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ABSTRACT The design and analysis of a compact dual-band wearable antenna for WBAN applications
is presented. The antenna was prototyped on a semi-flexible Rogers Duroid RO3003™ with compact
dimensions of 41× 44mm2 which corresponds to 0.33 λ0 × 0.35 λ0, where λ0 is the free spacewavelength at
2.4 GHz. The antenna is designed in the preliminary stage to resonate at 5.8 GHz. An inverted U-shaped slot
is added to the patch to create one more resonant frequency at 2.4 GHz. To enhance the antenna’s bandwidth
and gain, two slots at the patch’s bottom edge and a partial ground are added. The measured percentage of
impedance bandwidth at 2.4 GHz and 5.8 GHz are 3.75% and 5.17%, respectively. The gain is measured to
be 3.74 dBi and 5.13 dBi and the efficiency is 91.4% and 92.3%, respectively at the operating bands. The
measured radiation patterns exhibit a bidirectional and directional radiation pattern in the E-plane at 2.4 GHz
and 5.8 GHz bands, while omnidirectional radiation patterns are observed in the H -plane. At 2.4 GHz, the
SAR limits are simulated to be 0.955 W/kg and 0.571 W/kg for 1 g and 10 g of human tissue, while at
5.8 GHz, the SAR limits are 0.478 W/kg and 0.127 W/kg, respectively. Therefore, the proposed antenna has
met the FCC and ICNIRP standards. Bending conditions and on-bodymeasurements of the proposed antenna
indicate that the antenna’s performance is unaffected. As a result, it is shown that the antenna possessed the
ability to be utilized in WBAN applications.

INDEX TERMS Dual-band, patch antenna, WBAN applications, SAR, bending condition.

I. INTRODUCTION
Wireless Body Area Network (WBAN) has gained atten-
tion across various areas, including sports, security, health,
and the military [1]. Based on the location of the signal
nodes, WBAN communication modes are divided into three
categories: on, off, and in-body modes [2], [3]. WBAN
devices must meet the following requirement of low cost,
low power consumption, higher bit rate, and the capacity to
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counteract changes in the human body [4]. The frequency
assigned to WBAN is 400 MHz for medical implant com-
munications networks, 2.4 GHz and 5.8 GHz for indus-
trial, scientific, and medical (ISM) applications, and 3 GHz
to 10 GHz are for ultra-wideband services (UWB) [5], [6].
Antennas for WBAN applications have drawn the attention
of researchers since the human body actively uses these
antennas. As a result, their performance may be impacted
compared to antennas placed in free space due to the lossy
and non-homogeneous coupling of the physical body [7],
[8], [9]. Besides that, the effects of the antennas on human
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tissues must be considered, which can be evaluated based
on its Specific Absorption Rate (SAR) limits which must
abide by the Federal Communications Commission (FCC)
and International Commission on Non-Ionizing Radiation
Protection (ICNIRP) standards [10], [11], [12]. Microstrip
patch antenna [8], [14], planar monopole [15], [16], planar
inverted-F shaped [17], fractal [18], reconfigurable [19], and
Substrate-Integrated Waveguide (SIW) [20] are some of the
antennas proposed for WBAN applications. A patch antenna
fabricated on Polydimethylsiloxane (PDMS) was presented
in [21]. Similarly, Polyethylene Terephthalate (PET) was uti-
lized in antenna design for WBAN applications [22]. Also,
authors in [23] proposed a wearable antenna using SIW in
which the antenna was attached to the substrate via a brass
eyelet that connects to the ground plane via a hole. Authors
in [24] proposed a paper-based star-shaped patch antenna for
WBAN applications using L-stubs. In [25], a patch antenna
on a silver-coated material was proposed for WBAN applica-
tions in which a half-mode substrate-integrated cavity model
was used. However, these antenna designs have many limita-
tions such as being larger in size, narrower bandwidth, lower
gain, and high back radiation, as well as having constraints
to be utilized in WBAN applications due to the rigid nature
of the substrates used. Moreover, the semi-flexible charac-
teristics of the Rogers Duroid RO3003TM substrate material
used for this work have addressed the rigidity and inflexibility
issues associated with conventional antennas [26].

This work presents the design and analysis of a compact
dual-band wearable antenna for WBAN applications. The
antenna is designed and simulated to resonate at 5.8 GHz
during the initial stage. To address the shortcomings of a
single-band antenna, an inverted U-shaped slot is added
to the patch to create one more resonant frequency at
2.4 GHz. Two slots at the patch’s bottom edge and a par-
tial ground are added to increase the antenna’s bandwidth
and gain. The antenna’s performance under bending and
SAR limits are also investigated to confirm that it is suit-
able for WBAN applications. Section II covers the proposed
antenna’s structure, parametric study, and the equivalent cir-
cuit model. Section III investigates the antenna’s radiation
characteristics. Section IV describes the bending investiga-
tion. The SAR analysis is presented in Section V. Section VI
explores the antenna’s performance close to the human body.
Table 6 shows a comparison between the proposed antenna
and some previous literature. Section VII includes the
conclusion.

II. ANTENNA DESIGN
A. STRUCTURE AND DIMENSIONS
The design requirements for the proposed antenna are
established first using the fundamental rectangular shape.
The length and width of the patch are calculated using
the transmission line model described in [27]. The CST
MWS® software is used to evaluate changes in length,
width, and gaps around the rectangular patch for this

FIGURE 1. The proposed design’s evolution (a) CPA (b) CPA with slots
(c) proposed antenna.

structure, and the parameter values are optimized. According
to a recent study in [28], adding slots to the radiating structure
results in increased compactness and bandwidth, as well as
generating another resonant frequencies.

At the preliminary design stage, the proposed antenna is
designed and simulated using a Conventional Patch Antenna
(CPA) to resonate at 5.8 GHz and is composed of a rectan-
gular patch and inset microstrip feed line on a semi-flexible
Rogers RO3003TM substrate with a thickness, h of 1.52 mm,
a dielectric constant, εr of 3, and a loss tangent, tan δ of
0.0013. At 5.8 GHz, the calculated length of the first design
is 16.9 mm, and the optimized value is Lp = 21 mm. Fur-
thermore, as shown in Fig. 1(a) and (b), the calculated width
value at 5.8 GHz is 18.1 mm, while the optimized value is
Wp = 29 mm. As seen in Fig. 1(c), an inverted U-shaped
slot is then added to the patch to add a second resonant
frequency at 2.4 GHz. Additionally, two slots and a partial
ground are added to the patch’s bottom edge to increase the
antenna’s bandwidth and gain. The optimized dimension of
41 × 44 mm2 (0.33 λ0 × 0.35 λ0) was chosen. Table 1 sum-
marizes the detailed dimensions of the proposed structure.
Fig. 2 compares the simulated reflection coefficient (S11)
of the CPA with and without additional slots on the main
radiating plane, demonstrating the achievement of dual-band
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TABLE 1. Proposed antenna dimension.

FIGURE 2. The simulated S11 with CPA and the proposed antenna.

TABLE 2. Proposed antenna performance.

frequencies. The lower frequency band is produced by the
inverted U-shaped slot, which also reduced the dimensions
of the antenna after optimization. The rectangular patch’s two
slots at the bottom do not affect the S11 of the antenna. The
proposed antenna’s simulation results are shown in Table 2 at
various design phases.

B. PARAMETRIC STUDY
The effects ofmodifications on the antenna performancemust
be addressed and thus, a parametric study was performed to
determine the optimal dimensions of the inset feed (Lg and

FIGURE 3. The simulated S11 with change to (a) Lg (b) Wg.

FIGURE 4. The simulated S11 with changing the ground plane’s length.

Wg), as shown in Fig. 3(a) and (b). Moreover, a paramet-
ric study was also conducted on the length of the ground
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FIGURE 5. The simulated S11 with change to (a) Wslot (b) Lslot.

plane (Lpg) as seen in Fig. 4 with variations from 41 mm
to 5.0 mm. From the parametric study, Lpg was found to
be 25 mm, which also means that the antenna operates on
a partial ground plane instead of a full ground plane. This
also indicates that the ground plane does affect the antenna’s
performance. The inverted U-shaped slot width (Wslot) and
length (Lslot), on the other hand, affect the lower and upper
resonant frequencies of the antenna. A parametric study was
also used to determine the optimum Wslot and Lslot as can be
seen in Fig. 5. It can be seen from the figure that the resonant
frequencies change with increasing width and length of the
inverted U-shaped slot.

C. EQUIVALENT CIRCUIT
The equivalent circuit modelled with the Advanced Design
System (ADS) software is shown in Fig. 6. The radiating
patch is represented by the parallel lumped elements of

FIGURE 6. Equivalent circuit (a) Main radiating plane (b) Additional slots
(c) Proposed antenna.

resistance (R1), inductance (L1), and capacitance (C1) as
shown in Fig. 6(a) which allow the antenna to resonate at
5.8 GHz. R1, L1, and C1 values are calculated by using the
equations in [29] and [30]. The inverted U-shaped slot and
two additional slots are responsible for the 2.4 GHz band and
can be expressed by a series of inductance and capacitance
which are calculated by using the equations in [31] and [32].
The antenna’s circuit is nowmodified as depicted in Fig. 6(b).
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TABLE 3. Equivalent circuit component values.

FIGURE 7. Proposed antenna prototype.

The radiating patch is made up of two surface current compo-
nents: (i) the surface current that passes through the patch and
(ii) a meandering surface current that passes around the
inverted U-shaped slot, thus, increasing the surface current
path [33]. The rectangular patch and additional slots equiv-
alent circuits are combined via mutual inductance (Lm) and
mutual capacitance (Cm) as shown in Fig. 6(c). The values of
each element are listed in Table 3.

III. RESULTS AND ANALYSIS
To verify the design and simulations, the proposed antenna
is fabricated as depicted in Fig. 7. The N5234B Keysight
Vector Network Analyzer (VNA) and anechoic chamber are
used for the measurement of the antenna’s performance as
depicted in Fig. 8. The S11 of the antenna is measured using
the N5234B Keysight VNA, as shown in Fig. 8(a). In the
anechoic chamber, as can be seen in Fig. 8(b), far field mea-
surements which consist of radiation patterns and gain were
carried out. The proposed antenna acts as a receiver, while a
horn antennamoves in the azimuth and elevation planes as the
transmitter.

A. REFLECTION COEFFICIENT
The S11 result’s comparison of the proposed antenna is
depicted in Fig. 9. The lower resonant frequency at 2.4 GHz
has a -10 dB measured bandwidth of 3.8% from 2.358 GHz
to 2.447 GHz, and the upper resonant frequency at 5.8 GHz is
5.2% from 5.675 GHz to 5.975 GHz. The figure demonstrates
that the S11 results from the simulation, measurement, and
equivalent circuit are all in satisfactory correlation.

FIGURE 8. Antenna’s measurement using: (a) N5234B Keysight VNA
(b) Far-field measurements in the anechoic chamber.

FIGURE 9. Comparison of the S11.

B. CURRENT DISTRIBUTION
The antenna’s current distribution is depicted in Fig. 10. The
current distribution on the CPA is concentrated at the feed
line and the edges of the patch, as seen in Fig. 10(a), demon-
strating that it’s responsible for the 5.8 GHz frequency. While
the maximum current appears to be concentrated around the
edges of the inverted U-shaped slot at 2.4 GHz with the
additional slots, as shown in Fig. 10(b), the maximum cur-
rent is most noticeable near the edges of the patch and the
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FIGURE 10. Current distributions on (a) CPA at 5.8 GHz (b) with inverted
U-shaped slot at 2.4 GHz (c) with inverted U-shaped slot at 5.8 GHz.

FIGURE 11. Radiation pattern E-plane and H-plane (a) 2.4 GHz
(b) 5.8 GHz.

invertedU-shaped slot at 5.8 GHz, as shown in Fig. 10(c). The
surface current distributions confirmed the antenna’s prelim-
inary design, which generated the 5.8 GHz through the CPA
and 2.4 GHz by the rectangular patch’s inverted U-shaped
slot. These results align with the theoretical underpinnings
presented in the earlier study [28], which state that the length
of the current path on the patch has an impact on the frequency
of operations.

C. RADIATION CHARACTERISTICS AND GAIN
The antenna’s radiation characteristics are investigated using
2D and 3D radiation patterns at both the 2.4 GHz and 5.8 GHz
resonant frequencies. Fig. 11(a) shows the 2D radiation pat-
terns of the antenna at 2.4 GHz which are bidirectional in the
E-plane and omnidirectional in the H -plane. At 5.8 GHz, the
radiation patterns are directional in the E-plane and omnidi-
rectional in theH -plane, as shown in Fig. 11(b). The proposed
antenna can operate in both the 2.4 GHz and 5.8 GHz of
the ISM bands with a gain of 3.74 dBi and 5.13 dBi and
an efficiency of 91.4% and 92.3%, respectively, as shown in
Fig. 12(a) and (b). The 3D far-field radiation patterns for the
obtained frequency bands are shown in Fig. 13 for additional
confirmation of the maximum gain attained by the proposed
antenna.

FIGURE 12. Gain vs efficiency at (a) 2.4 GHz (b) 5.8 GHz.

IV. BENDING INVESTIGATION
Antennas might be bent when they are placed on human body.
For this reason, the performance under bending conditions
should be investigated for WBAN applications. The bending
investigation is carried out along the y-axis and x-axis for
both simulations and measurements, as illustrated in Fig. 14
and Fig. 15. The performance of the antenna under bending
along the y-axis and x-axis is shown in Fig. 16 and Fig. 17, for
diameters (d) of 50 mm, 80 mm, and 100 mm. The diameters
chosen are based on the average size of human arms and legs.
The simulated S11 are almost similar for both the y-axis and
x-axis. However, in the y-axis, there is a small change in the
S11 at the 5.8 GHz band when the diameter is decreased to
50 mm. The changes might be insignificant considering the
small diameter. Styrofoam is used to measure the bending
conditions for verification. The resonance frequencies for
each Styrofoam diameter appear to have shifted slightly.
However, the impact is thought to be minimal because the
-10 dB bandwidth still accommodates the needed 2.4 GHz
and 5.8 GHz frequency bands. The results from the simula-
tion appear to be significantly more accurate than the mea-
sured result; this may be attributed to the use of Styrofoam,
fabrication errors, and cable losses. Moreover, the radiation
patterns across the three diameters from 50 mm to 100 mm
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FIGURE 13. 3D radiation patterns at (a) 2.4 GHz (b) 5.8 GHz.

FIGURE 14. Proposed antenna bending (simulation) (a) y-axis (b) x-axis.

were investigated using simulation, and measurement was
carried out with a 100 mm diameter as shown in Fig. 18 and
Fig. 19. The radiation pattern across the diameters appears to
be similar. There is a minor increase in back radiation when
compared to the unbent scenario. This might happen as a
result of minimal bending impacts on the materials. The gain
achieved under bending ranges from 3.2 dBi and 5.2 dBi on
the y-axis and x-axis for 2.4 GHz and 5.8 GHz, as shown in
Fig 20(a) and (b).

FIGURE 15. Proposed antenna bending (measurement) (a) y-axis
(b) x-axis.

FIGURE 16. Design validation under bending along y-axis (a) simulation
(b) measurement.

V. SAR ANALYSIS
Designing an antenna for WBAN applications necessitates
measuring the SAR, as the antenna may be placed close to
the human body. The SAR limits must not exceed 1.6 W/kg
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FIGURE 17. Design validation under bending along x-axis (a) simulation
(b) measurement.

FIGURE 18. Radiation pattern antenna bent at 2.4 GHz (a) y-axis
(b) x-axis.

per 1 g of tissue and 2W/kg per 10 g of tissue as per FCC and
ICNIRP standards [34], [35]. The SAR limits are calculated
using the IEEE C95.1 standard in CST MWS® software.

FIGURE 19. Radiation pattern antenna bent at 5.8 GHz (a) y-axis
(b) x-axis.

FIGURE 20. Measured gain for different bending conditions along the
y-axis and x-axis (a) 2.4 GHz (b) 5.8 GHz.

In order to enhance the SAR limits, the input power
was applied from 25 mW to 100 mW. The antenna was
investigated by placing it at a distance of 2 mm, 4 mm,
6 mm, and 10 mm from the skin to account for a garment’s
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TABLE 4. The material parameter of layers of human body tissue
models [7].

FIGURE 21. The simplified human body tissue model.

TABLE 5. Simulated SAR limits for 1 g and 10 g under varying incident
power.

thickness [36]. Table 4 lists the material parameter of layers
of human body tissue model in the simulations and Fig. 21
shows the simplified human body tissue model made up
of four layers: skin, fat, muscles, and bones. Their details
and thickness were obtained from [7]. Table 5 shows the
simulated SAR limits for 1 g and 10 g of human tissue at
the resonant frequencies under varying input power.

Fig. 22 and Fig. 23 depict the antenna’s SAR limits.
According to Fig. 22(a) and (b), the SAR limits at 2.4 GHz for
1 g and 10 g of human tissue are 0.955W/kg and 0.571W/kg,
respectively (with an input power of 100 mW). Furthermore,
the SAR limits at 5.8 GHz are 0.127 W/kg and 0.478 W/kg
for 1 g and 10 g of human tissue respectively as shown in
Fig. 23(a) and (b). As a result, it is demonstrated that the SAR

FIGURE 22. SAR limits (a) 1 g at 2.4 GHz (b) 10 g at 2.4 GHz (with an input
power of 100 mW).

FIGURE 23. SAR limits (a) 1 g at 2.4 GHz (b) 10 g at 5.8 GHz (with an input
power of 100 mW).

limits of the antenna in this work obey the FCC and ICNIRP
standards.
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TABLE 6. Proposed antenna comparison with the antennas in previous work.

FIGURE 24. The simulated S11 results for varying thickness of a human
garment between the proposed antenna and the human tissue model.

VI. ANTENNA’S PERFORMANCE NEAR HUMAN BODY
Since the antenna is intended to be used close to human
body, the impact of the body on the overall performance was
investigated. The simulated S11 for the antenna when it is
placed directly on the skin and also on different garment’s
thicknesses from 2 mm to 10 mm is shown in Fig. 24. From
the figure, the dual-band frequency was achieved throughout
the simulations, even though the antenna is placed directly
on the skin. Fig. 25 shows the antenna when it is placed on
actual parts of a human body (chest, arm, and lap) to observe
the dual-frequency variations. The measured S11, on the other
hand, can be viewed in Fig. 26. From the figure, there is
a slight shift in the S11 when it is placed directly on the
arm. This is due to human tissue having a high dielectric
constant, which explains the changes in the lower resonant

FIGURE 25. The proposed antenna is on (a) chest (b) arm (c) lap.

frequency [7]. Moreover, the radiation patterns when the
antenna is placed on a human body tissue model were also
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FIGURE 26. Performance of the proposed antenna on lap, chest, and arm.

FIGURE 27. Radiation pattern loaded on human body phantom
(a) 2.4 GHz (b) 5.8 GHz.

simulated (the antenna is placed directly on the skin and also
on different garment’s thicknesses from 2 mm to 10 mm),

FIGURE 28. Gain on human phantom at (a) 2.4 GHz (b) 5.8 GHz.

as shown in Fig. 27. From the figure, the radiation patterns
appear to be similar. The gain of the antenna, on the other
hand, ranges from 3.0 dBi and 5.3 dBi on the x-axis and
y-axis for both 2.4 GHz and 5.8 GHz, as shown in
Fig. 28(a) and (b). A comparison of the proposed antenna
in this work with the previous literature can be viewed in
Table 6. From the table, the proposed antenna is consid-
erably compact in dimensions as compared to the anten-
nas presented in the previous work that utilize flexible,
non-flexible, and semi-flexible substrates. Furthermore, the
antenna’s impedance bandwidth and gain are acceptable
across the two operating bands.

VII. CONCLUSION
A compact dual-band wearable antenna for WBAN applica-
tions operating in the 2.4 GHz and 5.8 GHz ISM bands was
designed and analyzed. The antenna structure consists of a
CPA and an invertedU-shaped slot on it to generate dual-band
frequencies. The inverted U-shaped slot is not only respon-
sible for generating the lower frequency band but also for
reducing the dimensions of the antenna upon optimization.
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Two slots at the lower edge of the rectangular plane and
partial ground plane are introduced to increase the bandwidth
and gain of the antenna. The proposed antenna is fabricated
on a semi-flexible Rogers Duroid RO3003TM material with
compact dimensions of 41 × 44 mm2 which corresponds to
0.33 λ0 × 0.35 λ0. The measured percentage of impedance
bandwidths at 2.4 GHz and 5.8 GHz are 3.75% and 5.17%
respectively. The measured gain is 3.74 dBi and 5.13 dBi and
the simulated radiation efficiency is 91.4% and 92.3% at the
lower and upper resonant frequency, respectively. In terms
of measured radiation patterns, bidirectional and directional
radiation patterns are observed in the E-plane while omnidi-
rectional radiation patterns are in the H -plane at the lower
and upper resonant frequency, respectively. To investigate
the potential of the dual-band antenna for WBAN applica-
tions, the SAR is simulated. The SAR limits at 2.4 GHz are
0.955 W/kg and 0.571 W/kg for 1 g and 10 g of human
tissue, while at 5.8 GHz, the SAR limits are 0.478 W/kg and
0.127 W/kg, respectively. These values obey the FCC and
ICNIRP standards. In addition, a bending investigation is also
conducted on the antenna if it is to be worn on the human
body such as on the lap, chest, and arm. It is shown from the
results of the reflection coefficient that the performance of
the antenna is not affected by bending. Therefore, it is safe
to conclude that the proposed antenna is a good candidate for
WBAN applications.
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