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Abstract This manuscript analyses a Coplanar Waveguide (CPW) fed ground-slotted antenna

KEYWORDS for dual-frequency operations. The proposed design comprises a ground circular slot and a
Circular slot, modified angular ring with two added strips to obtain dual operating bands and polarization
Dual band antenna, characteristics. The proposed structure is printed on an FR-4 epoxy substrate with a thickness
Axial ratio, (h) of 1.6 mm and &, = 4.4. The overall antenna size is 32x32 mmZ. The measured reflection
Wearable applications, coefficient, axial ratio, gain, and radiation pattern are in good agreement with simulated
WBAN results. The lower band operated at 2450 MHz frequency with impedance bandwidths of 275

MHz (from 2350 MHz-2625 MHz) and linearly polarized (LP), and the upper band operated
at 5200 MHz with 500 MHz (from 4950 MHz-5450 MHz) operation band coverage and
circularly polarized (CP). The upper band is circularly polarized with a 3 dB axial bandwidth
from 4850 to 5400 MHz. The designed structure is suitable for on and off-body applications in
lower and upper bands, respectively. The proposed antenna characteristics have also been
examined on the human arm, and analysis of the Specific Absorption Rate (SAR) to ensure
human tissue safety.

1. Introduction

ADVANCED wireless wearable systems require smaller RF components and devices with high data rate
handling ability to transmit physiological signals. The antenna is one of the fundamental mechanisms for
such devices for wireless communication with compact size and multiband operation. Besides this,
specific radiation patterns are desirable for a particular domain of operation, like an omnidirectional
pattern for on-body communication and a broadside pattern for off-body communication. In off-body
mode, circular polarization (CP) is highly suitable to reduce the losses caused by linear polarization (LP)
mismatching [1].

Human tissues may influence WBAN antenna performance [2], which may cause frequency shifts and
impedance mismatch due to its large permittivity. The high dielectric constant of the human body's skin
might degrade radiation patterns and decrease the gain and efficiency of on-body antennas. Therefore,
designing on-body antennas with robust, compact size and low Specific Absorption Rate (SAR) has been
challenging. Various wearable antennas have been reported for WBAN applications in the last twenty

years. For instance, single-band substrate integrated waveguide (SIW) antennas [3-4].
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Dual-mode antennas with different radiation characteristics are highly needed to enable wearable devices
to communicate with both on-body and external nodes. For instance, some button antennas [5-6] which
have structure complexity. Using a circular patch, authors realized omnidirectional radiation in TMO01
mode, TMO02 mode, generation, and zeroth-order mode [7]. However, the gain of the antenna in these
modes is low. Besides these, dual-band antennas are preferred for wearable applications. Using shorting
pins, angular ring configuration, and multi-layered patches, investigators designed dual-band dual-mode
antennas for on and off-body communication [8-11]. A pattern reconfigurable antenna has been presented
in [12], which switches the pattern from omnidirectional to a broadside radiation pattern, respectively.
Recently, in studies [13-14], authors used capacitive coupling to generate high-order modes and for ON/
OFF body antenna design. However, these reports are mainly excited by probe-fed technique, which is
unsuitable for wearable applications. Furthermore, some researchers designed dual-band antennas using
coplanar waveguide-fed [15-16] and microstrip-fed lines [17-21]. But on- and off-body domain antennas
must work simultaneously in two modes. So, to increase system communication link reliability, the
antenna needs to be operated with dual polarization characteristics [22]. Some dual-mode dual-polarized
antennas [23-25] and dual-band circular polarized antennas [26-27] have been designed for wearable
applications. However, above mentioned structures have large footprints and complex designs.

In this study, a dual-band dual-polarized antenna has been proposed for ON and OFF-body
communication. The antenna design utilized a modified angular ring patch with inverted T-shaped strips
and a circular slot in the ground plane to produce the dual-band and dual-polarized characteristics at 2.45
GHz and 5.2 GHz frequencies. The inverted T-shaped strip is mainly responsible for generating CP in the
upper-frequency band. Section 11 discussed antenna design and working mechanism. Section Il provides
the details of fabrication and measurements. Section IV represents the on-body analysis with SAR
calculation.

The proposed antenna has the following features

1. The proposed antenna has a low profile and simple structure compared to [18-20][22-25].

2. The antenna has dual-band operation with a compact size of 32 x 32 mm?. The proposed antenna
shows reasonable reflection coefficients (S;,) in two bands from 2350 MHz—-2625 MHz and from
4950 MHz-5450 MHz, with a minimum S, of -18 dB at 2450 MHz and -22 dB at 5200 MHz.

3. The proposed antenna has dual polarization characteristics, i.e., linearly polarized in the first band
and circularly polarized in the second band, which enables the antenna to operate in dual modes in
ON-body and OFF-body modes. So, a single antenna can be utilized for dual operations in the
WBAN system.

4. The proposed antenna has slotted circular ring and circular etched ground structure, which makes

it very convenient to control the antenna effective inductance and capacitance in radiation. The



proposed structure has benefits of smooth capacitance and inductance to resonate the antenna at
desired frequencies, whereas other discontinuities may provide sharp variation in
capacitance/inductance values. The proposed shape of antenna may useful for the future research
to achieve the desired resonance frequency and circular polarization.

5. The proposed antenna may satisfactorily work near human proximity and utilized for healthcare

applications, 10T applications, and tracking in the future.

2. Dual Band Dual Polarized Antenna Design and Analysis

The geometry of the CPW-fed circular slotted dual band antenna is depicted in Fig. 1. The proposed
antenna is printed on a glass epoxy FR-4 square-shaped dielectric substrate. The thickness of the substrate
is 1.6 mm, relative permittivity is 4.4, and loss tangent tang is 0.02. The overall footprint of the proposed
dual-band antenna is 32 x 32 mm? with a circular-shaped slot in the ground plane of radius r, = 13.9 mm.
A modified angular shape with two added strip patches is excited by the CPW-fed line. The width W, =

2.4 mm of the fed line is used to match the 50 ohm impedance of the input port. The modified angular ring
with two strips is the main feature to achieve dual-band operation and circular polarization in the upper
band, which drives the structure in dual modes for the WBAN system. To provide the wide Axial Ratio
Band Width (ARBW), a modified annular ring-shaped monopole radiating part with inverted T-shaped
strips is utilized to generate CP mode at a higher frequency by splitting the fundamental mode into two
near-degenerative modes with equal amplitude and 90° phase difference for off-body communication. The
commercially available CST microwave studio software performs all numerical analyses of the designed

dual-band antenna. The optimized dimensions of the proposed antenna are tabulated in Table 1.

2.1 Step-by-Step Development of Dual Band Dual Polarized Antenna Design:

In order to reach the desired antenna feature, i.e., dual-band and dual-polarized characteristics, the
proposed design has been evaluated in four steps, as displayed in Fig. 2. Fig 3 represents the simulated
results of the antenna in terms of the reflection coefficient (s,,), and Fig. 4 depicts the axial ratio (AR) of
namely Antenna 1; Antenna 2, Antenna 3 and Antenna 4 (Final Design). It is observed from Fig.2 (a) that
Antenna 1 has simply a circular slot in the ground plane and circular patch, which resonated at nearly 3.5
GHz. In the next step, the circular patch is converted into a modified angular ring-shaped radiator (as
Antenna 2 depicted in Fig.2 (b). The Antenna 2 helps to achieve dual-band characteristics along with linear
polarization but not in desired bands. Furthermore, to obtain a dual band at 2.45 GHz and another at 5.2
GHz, two strips are added with an angular ring, as shown in Fig.2 (c), but these strips cannot generate CP
characteristics. In the final design (Antenna 4), strips are modified as an inverted T shape, enhancing
impedance matching and generating the CP characteristics in the higher frequency band. The final antenna
resonated in two bands at 2.45 GHz with band coverage from 2.35 GHz to 2.625 GHz and at 5.2 GHz
from 4.95 to 5.45 GHz.



2.2 Working Mechanism of the Proposed Design
In this section, the working mechanism of the proposed antenna is described with the help of the current
distribution. Fig. 5 depicts the current distribution at 2.45 GHz and 5.2 GHz, as shown in Fig.5 (a) major
current radiated along the circular slot in the ground, but in Fig.5 (b) maximum current distributed near
the angular ring and inverted T strips. Besides this, Fig.6 (a to d) shows the distribution of current at t =
T/4,t=T/2,t=3T4,and t = T. It is seen from Fig.6 that the current rotates in a clockwise direction over
a given time which produces right-handed circle polarization (RHCP).

2.3 Parametric Study

In the proposed antenna, the dual-band resonate frequency and circular polarization are affected by the
modified annular ring patch and inverted T-shaped strips. However, to verify this, the effects on various
parameters like impedance bandwidth and ARs are carried out by changing the angular ring width and
total angular arc length. The width sets the size of the inverted T strip, so by varying R;, it changes the
L,, which plays a critical role in setting dual band characteristics at 2.45 GHz and 5.2 GHz, as seen in Fig.
7(a). The optimized value is 10.2 mm, which fixes the L, at 5.85 mm, which sets the upper band at 5.2
GHz and improves impedance in both bands. As depicted in Fig. 7(b), the axial ratio is also improved in
the upper band at this dimension. At the time of the parametric study, only one parameter varies at a time,

with a value of the others as fixed.

The total arc length of L,,.. mainly affects the resonating frequency and lower band impedance matching
shown in Fig.8 (a). It can easily be observed from Fig.8 (b) that total arc length does not much affect AR

at the upper-frequency band, with only slight variations noticed at 5.2 GHz frequency.
2.4 Equivalent Circuit of the Proposed Antenna

The proposed antenna is also modeled by a simple equivalent electrical circuit model, as depicted in Fig.
9(a). [28]. The CPW fed line is modeled by discrete elements R,, L, and C;. The capacitor C, represents
the slot coupling. Two parallel RLC circuits are connected in series to obtain the dual-band operation, and
a parallel combination of L and C is modeled as the slot in a circular monopole radiator. A comparison of
the reflection coefficient obtained from the full-wave EM simulator and the equivalent circuit is shown in

Fig. 9(b) and observed a close agreement between both.
3. Fabrication and Measurement

The designed dual-band dual-polarized antenna has been measured by Agilent Vector Network
Analyzer (VNA) as set up displayed in Fig.10. The antenna performance in terms of reflection coefficient,



axial ratio, radiation pattern, and gain is measured in free space and on the human body also to validate,

the suitability of the fabricated prototype close human proximity.

3.1 Reflection Coefficient and Axial Ratio
The simulated and measured reflection coefficient represented in Fig.11 observed a good agreement
between both results except for slight bandwidth variation due to fabrication and measurement errors. The
simulated and measured impedance bandwidth in lower operating bands below -10 dB is 15.67% and
11.22 %, centered at 2.45 GHz, respectively. Similarly, simulated and measured impedance bandwidth for
the upper band is 6.46 % and 9.6 %, centered at 5.2 GHz, respectively, as depicted in Fig 12. Besides
this, the AR simulated and measured bandwidth is 10.5% (4.85 to 5.4 GHz) and 10% (4.98 to 5.5 GHz).

3.2 Radiation Pattern and Gain
Fig. 13 and Fig. 14, exhibited the far field radiation patterns at phi 0° and phi 90° for the lower and upper
bands, respectively. It is noticed that the antenna exhibits an omnidirectional radiation pattern in the lower
band in both planes and RHCP and LHCP for the upper band, which proves the utility of the designed

antenna for the WBAN system for simultaneous on and OFF-body communication.
4. ON Body Performance And SAR Analysis

The design was placed on a human phantom arm to validate the specific absorption rate characteristics of
the antenna, and the performance parameters, such as S;; and AR, were analyzed. All investigations have
been carried out by placing the antenna on a human phantom in the built model” HUGO” in the CST
simulator, as presented in Fig.15.

Fig. 16 shows the antenna performance with or without the phantom and with different separation
distances. When the antenna is in free space, s,; of the antenna is less than —10 dB for frequencies from
2350 MHz-2625 MHz and from 4950 MHz-5450 MHz. But when the antenna is placed on the human
arm at 1 gap, the antenna Sy is significantly affected in both bands. The resonating frequencies are shifted
slightly with changed reflection coefficients. The variation in the reflection coefficient is due to the high
dielectric constant of the human skin tissue. As the gap between the antenna and body increases, i.e., 5
mm, the antenna reflection coefficients have not significantly detuned, as depicted in Fig.16. Similarly,
analysis has also been carried out with cotton cloth on the human arm to validate the performance of the
proposed antenna in real implementation when the antenna placed on the human body. For this analysis,
a cotton cloth with a dielectric constant of 1.7 and a loss tangent of 0.07 is used in the simulation setup. It
is noticed that there is no significant change in resonating frequencies, as shown in Fig.17 (a). Fig. 17(b),
shows the variation in axial coefficient on the human arm with and without cotton cloth. The 3 dB
bandwidth is slightly reduced with cotton cloth due to its own dielectric constant. But the dielectric

constant of cloth is low, that’s why it produces less effect on the antenna performance.



The fabricated prototype is tested on a female body arm for the reflection coefficient. To install the
antenna on the body arm, the loose-fitting cloth is used to maintain the gap between the antenna and the
human body. Paper tape is utilized to install the antenna on the human body because paper tape has a thin
layer and less affects the antenna performance. Notable, to measure the axial ratio with the human arm,
an arm mimicking the phantom is used. The prepared gel, which the recipe is given in [29], is placed in a
plastic container. At the measurement, the antenna is kept in a container and set inside an anechoic
chamber. The electrical properties of the mimic are taken from [30], as mentioned in Table 2.

According to Fig. 18 and Fig.19, the measured results on the human arm match well with free space results
and show good immunity to the influence of the human body. There is a slight variation in impedance
bandwidths due to impedance detuning in the presence of human dielectric tissues and dielectric variation
in the simulation model and natural body skin.

As the designed WBAN antenna radiates electromagnetic radiation toward the human body, to ensure
human safety from these radiations, SAR analysis needs to be examined on the imported HUGO voxel
model. The SAR shows the exposure level of wireless devices, which indicates the hazards generated by
EM waves. The absorbed electric field by the human body gives the value of SAR, which is proportional
to the squared electric field strength value induced in the body.

SAR values can be evaluated either over the whole body (average SAR) or for a small sample, i.e., 1 g or
10 g of tissues[31]. The higher the SAR value, the more EM power is absorbed by the human body tissues
and, thus, the more heat is produced in the human body. According to IEEE C95.1-1999 guidelines
standards, SAR should be less than 1.6 W/Kg for 1g tissues and 2 W/Kg for 10 g tissues. The SAR is

expressed as equation [30]

_ Pi _ oilE?
SAR = ~L= 25 1)
Where, P; = Power loss density (Watt/m3)
p; = Density of mass (Kg/m3)

o; = Tissue conductivity (S§/m) and

)

Two approaches are used to perform SAR calculations: (i) point SAR, and (ii) averaging SAR (mass or

Volts
m

E= Induced electric power(

volume).

Point SAR is the value without mass averaging and is defined as the maximum SAR of all the grid cells,
and point SAR for each grid cell is calculated by absorbed power in each grid divided by grid mass.

In averaged SAR values, a cube with a defined mass, e.g., 1g or 10g, is used for each point, and power
loss density is integrated into this cube. At the end, power loss in integral form is divided by the cube’s

mass.



SAR computation has been performed with 50 mW input power, and the antenna placed 5 mm above the
arm skin. The simulated SARs of the wearable antenna on the arm of the human body at 2.45 and 5.2 GHz
are depicted in Fig. 20 (a) and (b). The observed SAR at 2.45 GHz is 0.0691 W/Kg, and at 5.2 GHz is
0.134 W/Kg for 10g tissue, which is far less than IEEE C95.1-2005 standard of 2 W/kg.

This work has been compared with recently reported antennas in Table 2 regarding size, operating
frequency, AR, and SAR. According to Table 3 data, this antenna is very compact and provides dual
polarization properties. In the future, the antenna, which has dual-band and dual polarization
characteristics, is more suitable for communication between the on-body biosensor antennas and the off-
body LAN antennas. In ON, the body antenna can collect vital data from biosensor nodes, and in the off-
body mode, this antenna communicates with the WiMAX/WLAN antenna to send the data collected from
the body sensors to the LAN so that the doctors can take care of their patients remotely. This approach can
improve the patient’s monitoring quickly and remotely. Remote monitoring will reduce infection spreading

and improve patient’s mobility and comfort levels.
5. Conclusion

A novel compact dual-band dual-polarized CPW-fed ground circular slot antenna has been designed.
Dual-band and circular polarization have been analyzed by introducing inverted T-shaped strips with
modified angular ring patch. The measured impedances were 11.22 % and 9.6 % for the lower and upper
bands, respectively. The designed antenna provides linear polarization in the lower band while the upper
band has circular polarization ability with less than 3 dB AR from 4.85 to 5.4 GHz. The designed antenna
is also validated and measured in different scenarios for wearable applications. The simulated SAR is
0.0691 and 0.134 W/Kg at 2.45 GHz and 5.2 GHz respectively. The antenna is expected to be helpful in

wireless communication and WBAN systems for wearable applications.
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Figure 1. Geometrical Layout of the Designed Dual Band Antenna (a) Front View and (b) Side View
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Figure 2. Step-by-Step Progress of Design Process (a) Antenna 1 (b) Antenna 2 (¢) Antenna 3 and (d)
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(a) 2.45 GHz

Figure 5. Current Distribution at (a) 2.45 GHz and (b) 5.2 GHz
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Figure 9(a). Equivalent Circuit Model of the Proposed Antenna
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Figure 10. Measurement Set up with the Fabricated Prototype
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Figure 11. Simulated and Measured S11(in dB)
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Figure 12. Simulated and Measured AR (in dB)
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Tables

Table 1. Optimized Dimensions of Proposed Antenna (mm)

Parameter Size(mm) Parameter Size(mm)
Ws 32 Lg 32
w, 2 L, 5.85
Wy 2.4 R, 13.9
g1 0.3 R, 12.2
h 1.6 R 10.2
Table 2. Dielectric Properties of the Human Body Phantom
Tissue Type Relative Permittivity . 3
At245GHz | At5.2 GHz Density (kg/m)
Skin 38 33.4 1100
Fat 5.28 4.91 910
Muscle 52.55 47.6 1041
Table 3. Comparison between Previously Reported Designs and Current Work
_ ) Axial Ratio
Size (mm3)/ Operating Bands o
Ref [] ) Polarization BW SAR (W/Kg)
Material (GHz)
(GHz)
15 x28x1.57/
[15] Roger RT 2.3-2.65/4.63-5.23 LP/LP - 1.02/0.524
5880
38x38x0.6/
[16] 2.33-2.85/4.78-5.4 LP/LP 0.459/0.303
FR-4
41x44x1.52/
| 2.358-2.447/5.675 -
[18] Roger Duroid LP/LP 0.571/0.127
5.975
RO3003
27.5x275x | 2.40-2.487/5.14—
[19] LP/LP 0.163/0.0486
4/ PDMS 5.84
44x44x1.57/
[20] 5.1-5.3/5.68-5.95 LP/CP 5.65-5.95 0.205/0.341
Roger 5880
24 x 22 x1.6/ 2.34- 2,51/ 4.15-
[22] LP/LP | - 0.118/1.01
FR-4 6.35
[23] 70x70x2/ Felt | 2.36-2.40/3.4-3.6 LP/CP At 35 0.722/0.53




100x100x2/ 2.398-2.517
[24] CP/LP 2.448-2.472 0.042/0.09
Felt /5.697—5.915
100x100x 4.2
[25] 2.41-2.473/5.63-6 LP/CP 5.775-5.825 | 0.254/0.074
[F4B
32 x32 x1.6/ 2.35-2.625/4.95—
IN THIS WORK LP/CP 4.85-5.4 0.0691/0.134
Fr-4 5.45
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