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Abstract — A novel bandwidth enhanced compact
microstrip antenna for wireless body area networks
(WBANS) applications is designed by loading zeroth-
order resonator (ZOR) structure. The broadband was
realized by combining the ZOR resonant frequency
with the microstrip patch resonant frequency. The patch
dimensions of the antenna are 0.2124¢ % 0.310/c % 0.027/c,
where Jc is the wavelength of the lower cutoff frequency.
By using the ZOR, the bandwidth of the proposed
antenna increased by 150% compared to the reference
microstrip antenna. The proposed antenna was fabricated.
The measured and simulated the -10 dB |S11| bandwidth
are 5.5% (2.352-2.485 GHz) and 6.7% (2.320-2.481 GHz),
respectively. Thus, the antenna covers the medical BAN
(MBAN) band (2.36-2.4 GHz) and the 2.4-2.48 GHz
Industrial, Scientific and Medical (ISM) band. From the
simulated and measured results, both the microstrip
patch mode and the ZOR mode of the proposed antenna
radiate uni-directionally. The gains of the antenna are
2.56 dBi and 4.54 dBi at the ZOR mode and microstrip
patch mode, respectively. The off-body characteristics
of the antenna were investigated and compared with the
free-space characteristics. As the antenna was mounted
as off-body, the simulated and measured impedance
bandwidths of the antenna are 5.5% (2.352-2.484 GHz)
and 4.7% (2.35-2.465 GHz), respectively. Although the
bandwidths are reduced, the ISM band and the MBAN
band are still covered. Though the antenna with tissue
backing has increased back radiation, good uni-
directionally radiation patterns are also observed. The
robust off-body performances reveal that the proposed
antenna is a good candidate for WBAN applications. In
addition, to evaluate its safety for brain activity detection,
the electromagnetic radiation energy of antennas was
considered and the safety performance of the antenna is
studied by measuring the value of specific absorption
rate (SAR).
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I. INTRODUCTION

In recent years, tremendous advancements have
been developed in the field of body area network (BAN)
electromagnetics, and revolutionary functionalities were
achieved for the health monitoring, patient tracking,
physiotherapy, wearable computing, battlefield survival,
the Internet of Things (1oT), and so on. Thereby, BAN
technology holds great promising for the revolutionizing
of many aspects of the daily life of human beings [1-4],
such as real-time online healthcare, patients can be
tracked and monitored in normal or emergency
conditions at their homes, hospital rooms, and in
Intensive Care Units (ICUs). Typically, the type of
communication within a WBAN can be classified into
three modes, including on-body, in-body (or sometimes
called through-body), and off-body communications
[5]. Thus, the antennas applied on the WBAN require
radiation pattern normal to the body surface and a smaller
size. The frequency bands for BAN communication
systems mainly include the 402-405 MHz Medical
Implant Communication Services (MICS) band [5-6]
that are primarily used for on-body and through-body
communications, the 2.4-2.48 GHz Industrial, Scientific,
and Medical (ISM) band [5, 7] as well as the 3.1-10.76
GHz Ultra-Wide Band (UWB) range [5, 8] that are
primary used for off-body communication, and the
medical BAN (MBAN) band that operates from 2.36 GHz
to 2.4 GHz [5, 9]. As a vital component of WBAN, the
antenna is very close to the human body, and it is
required with the characteristics of lightweight, low
profile and small size [3]. However, the performances
of an antenna could be impaired by the loading effect of
the loss of the tissue. Many antennas have been studied
for WBAN applications, including monopole antennas
[10], inverted-F antennas [11-12], microstrip patch
antennas [13], artificial magnetic conducting surface

1054-4887 © ACES

631



632

backed antennas [14] and so on. In [10], the vertical
monopole antennas with narrow band and high-profile
are studied for on-body communications. Reference [11]
presents a broadband textile planar inverted-F antenna
(PIFA), and [12] presents a dual-band Sierpinski fractal
PIFA, and the antennas require complex 3-dimensional
and thicker structures. Reference [13] utilizes microstrip
patch antenna to statistical analyze the performance of
on-body radio propagation, and the antenna is narrow
bandwidth. In [14], a dual-band coplanar patch antenna
integrated with an electromagnetic band gap substrate
is described. The electromagnetic band-gap (EBG)
substrate provides a high isolation between the antenna
and human tissue, and the antenna covers the 2.45 GHz
and 5.8 GHz wireless bands. However, the antenna still
suffered from low front-to-back ratio (FBR). To obtain
further compact antenna size, a novel zeroth-order
resonance (ZOR) antenna with a spiral slotted ground
plane was proposed in [15]. Though, the antenna in [15]
is miniaturized, its bandwidth is very narrow. Moreover,
multiband and broadband antennas are preferable options
for multiple functions [16-17]. In [17], a miniaturized
omnidirectional antenna has two bands, the 403.5 MHz
for medical implant communication services (MICS) and
the 2.45 GHz for industrial, scientific, and medical (ISM)
applications. However, the antenna has complicated
structure and increased profile as it consists of two-
stacked center-fed circular patch over a circular ground
plane. In recent years, the wearable technology has been
developed rapidly [18], then, the public is paying more
and more attention to the electromagnetic radiation
problems of wireless terminals. Under the action of
electromagnetic field, the body will produce induction
electromagnetic fields as various organs are lossy
medium, which lead to electromagnetic energy absorption
and dissipation, and then, it is necessary to study the
specific absorption rate (SAR) value to evaluate the
security performance of the wireless device [19].

The traditional microstrip antennas were widely
used because they have many advantages of other
antennas, such as low profile, light weight, low cost and
easy construction [20]. However, the microstrip antennas
have a shortage of narrow bandwidth (typically 2%),
and the narrow bandwidth could be a limitation for
its applications in WBAN. In order to overcome the
shortcoming of narrow bandwidth, bandwidth broadening
microstrip antenna technologies had been studied. The
most common methods for increasing the bandwidth
of the microstrip antenna are shown as follows. The
technique of low Q value by low permittivity (air gap),
thick substrate and capacitive feeding are used to enhance
bandwidth [21], [22]. Multi-layer structure technology
and fold structure technology in [23] and [24] lead to
high profile and complex structure. Metamaterials in
[25] greatly increase the bandwidth of the antenna. In
[26], new zeroth-order resonators (ZORs) were utilized
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as parasitic elements to enhance bandwidth of the
microstrip antenna. By utilizing one, two and three
resonators, extra corresponding numbers of resonances
were generated, by merging the resonances of the
resonators with that of the microstrip antenna, the
measured impedance bandwidth can be increased from
56 MHz of the reference microstrip antenna to 101, 120,
and 133 MHz of the ZORs loaded antennas. However,
the parasitic elements lead to antenna size enlargement.

In this article, a novel ZOR-loaded compact
microstrip antenna with enhanced bandwidth was
proposed for the ISM/MBAN bands and for the
brain activity detection in this paper. The wideband
performance is achieved by combining the ZOR
resonance with the microstrip patch resonance. As the
ZOR structure is placed in the interior of the microstrip
patch, the antenna size is unchanged with operational
frequency decreasing, and the microstrip patch mode
still operates good performances. The proposed antenna
was measured both in free space and with pork, and
reliable off-body performance is achieved. The ZOR
antenna has a 150% increasing in the bandwidth
compared to the microstrip antenna. In free-space, the
simulated and measured -10 dB |Si1| bandwidths are
6.7% (2.320-2.481GHz) and 5.5% (2.352-2.487GHz),
respectively. As the antenna was mounted as off-body,
the simulated and measured impedance bandwidths
of the antenna are 5.5% (2.352-2.484 GHz) and 4.7%
(2.35-2.465 GHz), respectively. Thus, the antenna meets
the MBAN band and the ISM band. The gains at the
ZOR mode and microstrip patch mode of the proposed
antenna were 2.56 dBi and 4.54 dBi, respectively. In
our previous researches for the brain activity detection,
antennas were required to radiate face to the head [27-
29], and electromagnetic safety would be an issue.
Then, (SAR) values of the antenna were calculated by
installing the antenna around a human head. Research
found that, the antenna radiation meets the health and
safety requirements with very small SAR as its
backside face the head. While the antenna is installed
with its front side face to the brain, 28 mm distance
between the brain and the antenna is required.

I1. ANTENNA DESIGN AND ANALYSIS

The configurations of the proposed antenna as
well as its equivalent circuit were shown in Fig. 1.
The proposed antenna consists of two components, a
microstrip patch fed by coaxial probe and a ZOR
structure embedded in the microstrip patch. The antenna
has a substrate dimensions 50mm x 60mm x 1.6mm
(0.384/c¢ x 0.4614c x 0.027/c) and the size of the patch
is 28mm x 40mm x 1.6mm (0.2124c¢ % 0.3104¢ x 0.027Ac).
The ZOR's size is only 9mm x 10mm (0.069/c x 0.0764c).
Owing to the zero phase constant (5=0) feature of the
ZOR, its size can be very small. Then, the ZOR was
embedded in the patch, which makes the size and



profile of the proposed antenna is not increased with
bandwidth increasing. In this configuration, the bend
line acts as a series inductance Lg and the gaps between
bend line and the patch generates series capacitance Cy.
Since the Q-factor of the resonator is determined by
the series inductance and capacitance, the resonant
frequency of the ZOR is related to the bending line and
the gaps. The proposed antenna was fabricated on a
FR4 substrate with a permittivity of 4.4 and thickness
of 1.6 mm. The parameters of the antenna are shown
below: Lo=50mm, W,=60, L=28, W=40, a=9, b=10,
T=4.5, m=3.3, H=2, d=0.6, L4=0.6, S=4 (unit: mm).

Fig. 1. Configurations of the antenna and its equivalent
circuit.

The impedance matching characteristics of the
proposed antenna and the reference microstrip antenna
(RMA) were compared as shown in Fig. 2. It can be
clearly seen that the proposed antenna has an extra
ZOR resonance compared to the RMA. Then, the
bandwidth of the proposed antenna is increased by
150% compared to the RMA, which completely covers
the MBAN and band the ISM band.

9
=3
5151

-204

—O—pmpnscd antenna
) —&-RMA proposed antenna
-25 T T T
2.2 2.3 24 25 26

Frcqucn;:y(GHz)

Fig. 2. The simulated |S11| of the proposed antenna and
RMA.

ZOR resonances include mu-zero resonator (MZR)
and epsilon-zero resonator (EZR) that related to the
series and shunt tanks of a composite left and right hand
transmission line (CRLH-TL) as shown in Fig. 3 [30-
32]. Equations (1) and (2) are the resonant frequencies
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of the series and shunt tanks, respectively:

Dy = L ' (1)
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And the constitutive parameters of the CRLH TL are
calculated by Equations (3) and (4):
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It is found from Equation (3) that the permeability
w is determined by the series tank and it equals zero at
the resonance wse. From the Equation (4), the permittivity
& equals zero at the resonance wsn. That mean MZR is
corresponded to « = 0, and EZR is related to & = 0.

Fig. 3. The equivalent circuit of CRLH-TL.

To verify the ZOR feature of the embedded
resonator, the constitutive parameters of the resonator
were retrieved by a Kramers-Kroning relationship
based metamaterial parameters extraction method [33].
The retrieved method requires the calculation of S
parameters. Then, an appropriate simulation model is
required to explore the ZOR. As demonstrated in the
inset of the Fig. 4, a microstrip line based model was
built. A microstrip line has similar field distributions to
a microstrip antenna, then, microstrip line based model
imitates the operational environment of the ZOR in
the microstrip antenna. The microstrip line model used
the same substrate as the designed antennas. Figure 4
exhibits the constitutive parameters curves of the ZOR.
As shown in the figure, resonance is occurred for the
ZOR as large mutations is happened for the effective

permittivity (ererr) and effective permeability (urer) curves.

For the ZOR, the & iS positive in the whole operating
band. While the urf obtains zero value around 2.35. It
can be judged that the embedded structure is a ZOR
(MZR) resonator.
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Fig. 4. The simulated dielectric constant and permeability
of ZOR structure.

To further reveal the resonances, the impedance
curves and the electric field intensity distributions of
the proposed antenna were plotted in Fig. 5. From Fig.
5, the antenna has two resonant points. The lower one is
the ZOR resonance and the higher one is the microstrip
patch resonance. The two resonant points merge with
each other wand imply a wide impedance bandwidth.
The electric field intensity distributions for the two
resonances of the antenna were demonstrated as insets
in Fig. 5. At the lower resonance, the electric field is
mainly concentrated on the bending line (ZOR structure).
At the higher resonance, the electric field is mainly
focused on the microstrip patch.

Z-parameters(€2)

2.0 2.2 2.4 2.6 2.8
Frequency(GHz)

Fig. 5. The electric field intensity distributions and
impedance curves of the proposed antenna.

The antenna was fabricated on a 1.6-mm-thick FR4
substrate with a dielectric constant of 4.4 and loss
tangent of 0.02. A photograph of the fabricated antenna
is shown in Fig. 6 (a). The simulated and measured Sy
of the proposed antenna is shown in Fig. 6 (b). It can
be clearly seen that the simulated result is in good
agreement with the measured one. Both the measured
and simulated -10 dB |S11| bandwidth cover the MBAN
band (2.36-2.4 GHz) and the ISM (2.4-2.48 GHz) band
completely. In free space, the measured and simulated
bandwidths are 133 MHz (2.352-2.485 GHz) and 161
MHz (2.320-2.481 GHz), respectively.
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Fig. 6. Photograph of: (a) the fabricated antenna, and
(b) the simulated and measured |S11] in free space.

To further investigate the characteristics of the
proposed antenna and reveal the independently
adjustment of the resonant frequencies, parametric studies
were conducted. As shown in Fig. 7, the parameters T
and H; were swept. From Fig. 7 (a), by increasing the
parameter T from 4mm to 5.5mm with a step of 0.5mm,
the resonance point of ZOR reduce from 2.50 GHz, to
2.35 GHz, 2.25GHz and 2.15 GHz, while microstrip
antenna resonant point (MPR) is almost unchanged.
Similarly, from Fig. 7 (b), as the height H; of the ZOR
structure increased from 2mm to 3mm with a step of
0.5mm, the ZOR resonant point of the antenna decreased
from 2.35 GHz, to 2.30 GHZ and 2.26 GHz, while the
MPR was little affected. Thus, it is confirmed that the
ZOR resonant point is affected by the parameters of
ZOR structure, and the resonant frequencies can be
adjusted independently.
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Fig. 7. The simulated |S11| for antenna parameters: (a) T
and (b) H..




11l. ANTENNA OFF-BODY PERFORMANCE

The off-body performances of the antenna was
analyzed and compared to the free space performances.
In particular, the antenna was simulated under the
human equivalent tissue and measured with human arm
and pork.

To analyze the off-body performance of the
proposed antenna with simulation, the equivalent
environment of human tissues should be used. The
physical electrical parameters of the human body (tissue)
were shown in Table 1 [34-35]. The relative dielectric
constant e and loss tangent of human tissue decreased
with the frequency increasing. However, the relative
conductivity ¢ increased as the frequency increasing
[35]. As the proposed antenna is working at 2.36-2.4 GHz
(MABN) and 2.40-2.48 GHz (ISM) bands, the equivalent
physical electrical parameters of the tissue in 2.38 GHz
and 2.45 GHz were presented in Table 1.

Table 1: Physical electrical parameters of the tissue [34,
35]

Target Muscle
Frequency | Conductivity Relative Loss
(MH2z) [S/m] Permittivity | Tangent
402-405
(MICS) 0.797 57.106 0.622
600 0.850 55.960 0.455
2360-2400
(MBAN) 1.689 52.820 0.242
2400-2480
(ISM) 1.722 52.760 0.241

In this research, the electrical parameters of the
equivalent arm muscles were selected. The equivalent
human muscle tissue size is 2100mm x 150mm x 50mm.
The proposed antenna has a 5mm distance from the
tissue to imitate the off-body environment [36]. As the
tissue parameters are different for the MBAN and the
ISM bands, two equivalent models were established as
shown in Fig. 8. In Fig. 8 (a), the equivalent electrical
parameters are £=52.820, 0=1.689s/m, tan §=0.242
for the MBAN band. While in Fig. 7 (b), the physical
electrical parameters of the tissue are &=52.760,
0=1.722s/m, tan 6=0.241 for the ISM band.

The results of the simulation and measurement of
the fabricated antenna on the free-space and off-body
were plotted in Fig. 9. As shown in the figure, in free-
space, the simulated and measured |S1| are 2.320-2.481
GHz and 2.352-2.485 GHz, respectively. As the antenna
was mounted as off-body, the simulated -10 dB |Sy]
band is 2.325-2.475 GHz with tissue parameters set at
the MBAN band as shown in Fig. 8 (a), while the
simulated -10 dB |Si11| band for tissue parameters set at
the ISM band as shown in Fig. 8 (b) is 2.352-2.484
GHz. Then, both the simulated -10 dB |S11| bands for
the tissue parameters settings almost cover the MBAN
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and the ISM bands. The measured -10 dB [Syi| band
with the antenna above an arm is 2.35-2.465 GHz. It is
found that two resonances were observed for both the
free-space and off-body environments.
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Fig. 8. The model of the proposed antenna and
equivalent muscle tissue: (a) at the MABN, and (b) at
the ISM.
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Fig. 9. Simulation and measured |S11| in free-space and
the equivalent tissue.

The radiation patterns of the proposed antenna
were measured by the NSI2000 system in a microwave
anechoic chamber as shown in Fig. 10 (a). Both the
patterns in free-space (air) and off-body (pork) were
measured [37]. Only half space was measured due to
the limitation of the NS12000 system, and it is enough
to verify the simulated results. Radiation patterns of
the fabricated antenna were measured at the resonant
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frequencies of 2.38 GHz (ZOR) and 2.45 GHz (MPR)
as shown in Figs. 10 (b) and (c). The simulated results
were also plotted in the figures for comparison. The
simulated and measured results show reasonable
agreement. As shown in Fig. 10 (b), at 2.38 GHz, the
simulated and measured E-plane (xoz-plane ¢=0) and
H-plane (yoz-plane ¢=90°) have good uni-directionally
radiation patterns for both the free-space and off-body
environments, though the back radiation for off-body
environment is larger. At 2.45 GHz, the radiation
patterns are similar to 2.38 GHz as shown in Fig. 10 (c).
As the size of the ZOR structure is very small, its
antenna gain is 2.56 dBi at 2.38 GHz, while the antenna
gain for the MPR frequency (2.45 GHz) is 4.54 dBi. In
Fig. 10 (d), the antenna efficiency of the RMA is larger
than 80%, and the antenna efficiency of the proposed
antenna is not bad in the band, such as 70%, though the
efficiency drops a few near the ZOR mode. It is clear
from Fig. 10 that the proposed antenna maintains good
radiation performance both in free-space and off-body.
The proposed antenna has relatively stable uni-directional
radiation patterns under different environments. The
robust off-body performances reveal that the proposed
antenna is a good candidate for WBAN applications.
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Fig. 10. Simulated/measured radiation patterns in the
E-plane and H-plane in free-space and off-body: (a)
measurement environment, (b) 2.38 GHz, (c) 2.45 GHz,
and (d) efficiencies.

In recent years, there are many studies aiming at
abnormal tissue detection such as early breast cancer
detection and stroke detection [38, 39] and brain activity
detection [27, 28, 29]. For these applications, the SAR
level of the antenna needs to be analyzed in the design
stage to ensure that the safety limit is obeyed. According
to the guidelines of the FCC and the CNIRP, the SAR
must not be larger than 2 W/kg averaged over 10g and
not greater than 1.6W/kg averaged over 1g of human
tissues [40, 41]. The calculated equation for SAR is:

d, dw, d, dw ) 5)

SAR = — (—0) = — (——
ot Cam’ dt(pdV

where W is radiative energy, m is r mass, V is volume
and p denotes density.

SAR is divided into local SAR and mean SAR. In
general, we focus on local SAR, and local SAR values

can be obtained by:

saR=2E (6)

P
o is the conductivity, E is the electric field intensity,
p denotes density.

The input power of 1W is selected as a benchmark
to calculate the SAR. The calculation of the SAR and
electric field intensity were conducted by the HFSS
software. Figures 11 (a) and (b) describe the distribution
of electric field intensity for the antenna back size and
front size to the antenna, respectively. The SARs with
the back size and front size of the antenna to the head
were plotted in Figs. 12 (a) and (b), respectively. As
shown in Fig. 11 (a) and Fig. 12 (a), when the antenna
was back to the brain, the SAR values of the antenna
are much smaller than the safety requirement. As shown
in Fig. 11 (b), more electromagnetic energy radiates
into the brain when the antenna front size to the brain.
As shown in Fig. 12 (b), the distance between the
antenna and the brain should be larger than 28mm to
meet the SAR safety standard.
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Fig. 12. The antenna of SAR in different situations of
the simulation: (a) back and (b) face.
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IV. CONCLUSION

In this paper, a novel compact bandwidth enhanced
microstrip antenna is designed by loading zeroth-order
resonator. The ZOR structure was embedded in the
microstrip patch, and the bandwidth of the antenna
increased as the adding ZOR resonance. The bandwidth
of the antenna increased by 150% compared to the
RMA, and it is wide enough to meet the MBAN band
and the ISM band. The proposed antenna performances
such as reflection characteristic and radiation patterns
are examined both in free-space and off-body
environments. Robust measured off-body performances
were achieved and agree well with the simulation
results. The gains of 2.56 dBi and 4.54 dBi were obtained
at ZOR frequency and MPR frequency, respectively.
The broadband, uni-directional and miniaturization are
major advantages that make the proposed antenna
can be well applied to WBAN systems. The SAR
characteristics of the antenna were also discussed for
brain activity detection.
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