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ABSTRACT This paper presents a triple-band open-ring high-gain high-efficiency antenna for 2.45/3.0/3.45
GHz wearable applications. The proposed antenna operates at 2.45 GHz for Industrial, Specific, and Medical
(ISM) applications, 3.0 GHz for military applications, and 3.45 GHz for Worldwide Interoperability for
Microwave Access (WiMAX) applications. The proposed triple-band antenna has excellent features for off-
body communication, which has directional radiation pattern, high gain, high efficiency, low-specific
absorption rate (SAR), and comfortability for wearers. In order to attain these features, the antenna structure
consists of two substrates, a rigid substrate and a textile substrate. Two open-ring radiators and a 1 by 2 power
divider feeding network are printed on a low-loss rigid substrate. In addition, a square conductive textile is
adhered on the backside of the textile substrate. The open-ring radiator generates triple-band at 2.45, 3.0, and
3.45 GHz, in which the inner open-ring excites two resonant modes at high frequencies of 3.0 and 3.45 GHz.
The outer open-ring excites a single resonant mode at a low frequency of 2.45 GHz. The outer annular ring
is shorted to the ground plane by a shorting pin to miniaturize the antenna size and additionally maintain
antenna stability. The conductive textile works as a full-ground plane or protective shield to reduce the
electromagnetic waves toward the human body. Therefore, the SARs are significantly minimized. The
compatibility of the proposed antenna for off-body communication is verified by measuring the antenna
performance in free-space and on phantom/human bodies. The simulated and measured results show very

good agreement.

INDEX TERMS off-body, SAR, triple-band, flexible substrate, wearable antenna.

. INTRODUCTION

Recently, wearable antennas for off-body
communication have been drawing tremendous attention.
They have been widely applied in various applications in
modern life such as physical training, tracking soldiers in the
military, healthcare, and activity monitoring systems. As a
key component of these applications, wearable antennas are
used to transfer the collected data from on-body sensors to
external devices or databases. These applications require
antennas with a compact size, high gain, high efficiency,
directional radiation pattern, low specific absorption rate
(SAR), and that provide comfortability to wearers. Various
single-band antennas [1-11] have been reported for off-body
communication. Among these antennas, broadband antennas
[8-11] are preferable for implementing multiple function
applications. In [8], a ring-shaped monopole is printed on the
top surface of a jeans material substrate, which covers ultra-
wideband (UWB) applications. Similarly, an UWB
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elliptical-shaped monopole antenna is proposed in [9]. In [10,
11], planar inverted-F antenna (PIFA) antennas with dual
resonance modes cover the entire 5 GHz wireless local-area
network (WLAN) application. The abovementioned
wearable antennas have wideband characteristics. However,
one of the inherent drawbacks of the wide bandwidth is
interference with other wireless systems.

To tackle this issue, numerous studies addressing dual-
band wearable antennas have recently been presented [12-
14]. In [12], a patch antenna is placed over metasurface
structures with a composite right-left hand transmission line,
which can generate dual-band modes with similar radiation
properties. In [13], two parallel horizontal slots and two
verticals etched on a triangular-shaped monopole is proposed.
Meanwhile in [14], a quarter-wavelength open-ended slot is
etched into a quadrant circular microstrip antenna to realize
dual-band characteristics. To further increase the number of
bands, a method of using two Landolt ring-shaped strips
connected by a rectangular strip and symmetrical stubs
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FIGURE 1. Geometry of the proposed antenna in: (a) perspective view, (b)
side view, (c) top view, and (d) bottom view of the rigid substrate.

extended from the coplanar waveguide ground plane is
proposed in [15], which achieves triple-bands. However, the
rigid FR4 substrate adopted is not suitable for wearable
application scenarios. To address this issue, other triple-band
wearable antennas utilizing flexible substrate are presented
in [16] and [17]. In [16], a substrate integrated waveguide
(SIW) antenna based leather substrate is presented. The
triple-band characteristic and antenna size miniaturization
are implemented by introducing two slits into the tri-angular
patch. However, this design suffers relatively low peak-gain
of 1.1, 0.9, and 2.1 dB. In [17], another wearable antenna
based jean substrate is designed, which yields wide triple-
operating bandwidth. However, the other antenna parameters
of gain, efficiency, and SAR are not detail mentioned. One
of the drawback of the flexible substrate including textile,
leather is having high loss tangent, which degrades the
antenna performance. Therefore, a wearable triple-band
button antenna with a 0.2 mm-thin low-loss tangent Rogers
RO4003 is proposed in [18]. This antenna is featured by
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FIGURE 2. Simulated S-parameters of the feeding network.

compact size, high gain, and high efficiency but two out of
three bands with a limited bandwidth (BW) of less than 3%.

In this paper, a triple-band antenna with excellent
features including high-gain, high-efficiency, and low SAR
is proposed for ISM, military, and WiMAX applications. By
implementing a combination of rigid and textile substrates
on the antenna structure, the proposed antenna has excellent
performance with/without the human body, but also
comfortability for wearers. Two open-ring radiators, inner
and outer rings as the main radiators, are printed on the low-
loss rigid substrate to achieve high antenna performance. The
triple-band characteristic of the proposed antenna is
implemented by combining resonant modes of the inner ring
and outer ring. A square conductive textile is attached on the
textile substrate to avoid electromagnetic wave radiation
toward the human body and to provide comfortability to
wearers. The numerical simulations and the experimental
results show very good agreement.

Il. DESIGN OF THE ANTENNA

A. ANTENNA GEOMETRY AND FEEDING NETWORK

The geometry of the proposed wearable triple-band open-
ring antenna for off-body communications is shown in Fig.
1. The proposed antenna structure consists of two substrates:
a TLY-5 substrate and a felt substrate. Two open-ring
radiators are printed on a Taconic TLY-5 substrate with a
dielectric constant of 2.2, a loss tangent of 0.0009, and a
thickness of 1.52 mm. The inner open-ring radiator, denoted
as IR, has an inner radius and width of r/ and wl,
respectively. The inner radius and width of the outer open-
ring radiator, denoted as OR, are r2 and w2, respectively.
The gaps on and between IR and OR are g/, g2, and g3. The
gap directions on IR and OR are perpendicular to each other
as shown in Fig. 1 (c).

A 1 x 2 feeding network [19] is printed on the backside
of the TLY-5 substrate. The 90° (o) sector of the feeding
network is printed inside the inner radius of IR observed
from the +z direction to mitigate the distortion to the IR
radiation as shown in Fig. 1 (c). The feeding network is

composed of a 90° sector and two output strips. A 50-Q co-
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FIGURE 3. Investigation of antenna topologies: (a) Ant1, (b) Ant2, and (c)
Ant3.
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FIGURE 4. Simulated S1s to show the operating principle of the proposed
antenna.
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FIGURE 5. Simulated current distribution on inner and outer ring radiators
at: (a) 3.4 GHz, (b) 2.1 GHz, and (c) 2.8 GHz.

axial cable is soldered at the input power of the feeding
network. Meanwhile, the output powers are delivered to IR
and OR by two vias, Vial and Via2, respectively. The
feeding network sector has the inner radius of r3 and width
of w3. The width and lengths of the two output strips are w4,
/1, and [2 as shown in Fig. 1 (d). The feeding network
provides IR and OR with balanced signals of equal
magnitude. In addition, it transfers the impedance of IR and
OR to match with the 50-Q coaxial line at the input signal
(Portl). The width of the 90° sector and the two extended
strips are designed and optimized around 3.0 GHz as shown
in Fig. 2. The reflection coefficient S1; < -10 dB of the power
divider at Portl ranges from 2 - 4 GHz. Meanwhile, the
output powers have equal magnitude with the transmission
coefficients S>; and S31 achieved of -3.5 £ 0.5 dB.

The ground plane is made of a ShielditTM super
conductive textile with a conductivity of 11800 S/m on a felt
substrate with a thickness of 3 mm and a width of ws. The
OR is shorted to the ground plane by a shorting pin, denoted
as Via3, with a radius of 1 mm. Via3 also works as a
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FIGURE 6. Bending effect of the proposed antenna in the (a) x-direction
and (b) y-direction.

supporter that maintains the spacing from the Taconic
substrate to the felt substrate of .

The antenna was characterized using the ANSYS high-
frequency structure simulator (HFSS). The optimized
geometrical parameters are listed as follows: ws =60, rI =9,
wl=72,1r2=18.7,w2=6.5,g1=04,g2=3,g3=25,r3
=55,w3=35,11=13,12=3.6, w4=0.5, h =3 (unit: mm).

B. OPERATING PRINCIPLE

To understand the operating principle of the proposed
antenna, three other antenna topologies; inner-ring only
(Antl), outer-ring only (Ant2), and the proposed antenna
without Via3 (Ant3) are investigated as shown in Fig. 3.
Note that the Ant1-3’s parameters are kept the same as in the
proposed design.

Antl is made of the IR, which operates as a half-
wavelength antenna. The ring excites a fundamental mode
TMi; at 3.4 GHz as shown in Fig. 5 (a). While, the gap
excites a higher mode around 4.0 GHz as shown in Fig. 4
[20]. Similar to Antl, Ant2 (which is made of OR) excites a
fundamental mode TM; around 2.1 GHz as shown in Fig. 5
(b) and a TM 5,1 half-mode at 2.8 GHz as shown in Fig. 5 (c).
Ant3 combines Antl and Ant2 by the 1:2 feeding network.
As can be observed in Fig. 4, Ant3 excites three resonant
modes at 2.1, 2.8, and 3.5 GHz. The higher resonant mode of
Antl is shifted out of the considered band, which is not
shown in Fig. 4. The resonant modes of Ant3 are slightly
different from Antl and Ant2. The IR and OR radiate at
different frequencies. When one radiates, the other can be
treated as a load rather than a radiator. Therefore, the input
impedance of a radiating ring at the feed point is affected by

3

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3107605, IEEE Access

IEEE Access

Multdisciplinary ; Rapid Review : Open Access Journal

g

(© (d)

FIGURE 7. Proposal antenna with four tilting conditions including: (a) tilting
back, (b) tilting front, (c) tilting left, and (d) titling right.
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FIGURE 8. Simulated Sy1in flat condition and different tilting conditions.

the position of the un-radiating ring behaving as a load,
which is determined by /7, [2, and a [21].

To reduce the size of the antenna, a method of using a
shorting pin (Via3) to provide additional inductance to the
antenna structure [22] is adopted in Ant3, which produces
the proposed antenna. In addition, Via3 can maintain the
mechanical stability of the proposed antenna. As a result, the
resonant modes, which are excited by OR, move from 2.1 to
2.45 GHz and from 2.75 to 3.0 GHz as shown in Fig. 4.
Finally, the proposed antenna achieves resonant modes of
2.45, 3.0, and 3.45 GHz.

C. DEFORMATION STUDY

In some practical situations, the antenna is mounted on
different parts of human body with different curvature
surfaces. In addition, due to the movement of human body,
the antenna might tilt into the different directions. This
section is carried out to investigate the antenna performances
for both bending and tilting condition.

Firstly, the proposed antenna is tested for the bending
condition along a cylinder with a radius of R in the x- and y-
directions. The simulated results with bending radius R of 30,
40, and 50 mm compared to the flat condition are shown in
Fig. 6. It is noted that a negligible frequency shift is observed
for bending in the x-direction for all the bending radius cases.
Meanwhile for bending in the y-direction, a slight frequency
shift is observed at the middle band of 3.0 GHz. This
phenomenon occurs because the OR has symmetrical
structure in the x-direction but not in y-direction.
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FIGURE 9. Simulated and measured S11 in free space.
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FIGURE 10. Simulated and measured broadside gains and radiation
efficiencies in free space.

Nevertheless, the resonant modes at 2.5 and 3.5 GHz for both
x- and y- directions are maintained as in the flat condition.

In the tilting condition, four tilting situations are
considered including tilting to the back, front, left, and right
as shown in Fig. 7. Tilting angle of 5° is selected for
investigation. As a result, the second and third bands are
somewhat affected as shown in Fig. 8. However, the
proposed antenna is still well covering the ISM, military, and
WiMAX bands. In summary, the proposed antenna can work
well under bending or tilting condition.

lll. MEASUREMENT RESULTS

To validate the simulated results and confirm the
suitability of the proposed antenna for off-body
communications, the antenna is fabricated and then
measured in free space and on human/phantom bodies.

A. FREE SPACE PERFORMANCE

The simulated and measured S1; in free space is shown in
Fig. 9. The measured bandwidths of S1; are 4.48% (2.40-2.51
GHz), 4.05% (2.90-3.02), and 6.25% (3.41-3.63 GHz),
similar to the simulated results of 3.65% (2.42-2.51 GHz),
4.69% (2.91-3.05 GHz), and 5.14% (3.41-3.59 GHz).

The measured broadside gain and radiation efficiency
compared to the simulated results are presented in Fig. 10.
The measured gains achieved at 2.45, 3.0, and 3.45 GHz are
6.2,7.8, and 5.8 dBi, respectively. Meanwhile, the simulated
results achieved are 6.14, 7.95, and 6.0 dBi, respectively.
The measured radiation efficiencies are 77, 86, and 88%,
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FIGURE 11. Simulated and measured radiation patterns in free space at (a)
2.45 GHz, (b) 3.0 GHz, and (c) 3.45 GHz.

which agree well with the simulated results of 80, 91, and
92%, respectively.

The simulated and measured radiation patterns in free
space in the x-z and y-z planes at 2.45, 3.0, and 3.45 GHz are
plotted in Fig. 11. The measured results indicate that the
proposed antenna has directional radiation pattern, which is
suitable for off-body communication. The measured front-
to-back ratios (FBR) in the broadside direction at 2.45, 3.0,
and 3.45 GHz are 9.2, 19, and 16.5 dB, respectively.
Meanwhile, the measured cross polarization discriminations
in the broadside direction are 20, 11, and 7 dB at 2.45, 3.0,
and 3.45 GHz, respectively. The simulated and measured
results are well agreed.

B. ON BODY PERFORMANCE

In this section, the antenna performances with the
presence of a human body or a human body-like environment
are performed. To mimic a realistic situation, the proposed
antenna is simulated over a 160 x 160 x 27 mm?® three-
layered human tissue sample as shown in Fig. 12, where the
spacing distance from the proposed antenna to the human

TABLEI
HUMAN TISSUE

Layer Permittivity Conductivity Mass
Density

Skin 35.11 3.72 1100

Fat 4.95 0.29 910

Muscle 48.48 4.96 1041

———
"7 5 mm
= mE Skin
Il Fat

B Muscle

FIGURE 12. The model of three-layered human tissue.
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FIGURE 13. Simulated and measured Si1 of the proposed antenna on
different parts of the human body.
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FIGURE 14. Simulated and measured broadside gains and radiation
efficiencies on the human phantom.

tissue is 5 mm. The three-layered tissue includes a 2 mm-
thick skin, a 5 mm-thick fat, and a 20 mm-thick muscle. The
details of relative permittivity, conductivity, and mass
density are listed in Table 1.

Fig. 13 shows the comparison of the simulated and the
measured Sp; on different parts of the human body, including
the chest, arm, and leg. The measured bandwidths of Si;
achieved on the human arm representatively are 4.8% (2.43-
2.55 GHz), 1.4% (2.94-2.98 GHz), and 6.2% (3.43-3.65
GHz), compared to the simulated S;; on human tissue of 4.44%
(2.42-2.53 GHz), 2.6% (2.94-3.02 GHz), and 6.49% (3.43-
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FIGURE 15. Simulated and measured radiation patterns of the proposed
antenna on the human phantom at (a) 2.45 GHz, (b) 3.0 GHz, and (c) 3.45
GHz.

3.66 GHz). It can be observed that the measured Si; in
different parts of the human body are significantly consistent
and in good agreement with the simulated results, except for
a slight difference at the first and second resonant band. This
may be caused by inaccurate alignment of the rigid and
textile substrates in the fabrication process.

The simulated and measured gains in the broadside
direction and the radiation efficiencies on the human
phantom are shown in Fig. 14. The measured broadside gains
are 4.2, 6.6, and 5.5 dB, and the measured radiation
efficiencies are 79, 83, and 82% at 2.45, 3.0, and 3.45 GHz,
respectively. Both measured results well agree with the
simulated ones. The measured gain and radiation efficiencies
on the human phantom are slightly deteriorated compared to
the measured results in free space.

The simulated and measured radiation patterns of the
proposed antenna on the human phantom in the x-z and y-z
planes at 2.45, 3.0, and 3.45 GHz are shown in Fig. 15. The
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FIGURE 16. Simulated SAR for US and European standards at (a) 2.45, (b)

3.0, and (c) 3.45 GHz.

measured FBRs achieved at 2.45, 3.0, and 3.45 GHz are 14.5,
22.5, and 20.3 dB, respectively. Meanwhile, the measured
cross-polarization discriminations are 16, 10.5, and 7 dB,
respectively. The simulated and measured results well agree.
It is noted that there are slight differences between the
measured results in free space and on the human body or the
phantom body environments. The differences are caused by
the human proximity effect and the bending of the ground
plane on the phantom body during the measurement process.

C. SAR ANALYSIS

For wearable applications, the SAR value is a critical
parameter. To ensure safety regulations for wearers, the SAR
is calculated based on US and European standards. The US
standard sets a limit of 1.6 W/kg for 1-g average mass and
the European standard sets a limit of 2 W/kg for 10-g average
mass. The simulated input power is set to 100 mW. The
simulated SARs for the US and European standards are
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TABLE 11
COMPARISON WITH OTHER TRIPLE-BAND ANTENNAS FOR WEARABLE APPLICATIONS.
BW fo Overall Size Gain Efficiency SAR

Ref (%) (GHz) No) (dBi) (%) (Wikg) Substrate

[15] 35.5/4.2/34.1 3.5/5.5/9.1 0.44 x 0.33 x 0.02 3.09/2.8/5.05 41/42/49 N.A FR4

[16] 11/7/5 2.4/3.5/4.6 0.67 x 0.67 x 0.02 1.1/0.9/2.1 71/68/76 N.A Leather

[17] 23.3/56.4/31.1 3.9/6.5/12.2 0.3x0.3x0.01 4.85/N.A/N. A N.A/N.A/N.A N.A/1.8/N.A Jean

[18] 4.3/2.1/2.5 0.8/2.3/5.8 0.05 x 0.05 x 0.0006 2.5/3.52/4.8 78/85/89 0.26/0.57/0.93 Rogers
This work 4.4/4.0/6.2 2.45/3.0/3.45 0.5 x0.5 % 0.06 4.2/6.6/5.0 79/83/82 0.13/0.09/0.09" TLY-5/Felt

Mo : at lowest resonant frequency
*: SAR value for European standard

shown in Fig. 16. The simulated SARs at 2.45, 3.0, and 3.45
GHz are 0.29, 0.2, and 0.22 W/kg for the US standard.
Meanwhile, for the European standard, the calculated SARs
are 0.13, 0.09, and 0.09 W/kg. The simulated SARs for both
standards are significantly lower than the limit standards.

In order to meet the safety level of SAR for US and
European standards, the maximum of input powers to the
antenna should be evaluated. As well known that the SAR
value is linearly proportional to the input power. Therefore,
the maximum allowable input power for US and European
standards can be calculated based on the limit of SAR values
and the simulated greatest SAR value at input power of 100

mW as following: B,(mW) = % x 100. As a

result, the maximum of input power for US standard can be

calculated: Pysm = o= X 100 = 550 mW. Similarly, the

maximum of input power for European standard is
approximately calculated: Pz = % x 100 = 1500 mW.

The calculated maximum allowable iriput power for US and
European standards are 550 and 1500 mW, which is far

excess for low-power wearable electronic devices.

The comparisons of the proposed antenna with other
triple-band wearable antennas are summarized in Table II. In
terms of the antenna size, the antenna in [18] achieves
smallest overall size. However, its operating bandwidth is
relatively small. The antenna in [17] yields triple-wideband,
but antenna gain, efficiency, and SAR are not detail
mentioned. In general, the proposed antenna yields adequate
triple-band with higher gain, high radiation efficiency with a
significantly lower SAR. Thanks to the large conductive
textile, it works as a reflector or protective shield to increase
antenna gain and reduce the proximity effect, hence
minimizing the SAR.

IV. CONCLUSION

This paper presents a wearable triple-band open-ring
antenna for 2.45/3.0/3.45 GHz for ISM, military, and
WiMAX applications, respectively. The proposed antenna
structure is comprised of two substrates: a rigid substrate and
a textile substrate. The two open-ring radiators and a 1 by 2
feeding network are printed on the rigid substrate. In addition,
a conductive textile ground is attached on the textile
substrate. The triple-band open-ring antenna yields

directional radiation with high-gain, high-efficiency and a
significantly low SAR. The proposed antenna is validated by
measurement in free space and in human/phantom body
environments showing very good agreement. The
experimental results indicate that the proposed antenna is a
suitable candidate for off-body communication.
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