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Wearable EBG-Backed Belt Antenna for
Smart On-Body Applications

Rui Pei ?, Mark Paul Leach

and Yi Huang

Abstracit—This article presents an innovative belt an-
tenna with an electromagnetic band-gap (EBG) ground
plane made of textile materials. The antenna can be applied
in a smart belt system to set up a communication link with
other electronic devices and/or host a variety of sensors to
track human motions. The proposed belt antenna works at
2.45 GHz in the industrial, scientific, and medical radio band
for Bluetooth low energy communications. Considering the
effect the human body would have on the performance of
a belt antenna, a textile ground plane is designed to be
integrated into the trouser fabric behind the belt to pro-
vide isolation from the body and simultaneously improve
antenna radiation characteristics. Through the application
of the ground plane, the belt antenna achieves a maximum
realized gain of 7.94 dBi and a minimum specific absorption
rate of 0.04 W/kg at 0.5 W input power. During the design
process, characteristic mode analysis is used to explore
the underlining principle and further optimize the antenna
performance. Two typical EBG structures are analyzed in
detail for this application scenario. The suspended trans-
mission line method is used to evaluate EBG performance
variations when the textile ground plane is bent. A pro-
totype of such a system is fabricated and tested. Experi-
mental results shows that the belt antenna, together with
the textile EBG ground plane, is an excellent candidate
for a smart belt system with desirable radiation pattern,
efficiency, and safety limit.
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[. INTRODUCTION

ITH the increasing popularity of wearable electronic

devices, wearable antenna designs have attracted much
attention. Wearable antenna designs need to address multiple
challenges including, the effects of the human body on per-
formance, e.g., frequency shifting, efficiency degradation and
radiation distortion when they are in close proximity; in addition,
there are strict rules that limit the specific absorption rate (SAR)
for body tissues. Wearable antennas should also be relatively
flexible and ergonomic to accommodate daily human movement.
One promising solution that could meet the above criterion is to
exploit any existing metal structures on clothing or accessories
as the antenna [ 1]-[8]. Examples of these include button antenna
designs [1]-[4], watch strap antenna designs [5], zipper antenna
designs [6], and belt antenna designs [7], [8]. These antenna
designs would benefit from the conductivity and rigidness of
the metal. However, they also suffer from limitations in regards
to the shape and size of the wearable accessories.

An alternative direction is to base the antenna design on con-
ducting textile material [9]-[22]. Most of these textile antennas
are planar in shape and low profile. To reduce backward radiation
and the effects of the human body on antenna performance, a full
ground plane [9], [10], multilayer structure [11], and an electro-
magnetic band-gap (EBG) substrate layer [12]-[18] have been
applied in previous studies. Moreover, a metallic button structure
was used on conductive textile material to achieve reconfigurable
antenna performance [19]. The effect of crumpling and bending
of planar antennas has been studied in detail [20]-[22], which
is significant where the antenna is intended for real-world wear-
able applications. Reliable fabrication procedures for multilayer
conductive textile antenna have also been studied [23].

In this article, a novel belt antenna design is proposed for use
in a smart belt system. A belt with a metal buckle is an ideal
platform to integrate wearable electronics because of not only
its metal part but also its popularity in daily life. The idea of
a belt antenna has been considered in previous studies [7], [8],
however, these studies did not consider the effect of the human
body in detail. In this work, the effect of the body has been
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Fig. 1.

Geometry and key parameters of the belt antenna.

investigated in detail. Characteristic mode analysis (CMA) has
been applied to direct the structural design of the belt’s metal
fixtures to achieve a desirable current distribution. CMA offers
two advantages in the design of such antennas; first, there are
typically restrictions in belt buckle shape and size that can be
used to provide an initial structure for the eigencurrent analysis.
Second, since the field distribution and hence the radiation
pattern is closely related to the current modes, by analyzing and
selecting a specific current mode, the radiation pattern of the
wearable antenna can be carefully designed to be steered away
from the human body. This helps to reduce the SAR (SAR) in
the body as well as the effect of the human body on antenna
performance.

A conductive textile EBG ground plane is proposed to further
reduce radiation toward the human body and enhance antenna
gain and efficiency. A suspended transmission line model is
used to evaluate the performance of several EBG designs under
bending conditions.

The proposed structure could be applied in a smart belt system
by way of a Bluetooth low energy (BLE) connection between
the smart belt and electronic devices like a cellphone to provide
many potential functions such as body condition monitoring,
property loss prevention, localization or a falling-over alarm. A
prototype of a smart belt system utilizing the antenna has been
constructed to demonstrate its value.

The remainder of this article is divided into the following
sections. Section II presents the geometry of the belt antenna
and the textile EBG ground plane. Section III covers the CMA
using Altair’s FEKO simulation software. Section IV includes
a comparison between two common EBG structures. The size,
bandwidth, and effects of structural bending are analyzed and
corresponding results are presented. Section V provides com-
parisons of simulated and measured results for the belt antenna
system. Also, a prototype smart belt system is deployed, and
simple functions were realized. Finally, Section VI concludes
this article.

Il. ANTENNA AND GROUND GEOMETRY

The designed belt antenna is shown in Fig. 1. The metal parts
include the belt buckle, the metal cap and two holding arms for
the metal cap. The material selected for these parts is brass. For
ease of manufacturing, the belt pin was 3-D printed from high
strength ABS material. In the belt buckle, a small gap was left to
fit an SubMiniature version A (SMA) connector as a feed. The
relative dielectric constant of the leather was measured to be 2
using a Keysight N1501 probe. The loss tangent of the leather

TABLE |
ANTENNA GEOMETRY PARAMETERS
Symbol Quantity Value (mm)
Wi width of the metal cap 31
W> width of the belt loop 31
Ws; width of the leather 25
W width of the cap holding arm 3
Ws width of the cap holding arm 5
Li length of the metal cap 27
L length of the belt loop 30
Ls length of the holding arm 16
L4 length of the belt pin 25.5
Hi height of the holding arm 7.6
T thickness of the leather 3.6
Wpi wp. Gt
O (]
T T
Oo|o|o|a
Fig. 2. Geometry and key parameters of the textile EBG ground.
TABLE Il
EBG GEOMETRY PARAMETERS
Symbol Quantity Value (mm)
Wpi outer width of the square 26
Wp2 inner width of the square 8
Gi gap between two unit cells 4
Si width of inner square track 2

was measured to be 0.16. The final dimensions of the design are
summarized in Table 1.

The textile EBG ground selected is shown in Fig. 2. The top
concentric squares and the bottom ground plane are made of
conductive fibers produced by the Yuanjinmei Glass Company in
Foshan, China. The conducting fibers were attached to the textile
substrate using a thin layer of conductive glue. The substrate
layer was space cotton with a relative dielectric constant of 1.6.
The final dimensions of the design are summarized in Table II.

[ll. DESIGN PROCESS OF THE BELT ANTENNA
A. Theory of Characteristic Modes

For conciseness, only some key concepts and mathematical
formulations are included here. The characteristic modes analy-
sis can be done using the eigenvalue equation X .J,, = A, R.J,
[24], [25] where matrices R and X are the real and imaginary
Hermitian parts of the impedance operator Z = R + jX [26]. The
characteristic modes or characteristic currents J,, here can be
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interpreted as the real currents flowing on the conducting body.
Being independent of any source or excitation, the characteristic
currents only depend on the shape and size of the conductor
itself. The eigenvalue A,, is always real, whose magnitude de-
scribes how well the nth characteristic mode radiates. When
a mode resonates, the absolute value of A,, is 0. The absolute
value is used as the eigenvalue but can be either positive (stor-
ing magnetic energy) or negative (storing electric energy). As
summarized in [26], the total current J can be expressed by the
following equation:
Vidn,
‘I_§:1+jm; M
The total current is seen to be inversely dependent on the
eigenvalue A,,. Thus, the term |1/1 + jA,,| is more commonly
used to characterize the current distribution and evaluate how
well amode resonates. This term is called the model significance
(MS), which has a range between 0 and 1 and is independent of
any sources or excitations. When MS is 1, the model is resonant
and will radiate most efficiently. V; in (1) is the model-excitation
coefficient and is defined as

W:¢%E§:f%.ﬁw. 2

This term quantifies how the excitation influences the contri-
bution of each current mode to the total current. The term V', .J ,
denotes the coupling of the excitation (could be antenna feed or
incident field) and the nth current mode; it determines whether
a specific mode is properly excited by the excitation source.
This term also provides a conceptual guideline for placing the
excitation, which should induce an electrical field or current with
strong coupling to the desired model current.

B. CMA for the Belt Structure

CMA was used to test the feasibility of the initial design and
provide arange for further parametric study. Intuitively, the basic
shape of the belt buckle will lead to a current distribution and
radiation pattern similar to that of a loop antenna. However, if
the belt antenna follows the radiation pattern of a conventional
one-wavelength loop, a considerably large portion (up to half)
of the energy will be directed toward the human body leading
to a relatively low radiation efficiency and limitations on out-
put power due to SAR regulations. Also, antenna performance
would be particularly sensitive to the condition of the human
body behind it (clothing, fat to muscle ratio, etc.). Utilizing a
metal cap, as shown in Fig. 1, commonly used to hold the end
of the belt in place, radiation can be better directed away from
the body.

The characteristic modes for the shape of the belt buck and
holding cap were analyzed. To save computational complexity,
only the metal parts are considered, the leather belt, which is
essentially a lossy dielectric material, is not included at this
stage. Initial CMA was performed to the proposed belt metal
structure. The analysis at this stage did not include the excitation
source or the feeding gap. The meshed radiating element and the
corresponding MS are shown in Fig. 3. The MS illustrates that
at 2.45 GHz there are two near-resonant modes: mode 1 and

—=— Mode 1
—=+—Mode 2
—— Mode 3
—~— Mode 4

Modal Significance

Frequency (GHz)

(a) (b)

Fig. 3. CMA analysis of the belt. (a) Meshed metal structure of the belt
buckle. (b) MS.

Yt
.,.«1,,/,41,1'1,:,:m|

Fig. 4. Current distribution and corresponding radiation pattern for
different characteristic modes. (a) Current distribution of mode 1.
(b) Current distribution of mode 4. (c) Radiation pattern for mode 1.
(d) Radiation pattern for mode 4.

mode 4. The specific current distribution for these two modes
and the radiation pattern are illustrated in Fig. 4. For the current
distribution of mode 1, the current maximums are concentrated
on the two sides of the buckle (along the x-axis), along the
same two sides of the cap and in the corner of the connecting
arms. The resulting radiation pattern is shown in Fig. 4(c). The
pattern is almost omnidirectional in the yoz plane. In real-life
scenarios, the human body will be located directly behind the
metal buckle, in the negative z-direction. The omnidirectional
property of mode 1 would mean that approximately half of the
radiation would be directed toward the human body. This would
cause a low radiation efficiency and a high SAR.

Meanwhile, for mode 4, the current maximums are concen-
trated on the belt buckle arms aligning with the y-axis. The
main benefit of this mode is that there is a significant amount
of current flow on the metal cap. The radiation pattern of this
mode is bidirectional, as shown in Fig. 4(d). This offers the
potential to increase the radiation in the positive z-direction,
which is away from the human body. To achieve this the aim is
to increase the current intensity on the cap and to make sure the
current flow on the cap is in the same direction as the current
flow on the buckle legs. By placing the feed and tuning the
dimensions of the design, the intended current distribution on the
metal cap can be achieved, resulting in more radiation directed
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current

(@) (b)

Fig. 5. Current distribution and corresponding radiation pattern for
the characteristic mode 4 with size tuning and feed added. (a) Current
distribution. (b) 3-D radiation pattern.
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Fig. 6. Radiation pattern for the final belt design with all features
added. (a) 3-D radiation pattern. (b) yoz plane cut.

away from the body. The optimal feed point was found to be at
the buckle arm below the metal cap. In Fig. 5(a), the coupling
between the excitation and the current flow, labeled with blue
arrows, is maximized. With the excitation added, the radiation
pattern, as shown in Fig. 5(b), exhibits an uneven distribution as
more radiating energy is guided away from the body. With the
metal radiating structure determined, other essential parts of the
belt, the leather and the pin were added. Further optimization
of the structure parameters was required after these dielectric
materials were added. The full belt antenna model was simulated
in free space using Computer Simulation Technology (CST) Mi-
crowave Studio; the 3-D radiation pattern is shown in Fig. 6(a).
The yoz plane cut of the normalized radiation pattern is shown
in Fig. 6(b). It can be seen that a 3-dB front-to-back ratio is
obtained with this belt structure. Further simulations using the
CST human voxel model were performed to check the response
of the structure in its proposed operating environment, around
the waist of the model.

C. Effect of the Human Body on the Antenna

When the belt antenna is placed close to the human body using
the CST voxel human body model Gustav, a frequency shift is
observed in comparison to the free space case. In the simulation,
the belt leather is closely attached to the voxel model, leaving a
distance of 3.6 mm (the thickness of the leather) between the ra-
diating belt buckle and the human body model. As this situation
reflects the principle usage of such an antenna, the parameters

~20 -

S Parameters(S11/d B)

—=— Simulation-Standing
~304 |—*— Simulation-Sitting

-40 T T T
1 2 3

Frequency (GHz)

Fig. 7. Simulated S parameters of the belt antenna including voxel
human model with two common postures.

TABLE Il
RADIATION PERFORMANCE OF THE ANTENNA AT 2.45 GHz
Postion Radiation Efficiency (%)  Realized Gain (dBi)
Standing 54.36 4.373
Sitting 46.78 3.989

are further optimized to compensate for the frequency shift and
the resulting antenna parameters are those in Table 1.

The main beamwidth of the belt antenna has been considered
in two common body positions, standing straight and sitting
down. The reflection coefficient (S11) of the antenna for each
of these positions is shown in Fig. 7. In the sitting position, a
greater level of absorption from the thigh causes a decrease in
S11 and a slight frequency shift.

For wearable applications, the antenna radiation efficiency
is a crucial indicator of antenna performance. Using the lossy
voxel human body model, the resulting radiation efficiency for
each body position at 2.45 GHz is given in Table III. Despite
more radiation being guided away from the body due to the belt
cap, (recall the 3-dB front-to-back ratio in the previous section),
the radiation efficiency is still only around 50%. The radiation
efficiency is slightly lower for the sitting scenario as there is
more absorption from the thigh, which is consistent with the Sy
results. The realized gain, including the mismatch loss as shown
in Table III, confirms that the sitting position reduces the gain
by almost 0.4 dB. The 3-D in situ radiation patterns for the two
positions are shown in Fig. 8 with normalized 2-D E-plane and
H-plane cuts shown in Fig. 9.

Due to the proximity of the antenna to the human body,
SAR regulations must be considered. There are two common
regulatory values for SAR on human body tissues, the first
is imposed by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) [27], which generally requires
a maximum SAR value of 2 W/kg averaged over every 10 g of
tissue. The second standard is from the Federal Communica-
tions Commission (FCC), which requires a maximum SAR of
1.6 W/kg averaged over each 1 g of tissue [28].

In Table IV, the SAR value was obtained by simulation
according to the FCC standard and with the averaging method
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dB
4.37
3.83
3.28
2.73
2.19
1.64
1.09
0.547
0

-4.45
-8.91
-13.4
-17.8
-22.3
-26.7
-31.2
-35.6

Fig. 8. Simulated realized gain (dBi) of the belt antenna including voxel
human model with two common postures at 2.45 GHz.

——E_plane_Sim_standing
0 —e—E_plane_Sim_sitting 0
~ 30 o

—a— H_plane_Sim_standing
—=— H_plane_Sim_sitting
- 30

@B) 270}

180 180

(a) (b)

Fig. 9. Simulated E-plane and H-plane for including voxel human
model with two common postures at 2.45 GHz. (a) E-plane. (b) H-plane.

TABLE IV
SAR VALUE OF THE BELT ANTENNA AT 2.45 GHz
Postion SAR (1g) SAR (10g)
Standing 8.03 W/kg 2.71 W/kg
Sitting 3.16 W/kg 1.67 /kg
TABLE V
MAXIMUM INPUT POWER TO MEET SAR REGULATIONS
Postion ICNIRP (2W/kg for 10g)  FCC (1.6W/kg for 1g)
Standing 370 mW 100 mW
Sitting 600 mW 190 mW

stated in IEEE/IEC 62704-1 [29], for an input power of 0.5 W.
Simulated input power limitations for the antenna based on the
ICNIRP and FCC standards are shown in Table V. This input
power is far in excess of that used by the BLE system proposed
in this study, which would have a maximum output power of
0 dBm (i.e., 1 mW) [30]. The SAR distribution averaged over
10 g is shown in Fig. 10. In both sitting and standing conditions,
the maximal SAR was concentrated beneath the center of the
belt buckle loop.

Fig. 10. SAR distribution of the belt antenna without the EBG.
(a) Distribution with the standing model averaged over 10-g tissue.
(b) Distribution with the sitting model averaged over 10-g tissue.

In this section, the antenna performance with the presence of
the human body was studied. In order to determine the perfor-
mance enhancement of this design quantitatively, the structure
presented in [8] was used as a comparison. Since the radiation
pattern and accurate efficiency data were not provided in the
original paper, the design was modeled and simulated in our
simulation environment. At its design frequency, 1.8 GHz, the
radiation pattern is similar to a one-wavelength loop antenna,
omnidirectional in the vertical plane, resulting in almost half
of the radiated energy being directed toward the human body.
The antenna has a radiation efficiency of 19.01 % when applied
to the same voxel human body model used in the previous
section. The proposed belt antenna in this study achieved
54.35 % under the same conditions. This numerical comparison
demonstrates the effectiveness of the belt structure presented in
this study.

IV. ANALYSIS OF TEXTILE EBG GROUND PLANE

From the previous section, the performance of the belt antenna
can be considered appropriate for establishing a BLE link for a
smart belt application. However, the efficiency of the antenna
is still significantly influenced by the human body. Also, if the
belt antenna was to be used in applications requiring a higher
antenna input power level, for example, the latest Bluetooth 5
protocol that has a maximal output power of 20 dBm [31], SAR
limitations could still present a problem. In real-life applica-
tions, a belt is commonly worn with pants or trousers located
between the belt and the human body. The utilization of this
material area offers the potential to further improve antenna
performance. For example, by placing a ground plane between
the antenna and the human body, the efficiency and gain of
the on-body antenna can be increased. A conventional metallic
ground would need to be located a distance of around a quarter of
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Fig. 12.  Cavity model with ray analysis for the EBG ground plane and
the belt antenna (PRS: partial reflective surface, PEC: perfect electric
(a) (b) conductor).
CII L2 L3
L % G o L3 and the ground plane is characterized by inductance L. The
- gap between the outer and inner loops gives rise to capacitance
© ) C, and the interelement capacitance is denoted by capacitance
C5. The resonant frequency of each structure can be determined
Fig. 11.  Unit cell structure of two types of EBG structure and their ~ from the capacitances and inductances of the equivalent circuits.

equivalent circuits. (a) Square patches with vias. (b) Concentric squares.
(c) Simplified equivalent circuit of square patches. (d) Simplified equiva-
lent circuit for concentric squares.

the operating wavelength from the radiating element, otherwise,
the mirrored currents due to the ground plane would interfere
destructively with currents in the radiating element, reducing
radiation efficiency. For the belt antenna scenario, leaving a
quarter wavelength distance or using high dielectric constant
materials to reduce the distance is not realistic.

Using an EBG structure as a ground plane woven into the
garment worn between belt and body would allow the ground
plane to be placed directly beneath the radiating element. It
should be noted that the EBG structures in this study have
been denoted as high impedance surfaces (HISs) or artificial
magnetic conductors (AMCs) in other literature [12]-[15]. In
previous studies, EBG substrates and ground plane layers have
been applied to loop antennas and planar slot antennas to achieve
low profile, high gain antenna performance [12]-[15]. In this
study, the EBG structure is situated separately to the radiating
element, thus acting more like a reflector located very close to
the radiating element. Unlike the rigid belt structure, the textile
EBG structure will experience a level of mechanical bending in
situ. Also, effects like stretching make it difficult to model the
textile EBG in simulation accurately. The process of textile EBG
design is discussed in the following sections.

A. Comparison Between Two Common EBG Structures

Two of the most commonly applied EBG structures, square
patches with vias (also named mushroom-like structures) and
concentric squares, are analyzed according to this specific ap-
plication scenario. The unit cell design of the two types of EBG
is shown in Fig. 11(a) and (b). It should be noted that concentric
squares can provide dual band-gap properties and are commonly
applied with dual-band antenna though in this design only a
single band was targeted.

The simplified equivalent circuits of the two structures are also
shown in Fig. 11. The conducting loop of the square structure
is characterized as inductance L; and the interelement capac-
itance is characterized as capacitance C;. For the concentric
square structure, the conducting central loop is characterized by
inductance Ly. The outer loop is characterized by inductance

For an EBG plane to be used as a ground plane, a resonant
cavity model previously developed for a planar antenna with
EBG surface can be used [32]. The main difference between
other planar EBG ground plane designs and this textile EBG
ground plane with the belt antenna is that the radiating element
here is not on a flat plane, which leads to different distances
between the partial reflective surface (PRS) and the main radiat-
ing sections. This relationship is illustrated in Fig. 12, in which
three radiating subelements are labeled for detailed analysis. The
upper layer of the textile EBG is denoted as a PRS and the bottom
layer is denoted as a perfect electric conductor (PEC). The PRS
has two significant parameters, the reflection phase coefficient
¢r and the transmission phase coefficient ¢ p. The phase shift
introduced by the PEC surface is 7. Ray optics analysis, which
has been used for high gain planar antennas with PRS [32], has
been applied to analyze this scenario.

For subelements located at a distance & from the PRS (example
point 2 in Fig. 12), the phase difference between the radiating
wavefront (¢;) and the reflected wave through the EBG cavity
(i) is

dm(h+T)

$i—Yi=20r - ———— -7 3

where the term 7 denotes the height of the cavity, which is the
thickness of the textile material in this case. Once the type of
textile material is determined, this value is a fixed value for the
design.

For a microradiating element placed very close to the EBG
ground plane (example points 1 and 3), the previous formula can
be simplified to

4T
fm—wi:zqu—%—w. )

When the radiating element is located a distance above the
EBG plane, an additional wave reflected from the PRS needs to
be considered. The phase difference between these two waves
can be calculated using the following equation:

4rh

¢i_9i:¢R_T- 5

The structural design of this antenna and the EBG structure
should be optimized with respect to the following boundary
conditions to avoid cancelation between the original outgoing
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wave and the reflected wave by consideration of

m m

—ES@—%SE (6)
™ T

_§§¢i_0i§§~ (7

The wavefront created by the ith subvolume element can then
be denoted by

E; = ai716j(2ﬂf°ti+¢i) + ai726j(27ffoti+9i) + ai73ej(27rf°t"’+¢7")
®)
where a; is the attenuation factor for a certain reflected wave
from the ith subvolume and f is the resonant frequency. The
term ¢; denotes the directly radiated wave. The terms 6; and v;
are the reflected wave from the PRS and the PEC, respectively.
A graphical representation of these terms is given in Fig. 12.
The total wavefront can be expressed as a superposition of all
the subvolume element waves by

E:gk(El,Ez,E3...,Ek) (9)

where gy, represents the superposition.

This theoretical analysis provides a guideline for the optimiza-
tion of the EBG design parameters. The phase of the reflected
waves at each plane, one closely attached to the PRS and one
elevated by a distance &, should be considered in the simulation.
The reflected phase can be obtained in CST by adding a thin
layer of air between the PRS and the Floquet port in the unit
cell simulation. The ideal reflected phase is 0° from both planes.
However, for a certain EBG design with fixed parameters, the
reflected phase would change with the distances between the
Floquet port, the PEC and the PRS. Thus, a middle ground where
the reflected phases at the two planes were both very close to
zero was selected. Detailed dimensions of the concentric square
EBG unit cell are listed in Table II. For the square patches with
vias, each edge is 50 mm long and the gap between patches is
6 mm.

Comparing the two types of EBG design, the square patches
with vias design is almost four times larger in size than the
concentric square design. Moreover, the via structure used to
suppress the surface wave is much more difficult to fabricate
with textile materials.

B. Effect of Bending

Fig. 11 shows that the capacitance formed by the gap between
unit cells or within each unit cell is crucial in determining the
resonant frequency of the EBG structure. When the textile EBG
is applied on the human body, the bending of the material may
cause changes in capacitance and influence the resonant fre-
quency, therefore this influence must be evaluated. The reflected
phase can be obtained through simulation using the CST unit
cell boundary condition, however, it is difficult to either perform
the reflection phase simulation over the entire textile ground or
perform actual measurements of the reflected phase, especially
in bending conditions. Therefore, the suspended transmission
line method has been used to evaluate the performance of the
entire EBG structure under bending conditions. The suspended
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Fig. 13.  Comparison between the reflected phase of the EBG struc-
ture and the S,; of the corresponding suspended transmission line. (a)
Reflected phase and band-gap for square patches with vias EBG struc-
ture. (b) Reflected phase and band-gap for concentric squares EBG
structure. (c) Band-gap of the square patches with vias EBG structure
when bent. (d) Band-gap of the concentric squares EBG structure when
bent.

transmission line method places a separated transmission line el-
evated a given distance above the EBG ground. The transmission
coefficient (S21) along the line is then used to characterize the
band-gap of the EBG structure. The S2; value can be directly
obtained using a network analyzer; the experimental set-up is
shown in Fig. 18(c). This method has been used in previous
studies to determine the resonating frequency for EBG/AMC
structures [ 13]. To the best of the authors’ knowledge, this is the
first time that such a method has been applied in the evaluation
of bending effects for textile EBG material.

Fig. 13(a) and (b) shows the simulation results characterizing
the relationship between the reflected phase and EBG band-gap
for each EBG type, square and concentric square, respectively.
The band-gap of each design was determined from the Sa; of
the suspended transmission line experiment. The ideal reflected
phase of 0° was located approximately at the center of the band-
gap. From both the reflected phase and the band-gap, it can be
seen that the square patches with vias structure would provide a
wider bandwidth compared to the concentric squares structure.
This is the main benefit of the square patches structure.

Fig. 13(c) and (d) shows the effect of bending on the band-gap
of the two EBG structures evaluated using suspended transmis-
sion line simulation. The structures were bent toward a cylinder
with radii of 100, 150, and 200 mm.

From the figures, it can be seen that for both structures the
bending leads to a slight reduction in bandwidth. The square
patches structure has a larger bandwidth, however, for the tar-
geted BLE application, the concentric squares structure provides
sufficient bandwidth and is preferable due to its smaller size and
fabrication simplicity.

Fig. 14 supports the use of the suspended transmission line
method in determining the properties of the EBG ground plane.
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Fig. 14. Comparison between fields. (a) E-field of the belt antenna
over the EBG plane. (b) E-field of the suspended transmission line.
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Fig. 15. Simulated radiation pattern and realized gain of the belt an-
tenna with EBG ground plane.

The E-field cross-sectional plots show that the main radiating
fields toward the EBG in the case of both the belt antenna and
the suspended transmission line are perpendicular to the EBG.
Thus, the band-gaps seen by the radiated field in these two cases
are similar.

C. Antenna Performance With Textile Ground Plane

The belt antenna with the textile EBG ground plane has been
simulated using the voxel model in CST with two different
postures. The 3-D far-field results are shown in Fig. 15.

The radiation pattern is very similar to that observed without
the textile EBG. However, the maximum realized gain signifi-
cantly increases with the help of the textile EBG.

Aside from the radiation pattern, the radiation efficiency
and SAR value are two very important figures for wearable
antenna applications. The application of the textile EBG plane
has improved the belt antenna performance in these two aspects,
as shown in Table VII. An increase in radiation efficiency and
a reduction in SAR value can be achieved due to the isolation
and reflection of the textile EBG ground plane. The SAR value
distribution is shown in Fig. 16. It should be noted that, due to
the isolation of the textile EBG, the maximal SAR in the sitting
condition was located at the right thigh close to the belt metal
cap.

D. Effect of Different Human Body

The simulation process in the previous sections used only
the Gustav model in the CST voxel family, which is a model

(b) o

Fig. 16.  SARdistribution of the belt antenna with the EBG. (a) Distribu-
tion with the standing model averaged over 10-g tissue. (b) Distribution
with the sitting model averaged over 10-g tissue.
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Fig. 17. S parameters of the antenna with/without textile EBG on
different voxel human models.

of a 38-year-old male (176 cm, 69 kg). With different body
shapes, the tissue composition would vary and thus result in
different electrical properties. To evaluate the effect of different
body shapes on the antenna performance, two other body models
from the CST voxel family, Donna (40-year-old female, 176 cm,
79 kg) and Child (7-year-old female, 115 cm, 21.7 kg), were
also applied in the simulation. The reflection coefficients for
different body models are shown in Fig. 17 and the radiation
parameters are summarized in Table VI. Without the textile
EBG, frequency shifts and changes in radiation efficiency and
gain can be observed with different human body models. When
the textile EBG is used, the effect of the human body was
significantly reduced. The belt antenna backed with the textile
EBG offers stable performance when applied to people with
different body shapes.
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TABLE VI
COMPARISON OF ANTENNA PERFORMANCE WITH DIFFERENT
HUMAN BoDY MODEL

Model Radiation Realized Gain
Efficiency (%) (dBi)
Gustav 54.36 4.37
Gustav_EBG 84.11 7.70
Donna 49.56 1.87
Donna_EBG 83.96 7.57
Child 47.78 2.06
Child EBG 84.24 7.59

(© (d)

Fig. 18. Fabricated prototype and measurement set-up. (a) Radia-
tion pattern measurement in the anechoic chamber. (b) Testing on the
real human body. (c) Suspended transmission line test for textile EBG.
(d) Prototype integrated with the BLE module.

V. RESULTS AND THE PROPOSED SYSTEM

A. Fabricated Belt Antenna and Textile EBG
Ground Plane

The metal part of the belt antenna was fabricated by 3-D
printing brass, whereas the belt pin was 3-D printed from high-
intensity ABS material. Three cylinder parts were also made by
3-D printing to measure the band-gap of the textile EBG under
bending conditions. The fabricated antenna and EBG, along with
the testing conditions, are shown in Fig. 18. Before being applied
to the belt antenna, the textile EBG was first evaluated with a
suspended transmission line and the results are shown in Fig. 19.

The measured results indicate a slight frequency shift and a
larger bandwidth in comparison to the simulation result. This
is mainly due to the inability to accurately model the electrical
properties of the conducting fiber, especially under the effects
of bending and stretching. Also, the measured results show that
the band-gap of the fabricated EBG covers the desired band and
can be applied with the belt antenna.
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Fig. 19. Simulated and measured band-gap for the suspended trans-
mission line over concentric square textile EBG ground plane.
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Fig. 20. Simulated and measured results. (a) S;; for the belt antenna

with the textile EBG ground plane. (b) Realized gain over frequency.
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Fig. 21.  Comparison between simulated and measured radiation pat-
tern for the belt antenna with textile EBG ground plane (simulation with
standing and sitting voxel model also included). (a) E-plane. (b) H-plane.
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TABLE VI
COMPARISON OF ANTENNA PERFORMANCE WITH/WITHOUT TEXTILE
GROUND AND WITH OTHER SYSTEMS

Ref. Antenna Type Radiation Realized SAR (10g, with
Efficiency Gain (dBi) 0.5 W input)
(%) (sim/mea) (W/kg)
This Standing with EBG 84.11 7.70/7.15 0.04
Work
Standing without EBG 54.36 4.37/4.01 2.71
Sitting with EBG 67.77 7.30/- 0.21
Sitting without EBG 46.78 3.98/- 1.67
Free space with EBG 86.25 7.98/7.94" N/A
[8] Replicated belt antenna 19.01 -1.33/- N/A
design
[14] Textile antenna with 61.30 5.20/- 0.37
EBG structure
[33] Button with textile 72.10 5.16/1.1° 0.176
ground (32 mW input)
[34] Smart watch frame 26.00 -0.89/3.8" N/A
antenna
[35] Loop over high 40.00 4.20/3.00 0.55
impedance surface (100 mW input)

*“The gain measured is free space gain, without actual human or phantom presence.

The measured S;; and radiation patterns are shown in
Figs. 20(a) and 21(a) and (b), respectively. The measured max-
imal realized gain versus frequency is shown in Fig. 20(b).
The measurements were performed in our in-house anechoic
chamber. A low permittivity foam was used as the support
structure on the rotary table. Generally, the measured results
match the simulations well. Some discrepancies occurred in
the radiation pattern measurement at 90° and 270° in both the
E-plane and H-plane. This was due to the slight curvature of
the lossy belt leather and the textile EBG when they are closely
attached. The measured radiation pattern matches the simulated
radiation pattern with the sitting/standing voxel human model
well in the direction of the main lobe. However, a larger back lobe
can be observed due to the lack of the body tissue absorption.

Both free space and on-body realized gain were measured.
The antenna was attached to the waist of a human subject
(188 cm, 81 kg) in the chamber to measure the on-body realized
gain. The measured maximal realized gain of the belt antenna
with textile EBG at 2.45 GHz was 7.94 dBi without human
presence and 7.15 dBi when the antenna was attached to the
human waist.

A comparison between the proposed belt antenna and some
related state-of-the-art wearable antenna solutions is included in
Table VII. The results with/without the textile EBG on different
voxel model structures (standing model and sitting model) are all
included. It should be noted that in this study, CST voxel models
were used to evaluate the human body effect on the antenna
performance and the value of SAR was calculated according
to IEEE/IEC 62704-1 with a 0.5 W input power [29]. The
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Fig. 22. Smart belt prototype. (a) BLE RSSI on the cellphone at dif-

ferent distances. (b) Data from the gyroscope onboard the smart belt
system.

simulation condition for [8] and [14] in Table VII was identical to
the condition used in this study. In [33], a partial uniform human
body model was employed, whereas the SAR was evaluated
with the same standard but with an input power of 32 mW. In
[34], a one-layer wrist model was used for evaluation. In [35], a
four-layer human tissue model was used. The SAR was evaluated
with the same standard, whereas the input power was set to be
100 mW. Moreover, a noticeable difference in the simulated and
measured realized gain values can be seen for [33] and [34]
in Table VII. This is due to that the provided simulated value
was with the human body models, whereas the measurements
were performed in free space scenario. For the design in [33],
the human body would have a significant reflecting effect and
hence the on-body gain would be higher. Meanwhile in [34],
the effect of body tissue absorption was more significant than
reflection. Therefore the on-body realized gain was lower. For
the proposed belt antenna with EBG, the measured free space
and on-body realized gain was quite consistent thanks to the
textile EBG structure.

The measurements were performed in our in-house anechoic
chamber (length: 6 m, width: 4 m, height: 3 m) and the antenna
was attached to a human subject (188 cm, 81 kg) for on-body
measurements. Generally, all evaluations of the prior-art results
in Table VII and our work were performed under a similar
experimental condition and therefore the results are comparable
and promising. Overall, the proposed belt antenna achieved a
higher realized gain and a lower SAR value due to the structural
design and the isolation/reflection provided by the textile EBG.

B. Smart Belt Prototype With Simple Functions

A smart belt prototype system was developed using a Texas
Instrument CC2401 BLE chip and a developer board obtained
from the company AmoMcu. A link between the smart belt
and an Android cellphone was set up and the output power
for the chip was set to be —10 dBm. The relationship between
the received signal strength indicator (RSSI) and line-of-sight
distance in the lab is shown in Fig. 22(a). The raw data were
not enough to provide accurate distance measurement and was
largely influenced by the surrounding environment. The data
can still be used to make sure the cell phone stays in Bluetooth
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range of the belt and the range can be changed by setting the
input power.

An onboard gyroscope was integrated into the smart belt pro-
totype. In Fig. 22(b), data from 40 s of walking and a simulated
falling over were recorded. The simulated falling over happened
at the 26th second on the timeline and a sharp increase in the
acceleration in the z-direction can be observed at that moment.
The smart belt system can provide a falling over alarm for the
elderly.

The belt antenna with the textile EBG ground plane has a
high efficiency when placed in close proximity with the human
body and a low SAR value toward the body. When applied in
the smart belt system, it can reduce requirements on the power
and battery.

VI. CONCLUSION

In this article, a belt antenna was designed with the aid of
CMA. The effect of the human body was closely evaluated
throughout the design process. It was found that CMA was of
great use in determining the design parameters and placing the
feed. This belt antenna design was able to direct more radiated
energy away from the human body. Thus, the radiation efficiency
was increased, whereas the SAR value was reduced.

The belt antenna on its own can satisfy the BLE transmission
requirement for the smart belt system. However, considering
that the belt antenna could be operating over long periods of
time and that the available battery size for the system would be
quite limited, further improvements should be made regarding
SAR and radiation efficiency. A separate textile EBG ground
plane was developed to be integrated into the trousers behind
the belt antenna. A set of optimization guidelines for designing
the EBG with nonplanar wearable antennas were proposed.
Also, the suspended transmission line method was proposed in
this case to accurately determine the band-gap of the textile
EBG, especially under bending conditions. The belt antenna
together with the textile EBG formed a highly efficient and safe
transmission mechanism for a smart belt system.
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