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ABSTRACT: This paper introduces a hexagon-shaped microstrip fractal antenna over ultra-wideband frequencies for medical purposes
when it is positioned in close proximity to the human body. A foam substrate of 2 mm thickness is used with copper as conducting material
to investigate the on body performance. The proposed antenna of size 50 x 38 x 2mm® demonstrated broad frequency coverage from
2.05 to 14.75 GHz and achieved a peak gain of 7.07 dB at 2.5 GHz with maximum return loss of —28.06 dB. The addition of stub has
resulted in good impedance matching and is ideal for real-time health tracking, body-centric communication. Its compact size, flexibility,
and low-profile nature make it well suited for continuous use in medical environments. A detailed SAR evaluation is performed over a
three-layer (Skin, fat, and muscle) phantom equivalent to human tissue for 1 and 10 grams. The on-body, 1 mm and 2 mm away context
has been carried out and compared to validate SAR less than the safety threshold as prescribed by IEEE.

1. INTRODUCTION

With the increasing integration of wireless technologies
in healthcare, there is a growing demand for compact,
lightweight, and highly efficient antennas capable of seam-
less body-centric communication. Wearable antennas, particu-
larly those designed with flexible and fractal geometries, have
gained significant attention for their ability to conform to the
human body while maintaining robust wireless communication.
These antennas are important in applications such as biomed-
ical monitoring, wireless body area networks (WBANS), real-
time health tracking, and medical imaging [1-4].

Fractal geometries have been widely explored in antenna de-
sign due to their self-similar structure [5], space-filling prop-
erties [6], and ability to achieve multi-band operation with re-
duced size [7]. Unlike conventional antennas, fractal anten-
nas exhibit enhanced bandwidth, improved gain, and a com-
pact footprint, making them ideal for ultra-wideband (UWB)
communication in wearable medical applications [8]. The use
of fractal designs in flexible antennas ensures that they remain
highly efficient even when being bent, stretched, or placed on
irregular surfaces such as the human body [9].

Ultra-wideband technology (3.1 to 10.6 GHz) [10] very help-
ful for medical applications in 5G as well as for short-distance
communication, known for its low power consumption and
high data transmission rate, has proven to be highly effective
for wearable medical devices [11]. Since UWB antennas oper-
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ate across a broad frequency range, they minimize interference
with existing wireless systems like Wi-Fi and Bluetooth, ensur-
ing seamless, interference-free communication in medical envi-
ronments. Additionally, UWB-based fractal wearable antennas
enable precise positioning, tracking, and real-time physiologi-
cal data monitoring, which are essential in remote healthcare,
telemedicine, and biomedical telemetry [12].

In [13], the authors have designed two notches with a two
slot antenna for the size 25 x 25 x 1 mm? using denim jeans
as substrate and permittivity of 1.7 for UWB applications. The
antenna resulted in a gain of 3.32 dB. Similarly, a microstrip fed
circular patch antenna 60 x 60 x 3mm? is seen in [14] using
flannel cloth of 1.7 permittivity. However, the gain attained
is 6.36 dB with large size considering UWB applications. A
metamaterial based antenna [15] is also designed using flexible
material with the size of 100 x 100 x 4.68 mm? operated in the
UWB from 1.9 to 13 GHz and resonated at 3 different frequen-
cies viz, 4, 7.5, and 10.5 GHz. A flower bud shaped compact
UWRB antenna is proposed in [16] with a foam substrate for the
size of 38x30 x 1.7mm?. The antenna has worked in the range
of 2.6 to 11.3 GHz with a fractional bandwidth of 125.17% and
reported a gain of 5.24 dB.

The authors in [17] conducted a study on the development of
a flexible UWB antenna specifically designed for wireless body
area networks (WBANS) in medical monitoring. It was con-
structed using a flexible foam substrate, and the antenna offered
a broad impedance bandwidth while retaining a compact and
adaptable structure. Its consistent performance across a wide
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FIGURE 1. Evolution of fractal HMSA. (a) I, (b) I1, (¢) IIL, (d) IV, (¢) V.

TABLE 1. Design parameters for hexagonal patch.

Symbol Hy | h t Lgu,

Wsub

Ly | Wy [ Ly [Wy [ Ho [ Hs [ Ry | Ro

0.05 | 50

Dimension (mm) | 15 | 2

38

13 | 30 | 15 5 10 6 10 6

frequency range made it well suited for real-time monitoring
of patients’ vital signs. A flexible patch antenna for real-time
ECG monitoring is introduced [18], highlighting the benefits
of using flexible substrates like PDMS (polydimethylsiloxane).
Their study showed that PDMS enhances user comfort while
preserving high antenna efficiency when being positioned near
the body. The research underscored the capability of flexible
antennas to adapt to skin movement while maintaining stable
signal transmission, a crucial factor for wearable medical de-
vices.

The design of flexible wearable fractal antennas faces chal-
lenges related to material selection, human body interaction,
specific absorption rate (SAR) compliance, and performance
under deformation. Ensuring consistent efficiency, durability,
and seamless integration with wearable electronics is crucial
for real-world applications. To address these challenges, this
article presents the design, fabrication, and analysis of a fractal-
based flexible UWB wearable antenna for medical applications.
The antenna’s performance is evaluated in free space and on-
body conditions, with key metrics such as return loss (S ), ra-
diation characteristics, SAR, and impedance bandwidth anal-
ysed. The study highlights the advantages of integrating frac-
tal geometries into wearable antennas to achieve compact size,
enhanced bandwidth, and robust performance in body-centric
wireless communication. The findings contribute to the de-
velopment of next-generation biomedical antennas for contin-
uous health monitoring, patient tracking, and medical diagnos-
tics. Section 1 of this article discusses the necessity of frac-
tal wearable antennas for UWB and reviews relevant literature.
Section 2 describes the antenna design and its structure, while
Section 3 presents the simulated and measured results. Sec-
tions 4 and 5 focus on on-body performance and SAR eval-
uation whereas Section 6 provides a conclusion along with a
discussion of the obtained results.
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2. ANTENNA DESIGN

The suggested hexagon-shaped microstrip patch antenna
(HMSA) [19] has been designed on the basis of parameters
outlined in Table 1 with a target of centre frequency of UWB.
Initially, the antenna was designed with a full ground plane,
but the return loss analysis revealed a narrow bandwidth,
which was inadequate for UWB applications. To address this
limitation, the full ground plane was replaced with a partial
ground (PG) structure, leading to a significant enhancement in
bandwidth, as verified through simulations using the ANSYS
HFSS software. Despite this improvement, the bandwidth
achieved with the partial ground structure remained limited,
and the return loss performance was suboptimal, as observed
in stage I of Figure 1(a). To further enhance bandwidth char-
acteristics, a fractal approach was implemented by iterating
circular patches within the hexagonal patch. This fractal
modification resulted in a substantial improvement, extending
the bandwidth to 14.7 GHz and can be seen through the stages
as depicted in Figures 1(b)—(e). The parametric values for the
proposed antenna are detailed in Table 1, while the antenna
geometry is depicted in Figures 2(a) and (b).

@ 1 (b)
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Ly

We

FIGURE 2. Fractal geometry of HMSA. (a) Top structure. (b) Bottom
structure.
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The hexagon-shaped fractal antenna includes specific la-
belled dimensions such as Hy, H,, H;, Ry, Ry, Wg, Lr, and
Ly with the substrate defined by Ly, and Wyy,. The iteration
was carried over a large outer hexagon with an inner concentric
ring (defined by R; and R;). A feedline Wg, L connected
via a stub Lg,, for impedance matching. The inner hexagon is
scaled down with a factor r which is taken as r = % for self-
similar scaling. This generates smaller nested hexagons within
the larger structure. The new hexagonal rings are placed inside
the central ring, maintaining uniform gaps (H;, H,, H3) for
controlled current distribution and ensured each iteration main-
taining symmetrical alignment for consistent radiation patterns.
The feedline length (Lr) and width (W) are slightly modi-
fied to maintain impedance matching as fractal complexity in-
creases. The stub length (Lgyp) is fine-tuned to manage res-
onance shifts caused by additional iterations. The side length
iteration for the hexagon is calculated using Eq. (1)

L, = Lo *r"

(M
where L represents the side length of original hexagon, L,, the
iterated value of hexagon side length, and r the scaling factor.
The selection of an appropriate scaling factor played a crucial
role in the design of hexagonal fractal antennas, as it directly
influenced size reduction, frequency response, and impedance
characteristics. Traditional scaling factors such as 1/2 and 1/3
often resulted in aggressive miniaturization, causing significant
frequency shifts and reducing tuning flexibility. In contrast,
the 2/3 scaling factor provided a more controlled and gradual
size reduction, allowing effective miniaturization while main-
taining the necessary number of iterations for optimal perfor-
mance. The 1/3 scaling factor reduced the hexagon’s size too
rapidly, limiting the ability to fine-tune resonant frequencies,
whereas the 1/2 scaling factor created large gaps between ele-
ments, which reduced the effective radiating surface and nega-
tively impacted impedance matching. By adopting the 2/3 scal-
ing factor, the fractal geometry became denser, which maxi-
mized the radiating surface area and improved radiation effi-
ciency while supporting multi-resonant behaviour essential for
UWRB applications. The self-similarity property of fractal struc-
tures ensured that each iteration closely resembled the previ-
ous one, maintaining a predictable harmonic frequency rela-
tionship, making the design highly suitable for wideband and
multiband operations. This approach achieved compactness,
enhanced impedance bandwidth, and better resonance distribu-
tion, while ensuring practical feasibility in real-world applica-
tions. Consequently, the 2/3 scaling factor emerged as the opti-
mal choice, striking a balance between controlled miniaturiza-
tion, frequency tunability, and improved impedance matching.
A parametric study for fractal HMSA from full ground to
its stub matching is completed and displayed in Figure 3. Ini-
tially, the antenna is designed with the full hexagon consider-
ing the partial ground and side length of hexagon as H. It has
given wide bandwidth but resulted into the multiband structure
of antenna as presented in stage I. However, the requirement of
UWRB is not satisfied. In order to increase the bandwidth of the
antenna, a circular slot is created keeping radius as R;. This is
shown with stage I1. This stage has attained the requirement of
UWRB, but matching is still not satisfactory from .S;; point of
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FIGURE 3. S}, performance of design stages.

view. Stage III is created with the addition of inner hexagon
with side length H,, and the addition of a stub has improved
bandwidth up to 14 GHz and matching to a great extent. The
addition of a stub along with reduction in the size of antenna to
new side length as Hj is repeated to resonate antenna at mul-
tiple frequencies which can be seen in stage IV. Finally, the
antenna of size 50 x 38 x 2mm?3 is taken to a novel shape with
the use of fractal geometry as presented in stage V.

The outcomes obtained over two stage fractal due to the
matching of stub is adequate compared to the different tech-
niques to build the required flexible wearable antenna. The
antenna has produced resonance at four distinct frequencies:
2.5,5.7, 8.6, and 12.5 GHz in the range of 2.05 to 14.75 GHz
by attaining UWB requirement. Additionally, the antenna pro-
vides an impedance that matches the maximum value of Sy,
as —28.06 dB. Consequently, the finished design of hexagon-
shaped fractal with two iterations is considered, and the antenna
is built with the measurements mentioned in Table 1. Top and
bottom view configurations of the final antenna are shown in
Figures 2(a) and (b). In contrast, Figures 4 shows a photograph
of a real antenna that was constructed using a foam substrate
with a thickness of 2 mm and dielectric constant of 1.07 [20],
as copper metal foil served as the conducting patch (Figure 4(a))
and ground plane (Figure 4(b)).

3. SIMULATED AND MEASURED RESULTS

This paper presents a comparative analysis between simu-
lated and measured S;; (return loss) results for the proposed
hexagon-shaped UWB antenna. The antenna operates over a
wide frequency range with multiple resonances, demonstrating
good impedance matching. The simulated S1; (red solid line)
and measured one (blue dashed line) as depicted in Figure 5
show a good agreement in identifying key resonant frequen-
cies, confirming the design’s validity. Minor deviations in res-
onance shifts and return loss levels are observed, which can
be attributed to fabrication tolerances, material property vari-
ations, and SMA connector effects. Despite these differences,
the antenna maintained broadband performance from 2.5 GHz
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FIGURE 4. Photograph of fabricated fractal HMSA. (a) Top view of antenna. (b) Bottom view of antenna.
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FIGURE 5. S}, performance comparison.

FIGURE 6. Measurement setup.

(@ (b)

(©)

FIGURE 7. Simulated radiation pattern. (a) 2.5 GHz, (b) 5.7 GHz, (c) 8.6 GHz.

to 14.2 GHz in a free space, making it suitable for UWB appli-
cations.

Figure 6 shows how the antenna radiation pattern is measured
for both E-plane and H-plane in an anechoic laboratory under
shielded space environment. The observed radiation pattern is
shown in Figure 8, while the simulated is in Figure 7. Accord-
ing to the coordinate system shown in Figure 2, an E-plane in
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the analysis correlates to the XOZ plane (phi = 0°) and an
H-plane to the YOZ plane (phi = 0°). In particular, reso-
nance points 2.5 GHz, 5.7 GHz, and 8.6 GHz have a noticeable
concentration of the radiation pattern.

The surface current spreads evenly at 2.5 GHz, 5.7 GHz,
8.6 GHz, and 12.5 GHz is shown in Figure 9, which analyzes
the surface current distribution (Jy,f) of a hexagon-shaped
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FIGURE 8. Measured radiation pattern. (a) 2.5 GHz, (b) 5.7 GHz, (c) 8.6 GHz.
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FIGURE 9. Current distribution. (a) 2.5 GHz, (b) 5.7 GHz, (c) 8.6 GHz, (d) 12.5 GHz.

UWRB antenna, and the feedline and feed point exhibit the high-
est current concentration, which is expected as the feed pro-
vides excitation. The edges of the hexagonal patch also show
significant current, indicating active radiation regions. The
central parts of the patch have lower current density, as the
energy is more concentrated along the edges. The outermost
hexagonal rings have varying current intensities, confirming
their role in broadband frequency operation. The strong current
distribution around the feedline suggests efficient energy trans-
fer from the source to the antenna, and concentrations along the
edges contribute to effective radiation, ensuring broad UWB
coverage. The maximum value of surface current density is
observed as 59.85 A/m.

4. ON BODY PERFORMANCE ANALYSIS

At elevated frequencies, human tissues exhibit significant en-
ergy absorption properties, which influence the electromagnetic
behaviour of antennas. The bandwidth, radiation pattern, and
resonance frequency are notably affected by tissue interactions.
Furthermore, the existence of a human body in the near vicinity
can deteriorate the overall performance of the antenna [21, 22].
Figure 10 depicts a three-layer phantom model in High Fre-
quency Structure Simulator (HFSS), designed to replicate hu-
man biological tissues, including skin, fat, and muscle. The
model has measurement as 70 mm x 60 mm x 15 mm, with in-
dividual layer thicknesses of 2 mm, 3 mm, and 10 mm, corre-
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TABLE 2. Electrical properties at 5.7 GHz [24, 25].

Tissue o (S/m) Er tan 0 Mass der;slty
(kg/m’)
Skin (dry) | 3.6314 | 35.197 | 0.32536 1109
Fat 0.28663 | 4.9641 | 0.18209 911
Muscle 4.8429 | 48.618 | 0.31414 1090

spondingly [23]. At 5.7 GHz, the electrical properties of these
layers such as permittivity, conductivity, mass density, and loss
tangent are considered, as outlined in Table 2. These parame-
ters are utilized to determine the SAR at this frequency.

The fabricated prototype is used to analyze the on-body per-
formance. The analysis is done in free space as well as over
the three-layer (Skin, fat, and muscle) phantom equivalent to
human tissue. The prototype is placed on right arm of the body
for a person weighing 80 kg and 5.6 ft tall. The measured and
simulated results are compared and presented in Figure 10(b).
In comparison with the simulated results, the measured results
show the shifting of frequency and the impact on S}, perfor-
mance. However, prototype has maintained the performance in
the range of UWB frequencies.

The simulated return loss response of the fractal HMSA an-
tenna in free space and when it is positioned over the phantom
model is illustrated in Figure 10(c). The results reveal a closely
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FIGURE 10. On-body testing of prototype. (a) Tissue equivalent phantom model. (b) On body. (c) On body S performance.

matching return loss in all scenarios, indicating minimal varia-
tion due to tissue layers.

5. SAR ANALYSIS

Specific absorption rate (SAR) is a critical parameter in the de-
sign of wearable antennas, as it quantifies the rate at which
electromagnetic energy is absorbed by the human body. For
wearable devices operating in close proximity to the body, it
is essential to ensure that the SAR values comply with inter-
national safety standards, specifically set by the Federal Com-
munications Commission (FCC) and the International Commis-
sion on Non-Ionizing Radiation Protection (ICNIRP) [26,27].
In this study, the SAR of the proposed fractal UWB antenna is
evaluated using a phantom of three-layer human tissue model
(skin, fat, and muscle) at the operating frequency of 5.7 GHz.
A SAR analysis is conducted for three different scenarios: on-
body contact, | mm away, and 2 mm away from the body. Sim-
ulations are conducted with the antenna placed on body, and at
a distance of 1 mm away and 2 mm away from the tissue model,
representing a typical wearable scenario. The results indicate
that the average SAR values are well below the regulatory limit
of 1.6 W/kg and 2 W/kg averaged over 1 g and 10 g of tissue, as
specified by the FCC and presented in Figure 11. For the pro-
posed fractal foam-based UWB antenna of the on-body case,
direct skin contact leads to higher SAR values due to the strong
electromagnetic coupling with biological tissues. However, the
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low dielectric constant of the foam substrate helps to reduce the
energy absorbed by the body, reducing potential heating effects.
At 1 mm and 2 mm separations, SAR values decrease signif-
icantly as the gap between the antenna and the body reduces
near-field interactions and tissue exposure. This attenuation is
due to the increased distance, which results in a gradual reduc-
tion in power density at the tissue interface.

The S} performance of all the stages is summarized in Fig-
ure 12. When the antenna is placed on the body, the S1; value
decreases drastically compared to the free space simulated per-
formance in the UWB range. Whenever the antenna is at | mm
and 2 mm away from the body, a good presentation is observed
in terms of S}; which has given good impedance matching with
slight shift in starting frequency.

For medical applications, particularly in continuous health
monitoring and biomedical telemetry, it is crucial to ensure that
SAR remains within the permissible limits set by regulatory
standards such as FCC (1.6 W/kg over 1 g of tissue) and IC-
NIRP (2 W/kg over 10 g of tissue) [28—35]. The analysis con-
firms that the foam-based UWB antenna maintained SAR com-

TABLE 3. Simulated results at 1 gram and 10 gram of tissue.

Tissue/performance | On-body 1 mm 2mm
1 gram 0.197 0.0471 | 0.03983
10 gram 0.104 0.01483 | 0.01324
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FIGURE 11. SAR for 1 gram and 10 gram. (a) On-body, (b) 1 mm away, (c) 2 mm away, (d) 1 gram, (e) 1 gram, (f) 1 gram, (g) 10 gram, (h) 10 gram,

(1) 10 gram.
TABLE 4. Comparison of proposed antenna with earlier work.
Ref. Size (mm®) Freq. (GHz) Material/e,. Gain dBi SAR (Wikg) Application
1 gram 10 gram

[9] 48 x 36 x 1.7 3.1-10.6 Jeans/1.7 6.75 0.0812 0.03806 Healthcare
[16] 38 x 30 x 1.7 3.1-10.6 Foam/1.07 5.24 0.0819 0.0307 Wearable/Healthcare
[20] 28 x 26 x 2 2.94-9.66 Foam/1.07 4.67 — 1.9 Wearable
[30] 100 x 100 x 4.68 4.5-13 Felt/1.4 6 — 0.107 Wearable
[31] 36 x 46 x 0.5 3.1-10.6 Cordura fabric/1.9 4.5 1.335 at I mm — Wearable
[32] 30 x 30 x 0.1 3.1-10.6 Polyimide/3.5 6.43 — 0.138/0.147 Wearable
[33] 31 x22x0.2 3.08-13.6 FR4/4.4 3.95 — 0.0145 Health monitoring

This work 50 x 38 x 2 2.05-14.7 Foam/1.07 7.07 0.197 0.104 Medical

pliance across all three configurations, making it a safe and
effective choice for wearable medical devices. Table 3 indi-
cates that the antenna presented here is safe for the use in wear-
able applications, minimizing potential health risks associated
with electromagnetic radiation exposure, and the use of a partial
ground plane and optimized fractal geometry helped to reduce
backward radiation, further lowering SAR levels and enhancing
user safety.

The results obtained in Table 3 are compared with the ear-
lier work for 1 gram and 10 gram of tissue and can be seen in
Table 4.
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6. GROUP DELAY ANALYSIS

Group delay is a critical parameter in UWB antennas, repre-
senting the variation in signal phase over frequency and stated
as in Eq. (2) [36].

dp
Ty=---

2

where d is the phase of the transmission coefficient and dw as
the angular frequency.

Group delay variations should be less than 1 ns for minimal
distortion. Excessive variations (> 2 ns) indicate phase distor-
tion, leading to signal degradation.
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FIGURE 12. Performance analysis of phantom.

The group delay depicted in Figure 13 remains stable across
most of the UWB frequency range. There are small fluctuations
in the group delay, but they are within the acceptable limit (vari-
ations < 1ns). The behaviors of S(1,2) and S(2, 1) are nearly
identical, indicating good phase symmetry and low dispersion
in the antenna making it suitable for high-speed data transmis-
sion and biomedical applications.

7. CONCLUSION

In this work, a light weight, compact foam based hexagonal
fractal antenna has been successfully designed and analyzed
for UWB performance. A stable impedance matching and on-
body suitability is seen from the performance in terms stub ad-
dition and return loss characteristics. The antenna operates ef-
fectively from 2.05 to 14.75 GHz, ensuring reliable communi-
cation across the UWB spectrum. SAR extracted at different
levels confirm its feasibility for medical and wearable applica-
tions. The maximum average SAR values obtained are 0.197,
0.0471, and 0.03983 W/kg for 1 gram and 0.104, 0.01483, and
0.01324 W/kg for 10 gram tissue. These SAR values lie in the
safety range of the IEEE/ICNIRP standards threshold values,
which satisfies the SAR restrictions of 1.6 and 2 W/kg. The
group delay analysis reveals that the performance of the antenna
< 2ns implies steady operation of the antenna over the UWB
frequencies. Overall, the antenna’s compact design, wideband
characteristics, and wearable compatibility make it a strong
candidate for wireless body area networks (WBANSs), biomed-
ical monitoring, and internet of things (IoT)-based healthcare
systems.
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