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A Low Profile Wearable Slot Antenna with Partial Ground for 5 GHz
WLAN/WBAN Applications

Nageswara Rao Regulagadda®> * and Uppalapati V. R. Kumari?

Abstract—This paper presents a low-profile, flexible, and wearable slot antenna for on-body
communication. The proposed antenna is designed on a thin polyamide substrate of 0.25 mm height,
which is flexible, elastic, and robust in nature. A rectangular patch with different slots acts as the
main radiator, and partial ground acts as the bottom conducting plane for the proposed antenna. The
designed antenna was able to resonate in the desired frequency band with a good return loss (S11)
by modifying the size of the ground plane along its width and placing a small cut on the ground.
The designed antenna achieved a good —10dB impedance bandwidth of 710 MHz and a peak gain
of 7.2dBi at 5GHz. The designed antenna was checked for detuning in a bending scenario. The
specific absorption rate (SAR) was evaluated, and the values were found to be within standard limits.
The designed antenna was fabricated and tested in this study. The results showed good agreement
between the simulated and measured values of the antenna parameters. The small size, low weight, and
flexibility of the proposed antenna make it a good candidate for wearable devices in the Wireless Local
Area Network (WLAN)/Wireless Body Area Network (WBAN) environment.

1. INTRODUCTION

Wearable technologies are making things simpler, more dependable, portable, and inexpensive, and they
may be used for health monitoring, wellness, fitness, sports, and military. In a wearable environment,
the antenna plays a major role in making the wireless communication link reliable and efficient. Unlike
traditional antennas, wearable antennas are hard to design because they have to work very close to
human tissue. Since human tissue absorbs electromagnetic energy, this causes the resonant frequency
to change. As different parts of the human body have different dimensions and curvatures, the designed
antenna should be bent to make it conformable to the human body parts. Even in this bending
scenario, the antenna parameters should not be altered much to make it robust. In addition, the design
of wearable antennas has constraints like low profile, flexibility, robustness, miniaturization, and low
SAR. The design of the wearable antenna while meeting these many constraints is always a challenging
task, and a proper selection of substrate material will solve this problem to some extent. So, proper care
must be taken by the designer while designing wearable antennas. For antenna designs, microstrip patch
antennas are preferable as they are planar structures and offer small size, low cost, and light weight,
and they can be easily integrated into microwave integrated circuits [1,2]. Patch antennas are useful for
designing wearable, but their limited bandwidth, poor radiation qualities, low gain, cross polarization,
and surface wave production (depending on the feeding environment) make them impractical [3]. To
achieve good performance characteristics for microstrip patch antennas, several methods like Energy
Band Gap [4], Artificial Magnetic Conductor [5], and Partial Ground [6] are used. Some miniaturization
techniques like Frequency Selective Surfaces [7], Defected Ground Structure [8], and Metasurface [9] are
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also reported. Using different shapes of slots for increasing impedance bandwidth [6-14], using arrays
for gain improvement, using slits, vias, shorting pins, and some other methods were developed. The
losses with microstrip line feeding can be improved by going for different feeding methods like coplanar
waveguide (CPW), grounded CPW, inset feeding, and Substrate Integrated Waveguide technology.

In this work, rectangular and triangular slots are etched out from the patch to change the electrical
path of current on the patch, and the concept of partial ground is used to obtain better performance
for the proposed antenna.

2. ANTENNA DESIGN

For the design of proposed antenna, a flexible polyamide fabric is used as a substrate, which is a strong,
elastic, lightweight, and durable synthetic material and has electrical properties like a dielectric constant
of 4.3, a loss tangent of 0.004, and a thickness of 0.25 mm.

To excite the proposed antenna, a 50€) transmission line is used. Firstly, a rectangular patch is
chosen as per the conventional microstrip patch antenna dimensions mentioned in [13] as a primary
radiator with a full ground plane, but it is not resonated. After that the full ground plane is reduced
to partial ground, and the dimensions of the patch are optimized to get the resonance for the proposed
antenna. On the patch, initially, a cross-shaped slot is placed to improve the return loss, and then
four triangle-shaped slots are placed in the four quadrants formed by the cross-shaped slot in view of
improvement in the antenna parameters. Finally, a small cut is placed on the ground to reduce the
return loss further and to improve the S1; parameter which leads to the desired antenna design. The
proposed antenna has a small size of 16.5 x 16.5 x 0.25 mm? with a radiating patch of size 14.5x9.75 mm?
as the top layer and a partial ground of size 16.5x 1.5 mm? as the bottom layer as depicted in Figure 1,
and the prototype is depicted in Figure 2. The optimized dimensions of the proposed antenna are
illustrated in Table 1.

(a) (b)

Figure 1. Proposed antenna design. (a) Top view. (b) Bottom view.

Table 1. Antenna dimensions of the proposed antenna.

Dimension | W0 | W1 | W2 | W3 | W4 | W5 | W6 | W7 | L1 | L2 | L3 | L4 | L5 | L6
Value (mm) | 4.5 | 16.5 | 145 | 3 4 7 |815 0751165 (97| 4 | 3 | 2 |15
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(b)

Figure 2. Proposed antenna prototype. (a) Top view. (b) Bottom view.

3. PARAMETRIC ANALYSIS OF PROPOSED ANTENNA

The obtained results are displayed in Figure 3. Figure 3 shows the simulated results for the evolution
of the proposed design in terms of return loss at the desired frequency. Initially, a rectangular patch is
chosen with a full ground plane, but the antenna is not resonated, and to get it resonated, the ground
is adjusted. The ground plane is minimized until the antenna is resonated, and now the ground plane
is simply an I-shaped stub placed along the full width of the patch and 1.75 mm wide along the length
of the patch. After that, a slot of cross-shape is placed on the patch, which slightly shifts the frequency
band towards lower frequencies, and return losses are degraded. Then, four triangle-shaped slots are
placed in the four quadrants formed by the cross-shaped slot, which shifts the resonating frequency
slightly towards the higher frequencies, and a small improvement in return loss is achieved. Finally, a
cut in the middle of the partial ground results in a significant improvement in the return loss (S11),
as illustrated in Figure 3(a). The proposed antenna is resonated at a center frequency of 4.9867 GHz
with a good amount of return loss (—43dB) and has an impedance bandwidth (—10dB) of 470 MHz
(4.8-5.23 GHz). Initially, the antenna is resonated at 4.9866 GHz with an Sy value of —24dB and a
bandwidth of (4.79-5.2 GHz), and then a cross shaped slot is placed on the patch to change its behavior,
resonated at 4.96 GHz (4.76-5.18 GHz). Then, four triangular slots are placed on the patch to improve
antenna performance further, resonated at 4.9977 GHz (4.79-5.18 GHz) with S1; value of —23dB, and
then a small portion of the ground is cut, resulting in the proposed antenna.
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Figure 3. Si; plot of proposed antenna for varying ground and patch structures.
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The proposed antenna is analyzed for variation in return loss value (S1;) with variations in different
parts of the antenna like placement of feed point at different lengths from the origin in positive X-
direction (W6), length of the patch (L2), different lengths of the ground (L6), as depicted in Figure 4.
Figure 4(a) illustrates the results for placing the proposed antenna at different distances from the origin
in the positive X-direction. This parameter is evaluated for 8.75mm (proposed), 9mm (shifts the
resonating frequency towards higher frequencies and increases the return losses), 10 mm (it resonates
at nearly 5 GHz but increases return losses), 10.5mm (shifts the resonating frequency towards lower
frequencies and increases the return losses), and beyond 11 mm and below 8.5 mm result in degraded
performance for the proposed antenna.
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Figure 4. Sj; plot of proposed antenna for (a) Different positions of the feed point from the origin in
positive X-direction (W6), (b) Different lengths for the patch (L2), (c) Different lengths of the ground
(L6).

Figure 4(b) depicts the change in return loss (dB) for different lengths of L2 (mm). The proposed
value of L2 is 9.5 mm and for L2 is 9mm. The resonating frequency shifts towards high frequencies with
a return loss of —24dB; for 10 mm, the resonating frequency shifts towards desired frequency with a
small improvement in return losses; a further increase in the value of L2 is 10.5 mm, and the resonating
frequency shifts towards lower frequencies with a return loss of —32dB. Further increment in L2 value
results in detuning and performance degradation in terms of return loss or reflection coefficient. The
shift in resonating frequency towards higher frequencies is due to the change in inductance offered by
the dimensions of the patch. Figure 4(c) illustrates the change in return loss (dB) for L6 with different
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values. The proposed value of L6 is 1.5 mm and for L6 is 1 mm, and the resonating frequency shifts
towards high frequencies (5.518 GHz) with a return loss of more than —20dB. With L6 at 1.25 mm, the
resonating frequency shifts towards the desired frequency with a return loss of —30dB. With a further
increase in the value of L6 to 1.75mm, the resonating frequency shifts towards the proposed value
with a return loss of —30dB. A further increment in L6 value to 2 mm results in the desired antenna
parameter values. These changes are due to the change in reactance offered by the ground plane.

4. SIMULATION AND MEASURED RESULTS

For the designed antenna, the simulation was done with the EM Full-Wave simulator HFSS and tested
using VNA (Vector Network Analyser) — Keysight FieldFox Microwave Analyzer N9917A. After the
verification of simulated results, fabrication is done for the proposed antenna, and it is tested using
network analyzers.

The measured values of antenna parameters are depicted in Figure 5. The measured results show
an impedance bandwidth of 710 MHz over a span of 4.68-5.39 GHz, fractional bandwidth of 14%, a peak
S11 of —28dB, and the measured value of the gain is about 7.2 dB at center frequency (5.05 GHz). The
measured bandwidth is improved from 470 MHz to 710 MHz, and the gain is decreased from 7.7 dBi to
7.2 dBi, compared with the simulated results. The difference in simulated and measured results may be
due to the simulator tool’s inefficiency. Figure 5(a) shows the measured return loss, S, and Figure 5(b)
depicts the measured gain indB. Figure 5(c) depicts the measured radiation patterns in E-plane and
H-plane, and Figure 5(d) represents the prototype of the proposed antenna in an anechoic chamber for
pattern measurement.
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Figure 5. Proposed antenna. (a) Simulated and measured return loss, Si;. (b) Photograph of measured
Si11. (c) Radiation Pattern of fabricated antenna in both E-Plane and H-Plane. (d) Proposed antenna
in Anechoic chamber.
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4.1. Wearability Test

The proposed antenna is designed for wearable environment. In order to test this antenna’s wearability,
it is analyzed for its stability in bending conditions, effect of human loading on it, and its SAR value,
and this analysis is done in the following sections.

4.1.1. Bending Analysis

In an on-body scenario, in a wireless body area network environment (WBAN), or especially in a
wearable environment, the designed antenna should be conformal to that of the different shapes of
different body parts of a human. For that, the designed antenna has to be analyzed for the change in
its parameter values in bending scenarios.

The bending of the proposed antenna is done both in X and Y directions with radii of 10 mm,
20mm, and 30mm, and its effects are analyzed in terms of detuning of the resonating frequency.
Figure 6(a) shows the bending structure of the proposed antenna in the X direction, and the respective
analysis is depicted in Figure 6(b). Figure 6(c) and Figure 6(d) show the antenna bending structure
and its analysis in the Y direction, respectively. The variations in antenna parameters like resonating
frequency, return loss, bandwidth, and gain values in bending analysis are explained in Table 2.
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Figure 6. Bending Scenario. (a), (b) Proposed antenna is bent in X-direction with its effect on
resonating frequency. (c), (d) Proposed antenna is bent in Y-direction with its effect on resonating
frequency.

4.1.2. Human Loading

To analyze the variations in antenna parameter values when the antenna is placed near the human
tissues, a 3-layer human tissue model is prepared using an HFSS simulator. The three layers in the
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Table 2. Parameter variations of proposed antenna in bending scenario.

Bending Frequency (GHz) | S11 (dB) | Bandwidth (MHz)
X-bent (10 mm) 5.04 —25 1.82-5.29
X-bent (20 mm) 4.96 —25 4.75-5.19
X-bent (30 mm) 5.08 —45 4.85-5.35
Y-bent (10 mm) 5.12 —21 4.91-5.36
Y-bent (20 mm) 5.08 —40 4.86-5.34
Y-bent (30 mm) 5.10 732 1.885.36

human tissue model are skin, fat, and muscle, respectively, from top to bottom. The electrical properties
such as relative permittivity, conductivity, and dielectric loss tangent of these three layers are taken
from [9] and are depicted in Table 3, and the respective human tissue model is shown in Figure 7. From
Figure 7, it is clear that the antenna bottom plane (ground) is placed on the skin tissue of 2mm in
height, which is the upper layer of the human tissue model. The skin layer is followed by a fat layer of
5mm in height, and the fat layer is followed by a muscle layer of 20 mm, chosen for the analysis of the
proposed antenna.

The change in antenna parameter values has been studied and is presented in Figure 8. Firstly,
the proposed antenna was placed on the human tissue and found to resonate at 4.82 GHz with a return
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Figure 7. Proposed antenna. (a) Three layer human tissue model used in the analysis of effects of
human loading on the antenna parameters. (b) Gain polar plot when antenna is placed on human tissue
model with a gap of 5mm. (¢) Gain plot when antenna is placed on human tissue model with a gap of
5 mm.
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Figure 8. Antenna detuning when it is loaded with human tissues.

loss of —9dB and a negative gain. Thus, the proposed antenna is not meeting desired values of antenna
parameters like a good amount of —10 dB bandwidth, a small amount of positive gain, and low detuning
in resonating frequency. Then the analysis is done by maintaining some gap between the antenna of
interest and the human tissue. The gap value is varied from 0 mm to 7.5 mm in increments of 2.5 mm,
and the respective values of S1; and gain for each case are presented in Table 4. The deviation in
antenna parameter values may be due to the change in dimensions of the antenna when it is bent.
Because when the antenna is rolled over a cervical structure, the dimension of the top portion of a layer
does not match that of the bottom portion. Based on the findings, it is clear that placing an antenna
directly on human tissue with a gap greater than 5 mm is not recommended for practical applications,
and a minimum gap of 2.5 mm should be maintained between the proposed antenna and the human
tissue. The proposed antenna gain plots are depicted in Figures 7(b) and (c).

Table 3. Electrical properties of Human Tissues.

Human Rel?tl,vef Conductivity Loss Density
Tissues Permittivity (s/m) Tangent (kg /m?3)
(er) (tan 9)
Skin 35.11 3.72 0.3076 1100
Fat 4.95 0.29 0.17315 910
Muscle 48.48 4.96 0.29353 1041

Table 4. Effect of Human Loading on the proposed antenna parameter values.

Gap (mm) | Res. Freq. (GHz) | S11 (dB) | Gain (dB)
0 mm 4.82 —17.28 0.258
2.5mm 4.78 —15.39 5.4
5 mm 4.92 —17.98 5.8
7.5 mm 4.92 —51.86 7.8

4.1.3. SAR Calculation

The parameter, Specific Absorption Rate (SAR), is used to determine the effect of electromagnetic
exposure on the human body. The SAR is a vital parameter for human wellness in the wearable
environment. The designed antenna should fall below standards set for the SAR level of 1.6 W/ kg per
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1g tissue as per US (United States) standard and below 2 W /kg per 10g tissue as per EU (European
Union) standard. The theoretical calculation of SAR is presented as follows:

SAR =oE?/p (1)

where ‘0’ is the conductivity of human tissue, ‘E’ the electric field intensity, and ‘p’ the mass density
human tissue.

The average SAR of the proposed antenna is analyzed on a 3-layer human tissue model whose
properties are mentioned in Table 4, and the obtained average SAR value of the proposed antenna
for without a cut on the ground and with a cut on the ground is depicted in Figures 9(a) and 9(b),
respectively. It is evident from the obtained simulated results that the proposed antenna without a
cut on the ground does not fall within the standards of SAR value, and the antenna with a cut on the
ground and with a low input power of less than 500 mW falls within the standards set for SAR value. In
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Figure 9. SAR Calculation, (a) without cut on the ground, (b) with cut on the ground and with low
input power.

Table 5. Comparison of proposed work with the literature.

Reference dﬁ;::;gir:;s Dielectric Type of Frequency|Bandwidth|Gain| SAR
(mm?) material miniaturization| (GHz) (GHz) |dBi |W/kg
[5] 102 x 68 x 3.6 Textile AMC 5.8 4.30-5.9 |6.12 | 0.37
7] 28 x 28 x 3 Af‘;l?;lc FSS with DGS 5.51 5.41-5.60 | 2.9 | NA
[9] 42 x 28 x 4 Textile Metasurface 5 4.96-5.9 | 6.7 | 1.06
Rogers
11 . lar sl . 4 2. 2
[11] 30 x 30 x 0.787 RT5830 Rectangular slot 5.8 0.45 75 0
[13] 60 x 60 x 3 PDMS Rectangular 2.45 2.38-2.52 4.1 | 0.809
[15] 45 x 35 x 2.5 Wool felt PIFA ) 5.15-5.825 | 5.9 | 0.612
[16] 50 x 50 x 0.7 | Diclectric | Short 5.9 5.65-6.2 |2.75| NA
threads circuited patch
[17] 60 x 20 x 3.2 Textile HMSIC 5 4752 | 72| NA
Proposed|16.5 x 16.5 x 0.25Polyamide| " 2nsular & 5 4.68-5.39 | 7.2 [0.228
rectangular
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order to minimize SAR value, the input power of the device operating near the human body is limited
to 295 mW. These limitations on the input power are reported in [18]. In some cases [19], polymeric
ferrite shielding is used to reduce SAR values as the ferrites are found to be effective in diminishing
electromagnetic influence.

In comparison to [5,7,9,11,13,15-17], the proposed antenna is small in size, with a low profile
and good gain, and the substrate thickness is low (0.25mm), making it suitable for on-body use. It
is a simple design having slots on the patch with partial ground as that of all other designs like AMC
(Artificial Magnetic Conductor), EBG (Electromagnetic Band Gap Structure), PIFA (Planar Inverted-
F Antenna), Fractals, Meta surfaces, and SIW (Substrate Integrated Waveguide) technology presented
in Table 5.

5. CONCLUSIONS

The proposed antenna is designed on a flexible polyamide substrate of 0.25 mm, and the size of the
antenna is 16.5mm X 16.5mm to make it suitable for wearable environments at 5 GHz. The desired
frequency band with good return-loss was achieved with the use of partial ground, by altering the
dimensions of the ground plane and by cutting a small portion out of the ground. The designed
antenna was fabricated and tested. The fabricated antenna achieved a good impedance bandwidth
of 710 MHz and a high gain of more than 7.2dB at a center frequency of 5.05 GHz. The designed
antenna was checked for detuning in bending scenario, both in X and Y directions, and SAR was also
evaluated with and without a cut on the ground. The simulated SAR value of the proposed antenna
with an input power of less than 500 mW is 0.22 watts per kg, which is far below the limit of the US
standard that is 1.6 W (watts) per kg (kilogram) per 1g of tissue. The results showed good agreement
between the simulated and measured values of antenna parameters. The small size, low weight, and
flexibleness of this antenna satisfy the requirements of wearable applications, and its omnidirectional
radiation pattern makes this antenna a valid candidate for on-body communication applications in
WBAN/WLAN environment.
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