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Abstract—A wearable dual-band patch antenna is presented which can adjust its frequency for WBAN
applications. Frequency reconfiguration is achieved by the antenna through the utilization of the
switching properties of a PIN diode. Produced using a Rogers Duroid material with semi-flexible
properties, the antenna has a size of 0.33\g x 0.35Ag x 0.012)g. Initially resonating at 5.8 GHz, a slot
in the shape of an inverted letter U is included to introduce a dual-band operation at 2.4 GHz. By
controlling the PIN diode’s ON and OFF states, the antenna can switch between single-band (ISM
5.8 GHz) and dual-band (ISM 2.4 GHz and 5.8 GHz) operations. The antenna exhibits a bi-directional
radiation pattern at 2.4 GHz and a directional pattern at 5.8 GHz. In the ON state, the antenna
achieves a peak gain and total efficiency of 4.84 dBi, 5.87 dBi, 92.5%, and 92.7% at 2.4 GHz and 5.8 GHz,
respectively. In the OFF state at 5.8 GHz, a peak gain and total efficiency of 6.01 dBi and 91.8% are
measured. To evaluate its suitability for WBAN applications, the antenna’s performance is assessed
by measuring SAR values on a human tissue model. At 2.4 GHz, the SAR values for 1/10 g of human
tissue are 0.411/0.177 W /kg respectively. Similarly, at 5.8 GHz, the SAR values are 0.438/0.158 W /kg
respectively. The SAR values comply with the established standards of the FCC and ICNIRP for
both resonance frequencies for human tissue weighing 1/10g. Overall, the antenna boasts a compact
size, acceptable SAR values, and satisfactory gain and efficiency across all operating bands, surpassing
previous works. It also benefits from a simplified design employing a single switch, and the antenna
remains a suitable choice for WBAN applications considering its other advantageous characteristics
mentioned above.

1. INTRODUCTION

The utilization of body-centric wireless communication has significantly grown in recent times due to
the fast-paced advancement of wireless technology. Wireless Body Area Network (WBAN) is a grouping
of wireless devices operating near the human body [1]. For wearable devices to be effective, they need
to be functional, comfortable to wear, non-intrusive, and unobstructed. WBANSs have found widespread
applications in a wide range of fields, including healthcare services, entertainment, sporting events, and
military applications [2]. Among the most important aspects of current healthcare is tracking patients’
condition, including temperature, blood pressure, and heart rate [3]. WBAN network communication
lines are divided into three distinct states depending on the sensor’s (antenna’s) position whether it is
located inside or on different regions of the human body, namely in-, on-, or off-body [4].
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The emphasis is placed on on-body communication in WBAN, in which an antenna located on
the body connects with a device located off the body. As a result, a small antenna with directional
radiation and a few back lobes is required for that purpose [5]. The antennas integrated into the
human body must uphold their operational capabilities concerning bandwidth, frequency, gain, and
efficiency, while simultaneously adhering to specified regulations like the limits for Specific Absorption
Rate (SAR) [6,7]. So far, from the previous literature, the antennas of interest have a limited operating
band. As a result, multiple single-frequency antennas are used and thereby, increasing space usage, cost
of fabrication, system complexity, intermodulation distortion, and limitations to be applied on wearable
devices. Furthermore, a fixed multiband antenna can only operate at a limited number of frequencies.
A wearable versatile antenna capable of reconfiguration and operation across multiple frequency bands,
as well as being adaptable to various parts of the human body, is then very much preferred [8].

The term reconfigurability refers to the capability of a wearable antenna to modify its radiation
pattern, frequency, and polarization to suit different applications. For users’ comfort, these antennas
must be wearable and lightweight. They must also be able to withstand severe operating conditions
as well as on-body deformations such as bending or tearing [9,10]. Rather than employing multiple
antennas at various frequencies for signal transmission and reception, frequency reconfigurable antennas
are designed to achieve this goal by improving the antenna’s functionality [11].

There have been numerous reports in recent years on frequency-reconfigurable antennas that
use active switches like PIN diodes, varactors, and radio frequency micro-electromechanical system
(RF MEMS) [12-14]. Typically constructed on a rigid substrate, these antennas have the ability to
change their configuration with respect to resonant frequencies [15-18], radiation patterns [19-21], and
polarization [22-25]. However, these designs are rigid, and they transmit all resonances despite user
requirements. Alternatively, a single wearable antenna with different resonant frequencies is preferred.
On the other hand, the number of wearable antennas that are practically frequency reconfigurable is
limited based on the open literature. The primary cause for this difficulty lies in the challenges associated
with establishing durable electrical and mechanical connections within stationary electronic parts and
bendable conductors [26].

Prior investigations have uncovered a few frequency reconfigurable antennas that are suitable for
use in WBAN applications. For instance, the work in [27] designs a low-weight antenna suitable for
WBAN applications to suit various frequencies. The antenna utilized in the study is a circular radiator
with stub-loading, implemented on a Rogers RT5880 material, with a height of 0.254 mm. To enable
frequency reconfigurability, the antenna design integrated a pair of PIN diodes. As a result, the antenna
possesses the capability to resonate across multiple frequency bands. Similarly, a textile antenna with
the capability to reconfigure its frequency was designed in [28]. To achieve frequency reconfiguration,
the antenna design consisted of a rectangular patch and a defective ground structure. This design
incorporated three PIN diode switches, offering seven different switch configurations. The antenna
demonstrated operational capabilities at various frequencies.

A folding slot antenna with frequency reconfigurability is specifically designed for applications in
WBAN [29]. A single PIN diode reconfigured the folded slot and stub antenna. The antenna functioned
at 2.45 GHz and 3.3 GHz in the ON state. The antenna worked at 2.45 GHz in the OFF state. Also, the
authors in [30] studied a low-profile antenna with frequency reconfigurability for WBAN applications,
incorporating a PIN diode with compact dimensions of 0.14\g x 0.13X\g x 0.001)\g, and it achieved
multiple frequency bands.

Similarly, a frequency reconfigurable antenna operating within the Industrial, Scientific, and
Medical (ISM) bands was introduced in [31]. To achieve frequency reconfiguration, two PIN diode
switches were strategically placed on the ground plane. By altering the switch states, the antenna
becomes capable of operating at different frequencies, namely 2.4 GHz, 3.5 GHz, 5.8 GHz, and 5.9 GHz.
At these respective operating bands, the antenna exhibits peak gains of 4.93 dBi, 5.67 dBi, 8.86 dBi, and
10.07 dBi. While wearable antennas exist, they often suffer from either large size or a limited number
of resonant frequencies. Furthermore, the evaluation of the antenna’s flexibility and SAR analysis for
wearable applications, ensuring its safe usage in close connection to human body, proved insufficient [32].
However, the utilization of a Rogers Duroid RO3003™ substrate material with semi-flexible properties
in this study has effectively addressed the issues of rigidity and inflexibility that were prevalent in
previous wearable reconfigurable antenna designs.
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This study introduces a wearable patch antenna tailored for WBAN applications. The antenna
exhibits frequency reconfigurability and is initially designed to resonate at 5.8 GHz. However, to
overcome the limitation of single-frequency operation, a slot in the shape of an inverted letter U
is included, resulting in an additional resonance at 2.4 GHz. Furthermore, bandwidth and gain are
enhanced through the inclusion of two smaller slots and a partial ground plane.

The proposed antenna uses an SMP 1321 PIN diode from Skyworks Technologies with a biasing
circuit to switch between ON and OFF states, thus enabling both single-band (ISM 5.8 GHz) and dual-
band (ISM 2.4 GHz and 5.8 GHz) operations. The choice of the 2.4 GHz and 5.8 GHz bands is significant
for WBAN applications. The 2.4 GHz band, which is globally available for commercial use, is highly
favored due to the presence of low-power communication standards like ZigBee. On the other hand,
the 5.8 GHz band is well suited for high-speed mobile and radio communication, making it an ideal
choice for monitoring systems, autonomous drones, automation, and other communication networks
that necessitate video, voice, and data transfer. The capability to switch between these bands enables
the gathering of essential information via on-body sensors and transmitting it to a control center for
further data recording.

Section 2 provides a comprehensive overview of the proposed antenna’s geometry, theoretical
foundation, and switching techniques. Section 3 delves into the radiation characteristics of the antenna,
followed by Section 4 which investigates the impact of bending. In Section 5, the antenna’s behavior in
proximity to the human body is scrutinized. The SAR analysis of the antenna is expounded upon in
Section 6, and a comparative analysis between the proposed antenna and previous designs is presented
in Table 4. Lastly, Section 7 concludes the study by providing a summary of the findings.

2. ANTENNA DESIGN AND GEOMETRY

This section provides a comprehensive description of the fundamental geometry of the proposed patch
antenna which allows for frequency reconfigurability. Additionally, we examine the implementation of an
equivalent circuit model, along with delving into the underlying design theory and switching techniques.
To accomplish the reconfiguration of resonant frequencies, the antenna is meticulously designed and
simulated in the schematic environment of CST Microwave Studio™ software, utilizing lumped
elements and Touchstone 2-port S-parameters or *.s2p files. However, in the practical fabrication
and measurement setup, an actual SMP 1321 PIN diode sourced from Skyworks Technologies is utilized
to achieve the desired reconfigurability.

2.1. Proposed Antenna Structure

Figures 1(a) and (b) depict the suggested antenna’s geometry. Its geometry is designed to be compact,
measuring 41 x 44 x 1.52mm?, corresponding to 0.33\g x 0.35M\g x 0.012\g, where Ao represents the
free space wavelength at 2.4 GHz. Constructed on a Rogers Duroid RO3003™ material, the antenna
integrates a microstrip feed line and a rectangular radiating patch. This material establishes the essential
groundwork for achieving optimal antenna performance, featuring key attributes such as a height of
1.52mm, a loss tangent coefficient of 0.0013, and a dielectric constant of 3. Utilizing a frequency
reconfiguration technique, the antenna can seamlessly switch between the two ISM bands of 2.4 GHz
and 5.8 GHz.

2.2. Proposed Antenna Design Theory

The computation of the lengths and widths of the antenna relies on the principles of the transmission
line model theory presented in [33]. Initially, the primary radiating surface resonates at 5.8 GHz. To
establish a supplementary resonant frequency of 2.4 GHz, a slot that is shaped like an inverted U is
incorporated. Furthermore, in order to achieve improved impedance bandwidth and gain, the patch is
equipped with a partial ground plane and two additional slots, as seen in Fig. 2(a). During the initial
phase of implementing the reconfigurable antenna, to investigate the antenna’s characteristics, an ideal
switch (copper bridge) is used with dimensions of 0.3 x 1 mm?, which is introduced across the horizontal
slot on the radiating plane to have a general idea of the switching characteristics. Figs. 2(b) and (c)
show the antenna design without and with a copper bridge. In Fig. 3, the reflection coefficient S7; of
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Figure 1. Antenna geometry: (a) front, (b) back. The dimensions of the antennas are Ls = 41 mm,
Ws = 44mm, Wp = 29mm, Lp = 21lmm, Wpg = 41lmm, Lpg = 25mm, Wslot = 28 mm,
Lslot = 3.7mm, h = 1.52mm, W f =2.98mm, Lf = 15mm, Lg = 5mm, Wg = 2mm, Wo = 1.5 mm,
Lo=14mm, W1 =22mm, L1 =1mm, Tp = 0.035 mm.
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Figure 2. Proposed antenna at three design stages: (a) without a PIN diode, (b) without a copper
bridge (OFF state), (c) with a copper bridge (ON state).

the antenna is depicted through simulations, both without and with a copper bridge. Table 1 exhibits
the antenna’s performance at various stages throughout the design process.

Table 1. Proposed antenna performance in various design stages.

Parameter Ideal switch PIN Diode Ideal switch PIN Diode
(ON State) (ON State) (OFF State) (OFF State)
Freq. (GHz) | 24 5.8 2.4 5.8 5.8 5.8
BW (%) 3.45 5.10 3.80 5.20 5.95 5.31
Gain (dBi) | 3.37 4.96 4.84 5.87 5.07 5.89
Eff. (%) 91.4 91.9 92.5 92.7 92.2 91.8
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Figure 3. Simulated S1; of the antenna without and with a copper bridge.

2.3. PIN Diode Switching Technique

A PIN diode is chosen in this work due to its advantages compared to other active switches [34]. Prior
to that, a decision is made on a suitable PIN diode from those available commercially. Skyworks
Technologies” SMP1321 PIN diode is an active switch with very low capacitance (0.18pF) with
frequencies ranging from 10 MHz to 10 GHz [35]. This frequency range meets the range required in
this work. A Touchstone 2-port S-parameters file (*.s2p) simulates the antenna in both states, which
also includes parasitic package effects. Figs. 4(a) and (b) illustrate the schematic diagram in ON and
OFF states using the *.s2p files of the SMP1321 PIN Diode in CST Microwave Studio™ software.
Fig. 4(c) illustrates the biasing circuit, which demonstrates that the excitation of the PIN diode is
achieved through an RF choke with an inductance (L) of 27nH and a DC blocking capacitor with
a capacitance (C) of 1800 pF. The selection of the RF choke and DC blocking capacitor is based on
matching the resistance of the RF line with the biased circuit. The capacitor serves to restrict the
interaction of the DC biasing current with the RF signals, while the RF choke guides the DC current
required for the PIN diode to function. A voltage supply of +1.1V with a current of 0.03 A is fed from
the power supply to the antenna to switch on the PIN diode which is equivalent to 15.19dBm of DC
power consumed by the PIN diode.

: PIN diode
J | - —
r - 1800 pF 1800 pi
FTS 2 F aTS 27nH 3 27nH
SMP 1321079 ONslp S\ 132108 OFF < —
(a) (b) Ve (o)

Figure 4. PIN diode schematic diagram: (a) ON state, (b) OFF state, (c) Biasing circuit.
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2.4. Equivalent Circuit

The frequency reconfigurable patch antenna in this study is represented by the equivalent circuit model
depicted in Fig. 5, which was implemented using the ADS (Advanced Design System) software. In
Fig. 5(a), parallel lumped components symbolize the radiating patch of the antenna, specifically C1
(capacitance), R1 (resistance), and L1 (inductance). These components allow the antenna to resonate
at 5.8 GHz. To determine the values of R1, L1, and C1, the equations provided in [36, 37] are employed.
Additionally, the inclusion of a slot having a shape like that of an inverted U and two smaller slots in
the patch enables the antenna to resonate at 2.4 GHz. Consequently, the antenna’s equivalent model
undergoes modifications, as seen in Fig. 5(b), where it is characterized by a sequence of inductance and
capacitance values computed using the equations provided in [38, 39]. Figs. 5(c) and (d) demonstrate the
PIN diode in the ON and OFF states, respectively. In the ON state, the PIN diode is configured with
series resistance and inductance values of 1.05 €2 and 0.7 nH. In the OFF state, the diode is arranged in a
shunt configuration with resistance and capacitance values of 2000 €2 and 0.18 pF, respectively. Mutual
inductance (Lm) and mutual capacitance (Cm) are also utilized to couple the resonant circuits of the
antenna, as illustrated in Fig. 5(e).
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Figure 5. Equivalent circuit using ADS software: (a) main plain, (b) supplementary slots, (c) ON
state, (d) OFF state, (e) proposed antenna. Values of each component in the equivalent circuit are
R1 =49.8Q, L1 =0.6nH, C1 =3.4pF, AL1 =29nH, AL2 =94nH, AL3 =5.7nH, AL4 = 7.7nH,
AC1 =23pF, AC2=1.6pF, AC3 =5.5pF, AC4=0.9pF, Lm =0.6nH, Cm =2.9pF, Rs =1.059,
Rp =2000€2, Ls =0.7nH, Cp = 0.18 pF.

3. ANALYSIS OF RESULTS

For the verification of the design and simulations, a physical prototype was constructed, as depicted in
Fig. 6(a). The antenna receives power through a readily available 50 Q SMA connector. The antenna’s
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Figure 6. (a) Antenna prototype, (b) Si1 measurement configuration, (c) far-field measurement
configuration.

performance is assessed using a Keysight PNA-L Vector Network Analyzer (VNA) and a calibrated
anechoic chamber, as illustrated in Figs. 6(b) and (c), respectively. Additionally, bending investigation
and simulations of the SAR limits are carried out, and on-body measurements are conducted to confirm
its suitability for WBAN applications.

3.1. Reflection Coefficient

The VNA is utilized to measure the S1; of the antenna being tested. In Fig. 7, a comparison is presented
between the measured and simulated S1; values of the antenna under two states: ON and OFF. During
the ON state, the antenna functions at dual-band frequencies of 2.4 GHz and 5.8 GHz. Fig. 7(a) shows
that at 2.4 GHz the measured bandwidth is 3.8%, while the measured bandwidth is 5.2% in the OFF
state at 5.8 GHz, and the antenna functions at a single frequency band of 5.8 GHz, exhibiting a measured
bandwidth of 5.4% as depicted in Fig. 7(b). The overall comparison of the antenna’s performance in
the ON and OFF states is presented in Fig. 7(c). The presented figures exhibit a satisfactory level of
agreement between the simulated, measured, and circuit model results.
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Figure 7. S1; comparison: (a) ON state, (b) OFF state, (c) ON and OFF states.
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3.2. Current Distribution

The current distribution of an antenna plays a critical role in its functioning at a specific frequency. At
2.4 GHz in the ON state, Fig. 8(a) reveals that the primary concentration of current is directed toward
the slot’s boundaries. Conversely, at 5.8 GHz, as depicted in Fig. 8(b), most of the current is found in
the center of the radiating patch. Figs. 8(c) and (d) illustrate the current distribution in the OFF state.
From Fig. 8(c), it is evident that in the OFF state, no current flows across the slot’s edges, contributing
to the lower resonance frequency at 2.4 GHz. On the other hand, at the higher resonance frequency of
5.8 GHz, as shown in Fig. 8(d), the primary concentration of current is prominently located around the
center of the main radiating patch. These findings align with the theoretical justification presented in
the literature [40], which states that the resonant frequency is influenced by the length of the current
path on the radiating patch. Specifically, a longer current path across the radiating patch leads to a
lower resonant frequency, while a shorter path corresponds to a higher resonant frequency.

Figure 8. Current distribution: (a) 2.4 GHz (ON state), (b) 5.8 GHz (ON state), (c¢) 2.4 GHz (OFF
state), (d) 5.8 GHz (OFF state).

3.3. Radiation Properties and Gain

The radiation properties were analyzed in both the ON and OFF states. Fig. 9 illustrates the simulated
and measured 2D radiation patterns for the antenna in the ON state. In the ON state at 2.4 GHz, a
bi-directional radiation pattern in the E-plane and omnidirectional radiation pattern in the H-plane
are observed as depicted in Fig. 9(a). Conversely, at 5.8 GHz, a directional radiation pattern in the

= Simulated E-Plane Simulated E-plane —— Simulated E-plane

Measured E-plane Measured E-plane w— Measured E-plane

=== Simulated H-plane === Simulated H-plane ==="= Simulated H-plane
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(a) (b) (©)

Figure 9. Radiation patterns: (a) 2.4 GHz (ON state), (b) 5.8 GHz (ON state), (c) 5.8 GHz (OFF
state).
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E-plane and omnidirectional radiation pattern in the H-plane are observed as depicted in Fig. 9(b). In
the OFF state at 5.8 GHz, a directional radiation pattern in the E-plane and omnidirectional radiation
pattern in the H-plane are observed as depicted in Fig. 9(c). The gain and efficiency values confirm
that the antenna is suitable for operation in the 2.4 GHz and 5.8 GHz ISM bands. In the ON state,
peak gain and total efficiencies are measured to be 5.87dBi/92.7% and 4.84 dBi/92.5% at 5.8 GHz and
2.4 GHz, respectively, as shown in Fig. 10(a) and Fig. 10(b). In the OFF state, a peak gain and total
efficiency of 6.01dBi and 91.8% are measured at 5.8 GHz, as presented in Fig. 10(c). To further verify
the results, Fig. 11 depicts the radiation characteristics (3D) corresponding to the operational bands
under consideration.
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Figure 10. Relationship between Gain and efficiency: (a) 2.4 GHz (ON state), (b) 5.8 GHz (ON state),
(c) 5.8 GHz (OFF state).
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Figure 11. 3D radiation patterns: (a) 2.4 GHz (ON state), (b) 5.8 GHz (ON state), (c) 5.8 GHz (OFF
state).

4. BENDING INVESTIGATION

To ensure the antenna’s suitability for WBAN applications when it is applied to human body, validating
its ability to adapt to specific bending radii is crucial. The investigation of bending is conducted on the
z-direction and y-direction, as depicted in Figs. 12(a)—(d). The antenna’s operational characteristics
in the ON state, when it is subjected to deformation in both axis, are depicted in Figs. 13(a)—(d),
considering various diameters measurements of (50, 80, and 100 mm). The S7; values for all diameters
are nearly identical. Styrofoam is utilized for validation purposes while evaluating the behavior of the
antenna under deformation. Figs. 14(a)—(d) depict the behavior of the antenna in the OFF state under
deformations in the y- and z-directions. The S1; across all diameters exhibit a similar pattern, following
the same behavior as in the ON state. It was noted that the simulation results exhibit significantly
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Figure 12. Antenna in bending condition: (a) y-direction (simulation), (b) z-direction (simulation),
(c) y-direction (measurement), (d) z-direction (measurement).
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Figure 13. S;; under bending condition: (a) y-direction ON state (simulation), (b) y-direction ON
state (measurement), (c) z-direction ON state (simulation), (d) a-direction ON state (measurement).
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Figure 14. Si; under bending condition: (a) y-direction OFF state (simulation), (b) y-direction OFF
state (measurement), (c) z-direction OFF state (simulation), (d) z-direction OFF state (measurement).

higher accuracy than the measurement results. The discrepancy is attributed to various variables,
including utilization of Styrofoam, defects in manufacturing, and cable degradation. Additionally, the
investigation explores the radiation patterns along the diameters. Figs. 15(a)—(f) demonstrate that
the radiation pattern remains similar for both simulation and measurements in both the ON and OFF
states.

5. ON-BODY MEASUREMENT

Considering that the antenna is specifically developed for close contact with the human body, the overall
antenna performance in human proximity is explored. Fig. 16 illustrates the placement of the antenna
on various parts of the body (lap, chest, and arm) to observe changes in dual-frequency behavior.
The measured Si1; values, displayed in Fig. 17 for both ON and OFF states, exhibit a satisfactory
correlation with the simulation results. In addition, when the antenna is positioned onto a person’s
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Figure 15. Radiation patterns under bending: (a) 2.4 GHz ON state (y-direction), (b) 2.4 GHz ON
state (a-direction), (c) 5.8 GHz ON state (y-direction), (d) 5.8 GHz ON state (z-direction), (e) 5.8 GHz
OFF state (y-direction), (f) 5.8 GHz OFF state (x-direction).
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Figure 16. Antenna’s position on various regions of the human body: (a) lap, (b) chest, (c) arm.
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Figure 18. Radiation patterns on various regions of the human body: (a) 2.4 GHz (ON state), (b)
5.8 GHz (ON state), (c) 5.8 GHz (OFF state).

physique, the radiation patterns are recorded and presented in Fig. 18. These patterns demonstrate
similarities between different body placements.

6. SAR ANALYSIS

Evaluating the SAR of an antenna while it is used within the human body is of utmost importance.
The SAR level must be kept below specific thresholds to comply with standards set by the Federal
Communications Commission (FCC) and the International Commission on Non-Ionizing Radiation
Protection (ICNIRP). According to the FCC standard, the SAR should not surpass 1.6 W/kg for every
gram of tissue, while the standard set by ICNIRP is 2 W /kg per 10g of tissue [41,42]. In the CST
Microwave Studio™ software, the IEEE C95.1 standard is used to calculate the SAR limits. These
limits can be enhanced by using input power levels ranging from 25 mW to 100 mW. Fig. 19 illustrates
the layers of a human body tissue model, and Table 2 provides the characteristics of a model of human
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Table 2. Characteristics of a model of human tissue [34].

Level Skin | Fat | Muscle | Bone

Dielectric Constant (F/m) | 37.11 | 5.95 | 57.48 19.49
Density (kg/m?) 2100 | 810 | 1041 | 1008
Conductivity (Qm) 5.72 | 1.98 5.96 1.82
Thickness (mm) 3 6 19 15

Table 3. The antenna’s SAR values for different input power levels.

Power (mW)

25

50

100 150

Tissue weight in grams

1 |10

1 | 10 |

1 [ 10| 1

10

SAR values (W /kg)

2.4 GHz

0.66

0.29

0.82

0.58

0.41 | 0.18 | 1.16

0.46

5.8 GHz

0.23

0.25

0.45

0.37

0.44 | 0.16 | 0.99

0.63

Figure 19. The simplified human body tissue model.

tissue.
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The antenna’s SAR values in the presence of human tissue weighing 1g and 10 g, respectively, are
illustrated in Table 3, adhering to the FCC and CNIRP standards. The input power levels of 25 mW to
150 mW were used for the measurements. To model the SAR values corresponding to the patch antenna’s
placement, which was at a 10 mm distance from the human phantom, an input power of 100 mW was
selected based on the outcomes in the table. The antenna cannot be placed directly on bare skin and is
instead positioned on the user’s clothing, which has an approximate thickness of 10 mm. The resulting
SAR values can be seen in Figs. 20(a) to (d). At 2.4 GHz, the SAR values for 1/10 g of human tissue are
0.411/0.177 W /kg respectively as depicted in Figs. 20(a) and (b). Similarly, at 5.8 GHz, the SAR values
are 0.438/0.158 W /kg respectively as depicted in Figs. 20(c) and (d). These findings indicate that the
achieved SAR levels in this study are comfortably below the standards established by the FCC and
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Table 4. Assessment of performance of the designed antenna in comparison with prior work.

Reconfigurability | Number
Ref Size Material type of Freq. SAR Gain | Efficiency
’ ) (er) (Number of freq. | (switches | (GHz) | (W/kg) | (dBi) (%)
bands achieved) used)
0.56 x 0.47 x 0.03 | PF4 F
[9] Sl M Prequency (5) 1 [182379] - |1.07-7.37| 29.8-93.7
@ 1.8GHz (1.06)
41 2 .
ry | 041 X029 0.003 ) Rogers | b ency (2) 2 [205-10.7] -~ |2.02-5.31| 83.5-87.3
(@ 3.5GHz) (2.2)
71 . .001
og) | 071 0.66x0.0012 | Rogers Frequency (2) 1 2.45,33| 029 | 3,64 -
(@ 2.4 GHz) (3)
0.13 x 0.13 x 0.0001 R 1.575, 0.16, 3.26, 82,
. . . ogers
[30] (® 2,45 GH) @ i o) Frequency (3) 5 245, | 052, | 347, 85,
e ’ 5.2 113 | 404 88
1 .04 . Deni 2.4 .
g | 019% 0.04x0.008 | Denim [ . 5, B 3.55, B
(@ 2.45 GHz) (1.68) 5.25 3.17
[44] 0.23 x 0.198 x 0.018 | Polyester Frequency (4) 5 2.6 B B B
(@ 3.5 GHz) (3.4)
[45] 0.82 x 0.82 x 0.0016 | Thick Felt Frefqueflcy/ 4 9.45, 5.8 0.042, 5.93, 55.6,
(@ 2.45 GHz) (1.3) Polarization (2) 0.09 6.02 72.5
2242 .01 F4B .
ag) | T 02242 0.016 Frequency (2) 3 245,58| 17.8,4 | 0% -
(@ 2.45 GHz) (2.55) 5.06
This | 0.33 x 0.35 x 0.012| Rogers 2.4, 0.18, | 4.84, 92.5,
Frequency (2) 1
work | (@ 2.4GHz) (3) 5.8 0.16 | 6.01 91.8

W/kg
0411

(b)

(d)

Figure 20. SAR values (100 mW input power): (a) 2.4 GHz (1g), (b) 2.4GHz (10g), (c) 5.8 GHz (1g),

(d) 10g at 5.8 GHz (10g).

ICNIRP. The novelty of the proposed antenna is highlighted in Table 4, which presents a comparison
with previous research. The comparison clearly indicates that the suggested antenna is compact in
size, with acceptable low SAR levels, and delivers excellent gain and efficiency across all operational
frequency bands. Moreover, the antenna employs only a single switch, reducing its complexity.

7. CONCLUSION

This paper introduces a wearable patch antenna for WBAN applications which incorporates a PIN diode
to enable frequency reconfiguration. The proposed antenna is fabricated on a semi-flexible Rogers Duroid
RO3003™ with compact dimensions of 0.33\g x 0.35)\g x 0.012)\g. The antenna utilizes a U-shaped
slot in an inverted configuration, Through the inclusion of a PIN diode to facilitate switching between
the ON and OFF states, the antenna can function as either single-band (ISM 5.8 GHz) or dual-bands
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(ISM 2.4 GHz and 5.8 GHz) by design. In the ON state, the antenna provides an impedance bandwidth
of 3.8% at 2.4 GHz and 5.2% at 5.8 GHz, while the OFF state offers a 5.2% impedance bandwidth at
the upper band. The radiation characteristics are bi-directional at 2.4 GHz and directional at 5.8 GHz.
When in the ON state, the antenna achieves a peak gain of 4.84 dBi and 5.87 dBi, with total efficiencies
of 92.5% and 92.7% at 2.4 GHz and 5.8 GHz, respectively. In the OFF state, the antenna exhibits a peak
gain of 6.01dBi and a total efficiency of 91.8% at 5.8 GHz. The antenna’s functionality was evaluated
using a human tissue model, and the SAR values were measured to determine its suitability for WBAN
applications. At 2.4 GHz, the SAR values for 1/10 g of human tissue are 0.411/0.177 W /kg, respectively.
Similarly, at 5.8 GHz, the SAR values are 0.438/0.158 W /kg, respectively. As a result, the suggested
antenna provides the potential for WBAN applications. It possesses a compact size, adheres to low
SAR limits, exhibits good gain and efficiency across all operating bands, and offers the advantage of
requiring only a single switch, reducing its complexity compared to previous designs.
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