulated results of the wearable antenna with AMC reflector.
the integrated antenna alone in free space. (b) Simulated E-plane and H-plane normalized radiation
patterns of the integrated antenna at 2.45 GHz.

Yin et al.

== == E-Plane

== == H-Plane

-

90

120

(a) Simulated S11 of

not have a negative influence on human health at work, the performance of the antenna placed on the
human body should be analyzed to demonstrate whether it meets the practical application requirements
or not. Fig. 7 simulates the basic model of human tissues, consisting of skin, fat, and muscle with the
size of 130mm x 120mm x 13mm. The electrical properties of each layer are shown in Table 3 [15].
The antenna is placed at a height of 0 mm from the tissue surface.
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Figure 7. Human body tissue model.
Table 3. Electrical properties of human tissues.
Skin Fat Muscle
Er 38.0067 | 10.8205 55
tan & 0.0255 | 0.0047 0.04
Density (kg/m?) 1001 900 1006




Progress In Electromagnetics Research C, Vol. 95, 2019 125

78
-5

7 2

£

&

%\ 1 i
S 104 &
- 2
177) T =]
E

b

=

] S s \ /
154 = {ﬂ* —o— Without AMC \X f”f
, ] s] —o— With AMC \ .
—o— On body F —v— On bod T
—— With AMC o '
-20 . ; ;
T T T T T
2.00 2.25 . 2.50 o 275 3.00 150 175 200 225 250 275 3.0
requency (GHz) Frequency (GHz)
(a) (b)

Figure 8. System simulated results of the integrated antenna with human body tissue model. (a)
Simulated S1; of the integrated antenna in free space and on body. (b) Front-to-back ratio ratio of the
integrated antenna.

The simulation results of the system loaded with human tissues are shown in Fig. 8. Compared
with the simulation results without human tissues, Fig. 8(a) shows that Si; of the antenna has a slight
deviation, while the overall performance of the antenna is basically same as the original antenna. It can
be seen that the designed wearable antenna is less affected by the electrical characteristics of human
tissues, and its performance is relatively stable. In a wearable antenna, a larger front-to-back ratio of
the antenna will achieve a smaller antenna radiation back to the human body, and the antenna has
higher security. Fig. 8(b) is a comparison of the antenna without AMC structure, antenna with AMC
structure, and antenna system with human tissues. It can be seen from Fig. 8(b) that the antenna’s
front-to-back ratio is approximately 1 without any other structures. That is to say, the proposed
monopole antenna has the same forward and backward radiations, which cannot meet the practical
application requirements. On this basis, when the proposed AMC structure is loaded on the antenna,
the front-to-back ratio is obviously improved, much larger than 20 dB, in the ISM 2.4 ~ 2.485 GHz band.
This indicates that due to the addition of an AMC structure, the antenna’s back radiating wave scatters
along the edge of the antenna to the human tissues surface, and some of these waves are absorbed by
the human body, while most of them are reflected. Therefore, the antenna’s front-to-back ratio of the
loaded AMC structure is improved. Also, compared with antennas in free space, the antenna’s front-to-
back ratio is much higher. The above data comparison demonstrates that the antenna electromagnetic
radiation to human body will be greatly reduced. The antenna’s front-to-back ratio changes slightly
when being placed on the human tissues compared with the antenna in free space. In the ISM band, the
front-to-back ratio is still greater than 20 dB, which shows that the proposed wearable antenna meets
the practical application requirements.

Because of the particularity of the application background of wearable antenna, besides analyzing
the basic parameters, the interaction between human body and antenna should also be considered. The
index parameter SAR is one of the important indicators to measure the antenna security performance. In
order to ensure the safety of antenna radiation to human body, there is a strict international standard
for comparative absorptivity. The IEEE standard limits the average 1g tissue in 6 minutes. When
the maximum SAR value is less than 1.6 W/kg, human health will not be affected by electromagnetic
radiation. Fig. 9 shows the simulation results of SAR of the proposed wearable antenna. The maximum
SAR value is less than 0.15 W /kg, which is far less than the international standard. This shows that
the antenna with AMC reflector has a good reflection effect on the backward electromagnetic radiation,
is applied to human body, and will not affect human health.



126 Yin et al.

0.12 4 I ' I —C;—Local éAR i
| —— Average SAR
0.10

. 0.08+

o

= 1 4

é 0.06

o ]

& 0.04- T
0.02 -a o .
0.00 1

T T T T T T T T T T T T T
0 2 4 6 8 10 12 14

Depth (mm)

Figure 9. SAR of the proposed antenna system placing on human body tissue model.

3.2. Analysis of Antenna Bending Performance

When a wearable antenna works on the human surface, it needs to be integrated with clothing to
conform to the human body. Because the human body parts, such as arms and legs, have a certain
radian, and when the human body is doing some sports, the antenna is prone to bending deformation.
In order to verify that the proposed antenna still maintains a good performance, when it is deformed,
the bending performance of the antenna is analyzed in this section. Fig. 10 shows the antenna bent on
the surface of a cylinder with different radii R,. The smaller the radius of the cylinder is, the greater
the bending deformation of the antenna is.

166.8 mm

Ra=50 mm Ra=100 mm Ra=150 mm

Figure 10. The integrated antenna with different bending degrees.

The simulation S7; curves of the antenna under different bending degrees are shown in Fig. 11.
It can be seen that under different deformation degrees, Si; are all less than —10dB, and when the
R, value becomes smaller, the corresponding antenna operating frequency shifts to high frequency, but
the operating frequency is still in the ISM. The analysis proves that the proposed antenna has a stable
performance in the case of bending, satisfying the requirements of practical application.

4. FABRICATION

In order to verify the designed wearable antenna, the antenna is fabricated. Fig. 12 shows a physical
photograph of the antenna. The performance of the antenna in free space and on human body is tested
by vector network analyzer. The field test environment is shown in Fig. 13. As shown in Fig. 14,
S11 variation trends of the measured results have a strong agreement with the simulated ones. The
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Figure 13. (a) Measured photograph of the fabricated antenna in free space. (b) Measured photograph
of the fabricated antenna placed on the part of the human body.
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operating frequency of the measurement is slightly shifted to the right, at 2.45 GHz, and Sy reaches
—13.62 dB, which meets the design requirements.

The antenna is placed in a microwave anechoic chamber to test the far-field radiation pattern,
and the test environment is shown in Fig. 15. The test comparison of the simulated and measured
normalized direction diagrams of xoz and yoz planes are shown in Fig. 16. The radiation pattern of
the wearable antenna without AMC structure is no longer 8-shaped on xoz plane. To a certain extent,
the back lobe is reduced. However, compared with the simulation results, there are some deviations.
The analysis deviations may result from the change of the distance between the upper antenna and the
AMC reflector during the test, causing a uncontrollable distance, and the welding of antenna feeding
port and field test environment may also have some impact on the actual test of antenna.
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Figure 16. Simulated and measured (a) E-plane and (b) H-plane normalized radiation patterns of the
integrated antenna at 2.45 GHz.

5. CONCLUSION

A wearable antenna with an L-slot AMC structure for ISM application is proposed and demonstrated in
this paper. With the addition of an AMC structure, the radiation of the antenna back lobe is effectively
reduced, improving the performance of the antenna. In ISM medical band, the antenna’s front-to-back
ratio is greater than 20 dB, achieving a gain of 7.47 dBi. The human tissue model loaded by the wearable
antenna is systematically analyzed. The SAR value is less than 0.15 W /kg, which is far less than the
international application standard, proving that it will not cause harm to human health. Also, the
antenna still has stable performance under the bending conditions. On the basis of simulation, the
antenna is fabricated and tested. The realized antenna has a strong agreement with the simulation
results. Therefore, these demonstrated properties of the proposed antenna ensure it as an ideal choice
for wearable devices such as medical monitoring and medical sensing in WBAN.
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