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ABSTRACT: A comb-shaped antenna was designed, optimized, and analyzed for an operational frequency of 2.4GHz. The proposed
design was modelled on an RT/Duroid 2880 substrate with dimensions 32×28mm2 and 0.8 substrate thickness. The antenna is designed
to resonate at 2.4GHz frequency band on substrate material. The body placement analysis of the proposed antenna was performed using
human hand and leg phantom models, and the Specific Absorption Ratio (SAR) was less than 1.6w/kg (ranging 0–0.361W/kg on hand
and 0–0.267W/kg on leg phantoms, respectively). The 3D radiation gains for both the hand and leg are 4.95 and 4.81, respectively.
Additionally, the vertical and horizontal bending losses were taken at 0◦, 30◦, 45◦, 60◦ degrees, respectively, and their graphs were
analyzed. Owing to its efficient and effective results, this antenna can be utilized for various biomedical applications.

1. INTRODUCTION

In the age of omnipresent connectivity, wearables have be-
come crucial elements in healthcare, fitness, and communi-

cation networks. Antenna is central to wearables, tasked with
flawless wireless transmission of data. The antenna design for
wearables presents challenges specific to the wearables’ loca-
tion close to the human body, impacting performance via the
detuning and absorption of radiation. Rigid antenna designs
are lacking in terms of flexibility, comfort, and biocompatibil-
ity. This paper presents the design and analysis of a comb-
shaped microstrip patch antenna at 2.4GHz. The antenna is
constructed on RT/Duroid Rogers 2880, which is a low-loss
and flexible substrate. The new structure is intended to provide
higher gain, radiation efficiency, and safety while maintaining a
Specific Absorption Ratio (SAR) within acceptable limits. Its
small size and conformal structure make it a good candidate
for body-worn applications. The simulation results showed en-
hanced impedance matching and radiation stability. The work
contributes to the increasing demand for efficient and reliable
wearable antenna solutions in communication systems.
A comprehensive overview of flexible wearable antennas ex-

plores various aspects such as design constraints, materials,
fabrication techniques, and their roles in WBANs and health-
care monitoring are explored, with a focus on maintaining per-
formance under deformation and environmental stress [1]. An
ultra-wideband (UWB) antenna is integrated with a metamate-
rial for wearable applications [2], where SAR analysis ensures
compliance with safety standards. Similarly, the design chal-
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lenges and potential solutions for biomedical flexible anten-
nas have also been addressed [3]. A miniaturized hexagonal
dual-band antenna is optimized for on-body operation, while
using human body phantoms and SAR simulations for evaluat-
ing wearable suitability [4, 5].
Several studies have focused on antenna performance in

proximity to the human body. For instance, [6] offers a re-
view of various wearable antenna designs for both on-body
and off-body communications, highlighting trade-offs in size,
shape, gain, and SAR. SAR evaluations specific to healthcare-
focused UWB antennas are carried out, employing hexagonal
and fractal geometries, respectively, [7, 8]. Reviews of minia-
turized, flexible antennas incorporating SAR considerations for
body area networks (BANs) have been reported in [9, 10], with
the latter also proposing a novel FSS-based reflector to re-
duce SAR. Medical-oriented wearable antennas have been re-
ported in [11], where SAR is simulated on a realistic arm phan-
tom [12], where an FSS absorber is employed for SAR mitiga-
tion in millimeter-wave applications.
Novel compact wearable antenna structures utilize hybrid

quasi-fractal designs [13, 14], both emphasizing SAR and bend-
ing performance over the human body. Research proposes
UWB wearable antennas with reduced SAR for radiative near-
field wireless power transfer and durable multi-slotted config-
urations, reporting SAR levels under FCC limits. Body ef-
fect mitigation via flexible periodic structures and innovative
AMC/SIW cavity-backed designs [15–18] enhance radiation
performance and safety. The performance of low-SAR flexible
antennas in the ISM band has been investigated in [9], while the
suitability of wearable antennas through phantom-based testing
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is discussed in [20]. Finally, body absorption, frequency shifts,
and efficiency losses in slot antennas [21–26] emphasize the
impact of biological tissues on 2.4–2.45GHz wearable devices
through computational simulations. The manuscript is orga-
nized as follows. Section 2 describes the antenna design. Sec-
tion 3 presents the simulated results of the parametric analysis
of antenna bending losses, both vertical and horizontal, along
with SAR analysis. Section 4 presents measured results. Fi-
nally, Section 5 includes the key findings and possible improve-
ments in the future work as the conclusion.

2. PROPOSED ANTENNA DESIGN
The development of wearable technology created a growing
need for flexible, small, and high-performance antennas.
Among the many designs, patch antenna has been highlighted
because of its low profile, simplicity of integration with textile
substrates, and attractive radiation characteristics. Nonethe-
less, in wearable use, impedance matching and radiation
performance need to be optimized as a result of body proximity
effects and movement caused distortion. This study focused
on the design and optimization of a wearable patch antenna
through the insertion of a comb-like structure within the
radiating patch. This is done to increase impedance matching
without compromising the radiation features of the antenna.
The improved patch structure is presented in Fig. 1(a), and
dimensions are shown in Table 1, wherein several geometrical
parameters are primarily responsible for determining the
performance of the antenna.

(a) (b)

FIGURE 1. (a) Antenna without DGS. (b) With DGS.

Calculation of the patch width:

width =
c

2f0

√
εr+1
2

(1)

where c is the light velocity, f0 the operating frequency, and εr
the relative permitivity.
Effective dielectric constant:

(εeff) =
εr + 1

2
+

εr − 1

2

 1√
1 + 12

(
h
w

)
 (2)

h is the height of the substrate.

TABLE 1. Antenna parameters and their respective values.

Name of the parameter Symbol Value (mm)
Length of the ground Lg 2
Length of the substrate Ls 34
Width of the substrate Ws 22
Length of the strip Lst 15
Width of the strip Wst 2.5

Width of the single comb Wf2 2.8
Width of a space in comb Wf3 1
Width of the patch flag Wf1 18.5

Length of patch upper rectangle Lfu 2

Calculation of the patch length:
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The guided wavelength and quality parameters of the designed
antenna are optimised for improved radiation efficiency. An-
tennas can achieve low values of reflection coefficients in the
desired frequency band (S11 < −10 dB) with perfect matching.
The gain (G) and directivity (D) of the proposed antenna corre-
late with radiation efficiency. Gain (G) is usually expressed in
decibels (dB) and given as G (dB) = 10× log10(ηradD).

3. RESULTS AND DISCUSSIONS

3.0.1. Using Various Iterations

The antenna design was realized through various iterative steps
with step-by-step improvements aimed at improving the per-
formance for biomedical purposes. The basic rectangular
monopole from iteration 1 is shown in Fig. 2(a), which had
limited bandwidth and single-band operation, and the design
was first improved by incorporating multiple vertical slots in
the second iteration as shown in Fig. 2(b). This significantly
improved the return loss and moved the resonance closer to
the 3.8GHz ISM band. In the last structure in Fig. 2(c),
the slot geometry was further optimized in terms of length,
width, and spacing, which led to better impedance matching
and wider bandwidth. The S11 plot in Fig. 3 clearly shows

(a) (b) (c)

FIGURE 2. (a) Iteration 1. (b) Iteration 2. (c) Iteration 3.
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FIGURE 3. S11 parameter plot comparing all iterations. FIGURE 4. S11 parameter comparison for different slot widths.

(a) (b)

FIGURE 5. Proposed antenna. (a) Without DGS. (b) With DGS.

the improvement, where the final structure (black curve) ex-
hibits single-band performance and deep resonance at around
2.4GHz, which is suitable for body-centric wireless communi-
cation. The final antenna has a compact size, flexibility, and
low SAR and is thus highly suitable for wearable biomedical
devices operating over UWB and ISM frequencies.

3.0.2. Return Loss Variation with Different Flag Widths

The design of the antenna was also improved by altering the
width of the slots within the radiating patch. The alterations en-
tail a gradual widening of the flag-shaped slots towards increas-
ing the bandwidth and impedance matching. The 2.5mmwidth
strip displays the initial design with equal slot widths. The flag
widths were moderately increased from 1.5mm to 2.8mm to
study their impact on antenna performance. The resulting S11

parameter values, shown in Fig. 4, exhibit significant enhance-
ment in the return loss with altered widths.

3.0.3. Return Loss Curves with and without Defected Ground Structure

To improve the performance of the antenna, a defected ground
structure (DGS) was added, as shown in Figs. 5(a) and 5(b).
The antenna without the DGS can be seen in Fig. 5(a), and
Fig. 5(b) illustrates the improved structure with the addition
of the DGS to the ground plane. Its introduction aims to re-
duce surface wave propagation, improve impedance match-
ing, and achieve a broader bandwidth. The S11 comparison
shown in Fig. 6 demonstrates conclusively that the antenna with

FIGURE 6. Simulated return loss of designed antenna without and with
DGS.

DGS shows greatly enhanced return loss behaviour, especially
near the dual-band resonant frequencies. The improved perfor-
mance is apparent from the deeper and sharper resonances be-
low the−10 dB line, indicating better impedance matching and
higher radiation efficiency. Therefore, the inclusion of DGS
was an extremely useful modification in achieving optimized
performance for wearable applications.

3.0.4. Variability in Return Loss for Various DGS

The effects of different DGSs on the performance of the antenna
are illustrated using Fig. 7(a) to Fig. 7(c), and Fig. 7(a) repre-
sents the comb-shaped baseline antenna with original DGS and
is used as the reference. For the purpose of studying improve-
ment methods, three DGS geometries — dumbbell in Fig. 7(c),

(a) (b) (c)

FIGURE 7. (a) Original DGS. (b) Reverse-U shapedDGS. (c) Dumbbell
shaped DGS.
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FIGURE 8. Simulated return loss curves for different DGSs. FIGURE 9. Simulated return loss curves for different strip widths (Wst).

FIGURE 10. Hand phantom radiation pattern with gain plot.

reverse-U in Fig. 7(b), and the proposed DGS (Original) in
Fig. 7(a) — were added into the ground plane. The respec-
tive reflection coefficient responses (S11) show significant im-
provements. The comb-shaped (original) DGS saw the great-
est improvement, with a sharp and deep resonance at 2.4GHz
and an S11 of less than −30 dB as shown in Fig. 8, which
reflects very good impedance matching. The dumbbell DGS
provides a dual-resonance characteristic with better bandwidth
but comparatively moderate return loss, whereas the reverse-U
DGS demonstrates superior performance to the dumbbell but is
still inferior to the comb-shaped configuration. This compari-
son clearly shows the comb-shaped DGS as the best option for
achieving maximum antenna efficiency as well as return loss
performance.

3.0.5. Variability in Return Loss for Various Strip Feed Widths Wst

Different feedline strip widths (Wst) of the antenna configura-
tion are 2.5, 1.8, and 0.8, respectively. Fig. 9 displays the corre-
sponding return loss (S11) behavior for each scenario. With the
increase in strip width from narrowestWst to widestWst, there
is a clear shift in resonance frequency and S11 curve depth.
The 0.8mm strip width (Wst) antenna has the optimum per-
formance, with a deep resonance at around 3.3GHz and an S11

of less than −20 dB, showing good impedance matching. The
2.5mm strip width (Wst) design has a lower resonance depth,
whereas the 1.8mm (Wst)model has two resonances but lower
return loss depth. These findings validate that the feedline strip
width has a strong influence on the impedance characteristics

FIGURE 11. Leg phantom radiation pattern with gain plot.

and tuning of the resonant frequency of the antenna, thereby
supporting antenna optimization.

3.1. Radiation Performance Analysis and Their Gain Plots
In this section, the radiation performance of the designed comb-
shapedwearable antenna is analyzed under different conditions.
The analysis is structured into two parts: hand phantom analy-
sis and leg phantom analysis, each of which provides detailed
information along with related images to depict the radiation
characteristics and gain performance.

3.1.1. Hand Phantom Analysis

When an antenna is brought close to a hand phantom, its radia-
tion properties are affected by the dielectric nature of the hand.
The radiation pattern in this setup illustrates the effect of the
hand on beam shape and energy distribution. In Fig. 10, the ra-
diation pattern of the antenna is shown, featuring the main lobe
as well as any side lobes owing to the close proximity of the
hand. The gain performance indicates that the measured gain
is nearly 4.95 dBi, which shows that, despite the hand loading
effect, the antenna has strong performance that is appropriate
for wearable use.

3.1.2. Leg Phantom Analysis

A comparable test was performed with a leg phantom to deter-
mine the antenna’s performance in the vicinity of the lower ex-
tremities. The radiation pattern obtained in this setup, as shown
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FIGURE 12. Antenna performance at a 0◦, 30◦, 45◦, 60◦ vertical bend, respectively.

in Fig. 11, illustrates the impact of the leg’s dielectric properties
on the direction and strength of the beam. The corresponding
gain plot shows a slightly lower gain of approximately 4.81 dBi.
The difference is due to the varying geometrical and dielectric
properties of the leg as opposed to the hand. Overall, the leg
phantom analysis verifies that the antenna works accurately,
even under on-body conditions for various parts of the body.

3.2. Bending Losses
In wearable antenna applications, bending the antenna along
various axes can significantly influence its impedance match-
ing and radiation characteristics. In this work, bending losses
in two principal orientations, vertical and horizontal, are dis-
cussed. For both, separate images for various bending percent-
ages are provided along with a combined graph to demonstrate
the overall effect. Bending introduces structural deformation,
resulting in a frequency shift and the possible detuning of the
antenna. When the bending radius was reduced, the return loss
increased, signifying an increased reflection of the signal. Such
degradation may impair communication quality in body-centric
communications.

3.2.1. Vertical Bending Losses

Vertical bending is the deformation in the direction of the an-
tenna height that produces variations in the current distribu-
tion and effective electrical length. This section describes the
vertical bending loss encountered at various bending angles as
shown in Fig. 12 and return loss plot as shown in Fig. 13. Wear-
able devices experience bending or deformation in various di-

FIGURE 13. Return loss plot at 0◦, 30◦, 45◦, 60◦ vertical bend, respec-
tively.

rections during typical use. To ensure consistent and reliable
communication, it is essential to understand how vertical bend-
ing affects the antenna’s functionality. The proper considera-
tion of these effects is critical for maintaining optimal perfor-
mance and efficiency in wearable applications.
The graph illustrates how the return loss and radiation ef-

ficiency change as the bending angle is increased. The anal-
ysis shows that with a higher bending angle, the impedance
mismatch increases, causing greater bending losses and a fre-
quency shift in the resonance.

3.2.2. Horizontal Bending Losses

Horizontal bending is the bending along the width of the an-
tenna, which influences the current distribution and radiation
pattern differently from vertical bending. Fig. 14 and Fig. 15
show the horizontal bending loss. An analysis of the horizontal
bending data shows that at vertical bending, the baseline per-
formance is optimal at 0◦. Increasing the bending angle en-
hanced the horizontal bending losses, which are due to the dis-
tortion of the current distribution in the width direction. The
combined graph assists in the identification of crucial bending
limits, above which the performance of the antenna is drasti-
cally degraded, prompting for design methods for countering
these effects in realistic wearable application.
The combined overview illustrates the overall effect on re-

turn loss and radiation patterns. It is evident that horizontal
bending also leads to performance deterioration, but the type of
loss and frequency shifts may be different from vertical bending
because of the distinct physical deformation.

3.3. Specific Absorption Rate (SAR) Analysis
SAR is an essential parameter for checking the safety of wear-
able antennas, especially when they situate in close proximity
to the human body. SAR measures the rate at which biological
tissues absorb electromagnetic energy when they are exposed
to radio frequency (RF) fields. In the present study, SAR cal-
culations were performed with both hand and leg phantoms to
estimate the levels of radiation absorption and to ensure com-
pliance of the antenna with international exposure guidelines.
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FIGURE 14. Antenna performance at 0◦, 30◦, 45◦, 60◦ horizontal bend.

FIGURE 15. Return loss plot at 0◦, 30◦, 45◦, 60◦ horizontal bend re-
spectively.

3.3.1. Hand Phantom SAR Analysis

In the hand phantom setup, the proposed comb-shaped antenna
was mounted on a realistic human arm model to assess the
amount of RF energy absorbed by the tissues. The SAR distri-
bution obtained using this setup is shown in Fig. 16(a), which
shows the colour-mapped intensity of absorption across the
forearm. The highest SAR value recorded in this configuration
was 0.361W/kg, as indicated by the colour scale in Fig. 16(b).
This value is significantly below the regulatory threshold of
1.6W/kg for localized exposure (averaged over 1 g of tissue),
confirming the safety of the design. The simulation demon-
strates a localized but safe distribution of energy, concentrated
primarily near the antenna placement area.

(a) (b)

FIGURE 16. (a) Hand phantom. (b) Hand phantom SAR values.

(a) (b)

FIGURE 17. (a) Leg phantom. (b) Leg phantom SAR values.

3.3.2. Leg Phantom SAR Analysis

The SAR measurement was also conducted with a human leg
phantom to determine the interaction of the antenna with lower-
body anatomical tissues, including skin, subcutaneous fat, and
muscle. As indicated in Fig. 17(a), the SAR distribution indi-
cates a wider spread of energy absorption owing to the larger
surface area of contact. The maximum SAR value here is
also found to be 0.267W/kg, as indicated on the scale bar in
Fig. 17(b). This value remains below the 1.6W/kg regulatory
limit for 1 g averaged tissue, confirming design safety. The
simulation validates that the antenna has robust SAR perfor-
mance across all positions and may be placed on various parts
of the body, which ensures that it is applicable for various wear-
able purpose.

3.4. Field Distribution Analysis
To examine the electromagnetic performance of the designed
comb-shaped wearable antenna, the electric field (E-field),
magnetic field (H-field), and surface current distribution were
studied using full-wave simulations at the resonant frequency
of 2.4GHz. These field distributions are essential in determin-
ing radiation behavior, impedance characteristics, and the ef-
fectiveness of the antenna within wearable environments. The
E-field distributions, as shown in Fig. 18, indicate the highest
electric field intensities in the vicinity of the feedline and the
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FIGURE 18. Distribution of electric field (E-field) of the designed an-
tenna at 2.4GHz.

FIGURE 19. Magnetic field (H-field) distribution of the designed an-
tenna at 2.4GHz.

FIGURE 20. Surface current density (Jsurf) distribution of the proposed
antenna at 2.4GHz.

edges of the comb slot. This reflects efficient radiation and high
reactive field behavior within the active region of the antenna.
The H-field patterns in Fig. 19 show well-distributed

magnetic field loops, particularly around the vertical parts
of the comb structure, which are the magnetic equivalent of
the radiated energy, providing correct antenna resonance and
impedance matching.
Lastly, the surface current density plots in Fig. 20 indicate

that the highest surface currents are situated close to the feed
and outer arms of the comb-like structure. This behavior vali-
dates the optimal current flow and efficient excitation of radi-
ating elements.

4. MEASURED RESULTS AND DISCUSSIONS
The prototype of the proposed comb-shaped microstrip an-
tenna, which was fabricated as shown in Fig. 21, was tested
to demonstrate its simulated behaviour. The antenna was fabri-
cated on an RT/Duroid 2880 substrate of 0.8mm thickness with
the help of high-precision etching and connected through SMA
connectors. A Vector Network Analyzer (VNA) and an ane-

FIGURE 21. Fabricated antenna top view and bottom view.

choic chamber were employed to measure the return loss, gain,
and radiation patterns.

4.1. Measured and Simulated Return Loss
The simulated and measured return loss responses of the pro-
posed antenna are shown in Fig. 22. A significant correlation is
evident between them, thereby validating the desired resonance
frequency at 2.4GHz. The slight frequency deviation observed
in the measured data can be ascribed to the fabrication toler-

FIGURE 22. Measured and simulated return losses for proposed an-
tenna.
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FIGURE 23. Vertical bending measurement setup of the proposed antenna at 0°, 30°, 45°, and 60°.

ances and soldering effects in proximity to the feed region. In
summary, the empirical response substantiates the durability of
the proposed design and its appropriateness for 2.4GHz wear-
able applications. An Anritsu MS2037C series Vector Network
Analyzer is used for measuring the reflection coefficient (S11)
of the fabricated prototype antenna.
The prototype was further evaluated under practical defor-

mation conditions by bending the antenna vertically at 0◦, 30◦,
45◦, and 60◦, as depicted in Fig. 23. The measured return loss
responses for each bending angle, shown in Fig. 24, demon-
strate the antenna’s ability to sustain an acceptable impedance
performance under bending, which is essential for wearable ap-
plications.

FIGURE 24. Measured return loss plot at 0°, 30°, 45°, 60° vertical bend.

Furthermore, horizontal bending analysis was performed by
bending the fabricated antenna at angles of 0◦, 30◦, 45◦, and
60◦ while maintaining proper VNA connectivity, as illustrated
in Fig. 25. The measured return loss responses shown in Fig. 26
indicate that the antenna retains satisfactory impedance match-
ing performance under horizontal bending, demonstrating its
suitability for conformal and body-mounted applications.

4.2. Voltage Wave Standing Wave Ratio (VSWR)
The designed antenna exhibits a VSWR of less than 1.5 as
shown in Fig. 27 which includes the simulated and measured
results.

4.3. Polar Plot Analysis
To ascertain the far-field radiation patterns, the fabricated an-
tenna was evaluated within an anechoic chamber. The far-field
radiation characteristics of the proposed antenna exhibited a
bidirectional pattern, which was derived from measurements
conducted in the anechoic chamber and is illustrated in Fig. 28.
The measured and simulated plots of theE andH fields for the
proposed antenna are taken at a frequency of 2.4GHz, shown
in Fig. 29. The analysis of the radiation patterns in the E-plane
andH-plane illustrated agreement with simulations, displaying
a directional nature and conformity in performance.
The superior comparison and presentation of our proposed

antenna are systematically compiled through pertinent previ-
ously reported research in Table 2. The designed antenna has a
compact size and maintains SAR values well below the safety
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FIGURE 25. Horizontal bending measurement setup of the proposed antenna at 0°, 30°, 45°, and 60°.

FIGURE 26. Measured return loss plot at 0°, 30°, 45°, 60° horizontal
bend.

FIGURE 27. VSWR of the proposed antenna.

TABLE 2. Comparison of the recommended antenna with existing works

Reference
Paper number

Operating
Frequency

Dimensions
(mm)

Bandwidth
(GHz)

SAR (W/kg)
Gain
(dBi)

[7] 3.8–5.2GHz 28× 24× 1.6 1.4 0.56(max) 4.6
[13] 2.45GHz 35× 25× 1.0 0.5 0.29(max) 3.2
[15] 2.35GHz 40× 30× 1.6 0.32 1.56(max) 4.1
[14] 3.1–10.6GHz 38× 30× 1.2 7.5 0.94(max) 4.3
[10] 2.45GHz 42× 34× 1.5 0.36 0.74(max) 4.0

Proposed
Antenna

2.4GHz 32× 28× 0.8 0.41
0.36(hand),
0.267(leg)

4.95(hand),
4.81(leg)
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FIGURE 28. Photograph of anechoic chamber setup.

limit while providing sufficient gain for both hand and leg posi-
tions. This emphasizes the strength of the antenna in striking a
balance among efficiency, safety, and compactness, thus mak-
ing it highly suitable for wearable biomedical applications.

5. CONCLUSION
In this paper, a comb-shaped antenna designed on an RT/Duroid
2880 substrate with a compact size of 32× 28mm2 and thick-
ness of 0.8mm successfully resonates at the 2.4GHz ISM band,
ensuring suitability for wearable communication systems. On-
body performance evaluation showed that the SAR values re-
mained well below the permissible limit of 1.6W/kg, with mea-
sured ranges of 0–0.361W/kg on the human hand phantom and
0–0.267W/kg on the leg phantom, confirming user safety. The
antenna also achieved stable radiation characteristics with peak
3D gain values of 4.95 dBi (hand) and 4.81 dBi (leg). Mechan-
ical robustness was verified through bending tests under verti-
cal and horizontal deformations of 0◦, 30◦, 45◦, and 60◦ with
acceptable performance variations observed. Overall, the an-
tenna exhibits efficient, safe, and flexible operation, making it
a promising candidate for wireless health-monitoring systems.
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