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EBG for SAR Reduction in WBAN
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ABSTRACT: This paper introduces a novel compact, flexible hexagonal loop shaped patch antenna embedded with a novel electromagnetic
bandgap (EBG) structure. The proposed antenna with EBG is designed for ISM band operation, targeting 2.45 GHz wearable applications
in close proximity to the human body. The EBG unit cell is formed using a rectangular patch which has nested U shaped slots with a
stretched strip of inverted U shaped slot at bottom. Both hexagonal loop antenna and 2 x 2 EBG array were simulated using Ansys
HFSS (High Frequency Structure Simulator). A key aim of this research is to achieve specific absorption rate (SAR) reduction. The
effectiveness of the EBG array structure in reducing surface waves and dropping down the SAR is demonstrated using a multilayer
human tissue equivalent phantom comprising skin, fat, muscle, and bone layers. It confirms that the obtained SAR values are within the
safety limits set by regulatory authorities. The simulation results are verified and validated by the measurements of fabricated antenna.
Furthermore, the antenna was experimentally assessed in terms of its performance under bending and in practical on-body conditions.

1. INTRODUCTION

Wireless Body Area Networks (WBANs) reinforce continu-
ous health monitoring and athletic performance analytics,
which has intensified research on wearable antenna. These an-
tennae must operate reliably in close proximity to lossy, high-
permittivity human tissue and remain functional under daily
motion and deformation [1]. Consequently, the demand for
flexible, body-worn patch antennas continues to grow. Such
antennas are required to maintain stable performance under
mechanically and electromechanically harsh conditions, while
also offering flexibility [2], and a low profile, compact design
[3]. It must have broadband impedance matching to mitigate
detuning and low specific absorption rate to satisfy safety and
market requirements [4]. To adopt a wearable antenna on dif-
ferent body parts, the flexible textile dielectrics such as jeans,
cotton, felt, and flexible polymer composites are used for both
radiators like EBG and patch antennas as a substrate because
they enable conformal, low mass, and bend-tolerant implemen-
tations without catastrophic detuning and facilitating integra-
tion into garments for wearable applications. When these an-
tennas are used close to the human body, some of the electro-
magnetic energy is absorbed by body tissue. This absorption is
measured by specific absorption rate (SAR) which is an impor-
tant safety factor, as high SAR values can pose potential health
risks. SAR quantifies how much radio frequency (RF) energy is
absorbed by human tissue per unit mass, serving as a key met-
ric for the evaluation of RF exposure in body-worn wireless
devices. This study follows IEEE C95.1 standards and Federal
Communications Commission (FCC) guidelines. The FCC’s
SAR limit for localized exposure over 1 g of tissue is 1.6 W/kg
and International Commission on Non-Ionizing Radiation Pro-
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tection (ICNIRP) standard allows over 10 g of tissue 2 W/kg;
both are widely used benchmarks in wearable and body-centric
antenna studies [5—7].

Researchers have proposed several strategies to reduce SAR
in wearable antennas. One common approach is the use of engi-
neered surfaces like electromagnetic band gap structures, artifi-
cial magnetic conductors, and high-impedance surfaces (HISs),
which act as reflective layers behind the antenna. These struc-
tures help supress surface wave propagation and redirect ra-
diation away from the body [8]. Uniplanar (via-less) EBGs
are especially attractive for garments because they are textile
friendly, preserve softness, reduce mass, and simplify fabri-
cation while maintaning the in-phase reflection band near the
Industrial, Scientific, and Medical (ISM) frequencies used by
wireless body area networks (WBANSs) [9].

In past, various types of EBG structures were reported by dif-
ferent authors for single and dual band. In [10], a Yagi-Uda an-
tenna operating at 2.4 GHz is designed with a flexible polyester
sheet as a substrate. To make it suitable for body worn com-
munication, it is backed with a square via-type EBG (particle
swarm optimization (PSO) optimized unit cell) as a 3 x 3 array,
which helps to suppress electromagnetic (EM) wave propaga-
tion and achieves SAR value as 0.07 W/kg, indicating excellent
SAR reduction. Directional gain is also improved from 3.41
to 8.53 dBi. While achieving this the bandwidth shrinks from
345MHz to 33 MHz. In [11], the authors report a monopole
antenna made up by using paper as a substrate and ring-shaped
EBG (inkjet printed) as a 4 x 3 array. However, the gain of
antenna is reduced from 9 to 0.95 dBi which indicates very low
gain, indicating suitability for short range links. In [12], a fork
shape EBG is integrated with a wearable antenna as a 2 x 1
array of EBG and achieves SAR as 0.695 W/kg. Here, limited
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FIGURE 1. Hexagonal loop antenna configuration. (a) Hexagonal loop antenna top view. (b) Fabricated hexagonal loop antenna top view. (c)
Hexagonal loop antenna bottom view. (d) Fabricated hexagonal loop antenna bottom view.

array size shrinks the back radiation suppression, and the rigid
substrate RO4003 is unsuitable for wearable applications. Ref.
[13] reports a dual-band 2.4 GHz fractal antenna backed by a
3 x 3 array of square EBG cells (50 mm x 50 mm per unit) to
catch SAR reduction as 0.024 W/kg with excellent flexibility.
In [14], the authors describe a circular ring slot patch integrated
with a 3 x 3 rectangular EBG array measuring 81 mm x 81 mm
x 4 mm presented alongside equivalent circuit model, and the
authors assert that the designed low SAR makes it suitable for
wearable use. However, the bending analysis is not provided
to prove the structure suitability for body worn applications.
In [15], a compact wearable textile antenna, measuring 46 mm
X 46 mm, is fabricated on a flexible jeans substrate, embed-
ded with a 2 x 2 EBG array, and designed for medical applica-
tions (2.4 GHz) reported to give higher gain with reduced SAR.
Although these designs give promising electromagnetic perfor-
mance, their increased thickness limits their feasibility in wear-
able Medical Body Area Network (MBAN) platforms. In [16],
the authors report that an antenna having printed M-shaped op-
erating at 2.45 GHz is paired with Jerusalem Cross artificial
magnetic conductor, and the pairing of the JC AMC mitigates
electromagnetic interference. Here, achieved gain and band-
width are limited. The authors describe a textile dual band an-
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tenna covering 2.4 GHz and 5 GHz integrated with 4 x 4 EBG
lattice having dimensions as 100 x 100 x 4.5 mm3, achieving
strong front to back ratio (FBR) and low SAR across a broad
operating in [17]. In [18], antenna integrated with an EBG
structure made of double concentric square shapes is presented.
These EBG unit cells support dual band operation at 2.4 GHz
and 5 GHz with overall dimensions of 120 x 120 x 4.3 mm?.
The study scrutinizes a reduction in radiation penetrating into
the human body. The EBG proved is large in size with limited
bending tests.

In the view of identified challenges and performance con-
straints, this study proposes a hexagonal loop antenna with an
EBG designed for ISM band applications at 2.45 GHz. The
proposed antenna with an EBG array has a compact size as
47 x 43 x 3mm3. The main aim of the antenna embedded
with an EBG array is to reduce SAR level by suppressing back
radiations. Section 2 describes the design of flexible hexagonal
loop antenna and EBG. Section 3 details the antenna embed-
ded with EBG array and study of water and sweat absorption
on antenna performance. Section 4 focuses on bending effect
on antenna embedded with EBG. Section 5 describes the SAR
analysis, and Section 6 gives the conclusion.
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FIGURE 2. Simulated and measured reflection coefficient (S11) com-
parison of proposed antenna.

2. FLEXIBLE MONOPOLE ANTENNA AND EBG DE-
SIGN

2.1. Flexible Hexagonal Loop Antenna Design

The proposed novel flexible hexagonal loop monopole wear-
able antenna is conceived and optimized for operation at
2.45GHz using (Ansys HFSS) a finite-clement full wave
solver, emphasizing compact integration, mechanical com-
pliance, and textile compatibility. The radiating patch of
proposed antenna adopts a hexagonal loop geometry formed
by six equal straight copper tape segments (thickness 0.17 mm,
conductivity 5.8 x 107 S/m) enabling a short conformal current
path with controllable input impedance while preserving
structural simplicity suitable for bending on fabric substrates.
The proposed antenna is realized on a jeans fabric substrate
selected for robustness and comfort in wearable contexts.
The textile exhibits a relative permittivity of 1.78 with loss
tangent of 0.085 at the design frequency, and a thickness of
0.8 mm, having size Ly, = 27mm and Wy, = 21 mm
[19]. A 50%2 microstrip feed is used for compact, ground-
referenced integration, feed length f; = 12.2 mm, feed width
fw = 2mm. The hexagonal loop geometry is defined by
side length ¢ = 8 mm, conductor strip width d = 1 mm, and
overall loop span [ = 16 mm. These values yield an effective
resonant path length near a quarter wavelength when being
combined with fringing fields and proximity to the partial
ground plane, centering the response within the 2.45 GHz
ISM band. The ground plane is implemented on the reverse
side as partial ground with a width G,, = 21 mm and length
Gy = 5.7mm. This partial ground height and width are chosen
to stabilize the input impedance and radiation characteristics
while preserving the compact form factor and facilitating
forward-directed radiation away from the body. The final
prototype was fabricated as per the above specifications with
top (heaxagonal loop and microstrip feed with the jeans fabric
as the dielectric) and bottom (partial ground) views confirming
a thin conformal layout suited for wearable assembly. Figure
1 depicts the proposed antenna prototype, with annotated
geometry shown in top and bottom views.
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Figure 2 shows both the simulated and measured S7; results
for the designed antenna. In the simulation, the antenna without
EBG structure resonates at 2.45 GHz, where it has an S71 value
of —21 dB which indicates a strong impedance match and effi-
cient radiation at that frequency. On the other hand, the mea-
sured results from the fabricated prototype, shown in Figure 3,
exhibit a resonance at 2.42 GHz with an S7; of —18.5dB. Al-
though a small frequency shift is observed between the sim-
ulated and measured responses, the overall agreement remains
strong. This close correlation validates the accuracy of the sim-
ulation models and confirms the effectiveness of the proposed
antenna design.

FIGURE 3. VNA measurement of fabricated hexagonal loop antenna.

2.2. Proposed EBG Design

The proposed electromagnetic bandgap (EBG) unit cell is
formed using a rectangular patch which has nested U-shaped
slots with a stretched strip of inverted U shaped slot at bottom.
The geometry incorporates a stretched strip with inverted U
shaped slot which is embedded into adjacent EBG cell to
enhance inter cell coupling. The EBG unit cell is implemented
on the same jeans textile substrate as the antenna to ensure
material consistency and predictable EM behaviour across the
stack. The novelty of the design resides in the reconfigured
nested U structure coupling mechanism, which effectively
alters the surface current distribution and modifies the equiva-
lent LC resonance characteristics. This EBG unit cell topology
is adopted to realize a 0° reflection phase crossing at the
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FIGURE 4. Proposed EBG. (a) EBG unit cell. (b) Phase response. (c) Equivalent circuit of EBG unit cell in X -direction. (d) Equivalent circuit of

EBG unit cell Y -direction.
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FIGURE 5. (a) Antenna embedded with EBG array. (b) Size of fabricated atenna embedded with EBG array. (c) Measurement setup. (d) S11 of
antenna with EBG simulation and measurement comparison. (¢) Comparison of simulated and measured results of antenna without EBG and with

EBG.

operating frequency. The phase behaviour of the reflection
coefficient is evaluated by analysing the EBG unit cell using
master-slave boundary conditions along the lateral sides and
wave port excitation applied at the top interface. Under this
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configuration, the proposed EBG structure exhibits a zero
degree reflection phase at the resonating frequency 2.5 GHz as
illustrated in Figure 4(b). This characteristic confirms the EBG
ability to mimic the behaviour of an artificial magnetic conduc-
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FIGURE 7. Proposed antenna gain. (a) Gain of antenna without EBG. (b) Gain of antenna with EBG.

tor (AMC), thereby suppressing surface-wave propagation and
enhancing constructive interference with radiating elements
with phase transitioning from —180 to +180 degrees away
from resonance. The EBG unit cell to get desired reflection
phase with geometric parameters is as shown in Figure 4(a)
a=14mm, b =7mm, c = 10mm, d = 2mm, e = 1.5 mm,
f=94mm, g = 14.8mm, h = 8.75mm, ¢ = 3.5 mm,
j =285mm, k = 7mm, ! = 3mm, m =mm, n = 2mm.
These dimensions helped to get the desired operating frequency
by the equations in [20]. The equivalent circuit representation
of unit EBG cell is derived in X direction and Y direction as
shown in Figures 4(c) and (d). Here, C;, C3 are capacitance
formed due to slots. Ca, C4 are the coupling capacitance
between patch and substrate. L, Lo are the inductance. EBG
unit cell behaves like an LC resonant circuit.

3. ANTENNA EMBEDDED WITH EBG

The designed hexagonal loop shape antenna is put above the
EBG array as depicted in Figure 5(a). A 1 mm gap is maintained
between the antenna and EBG array to ensure isolation, so no
current can flow directly between them (eliminating any direct
conductive path or inadvertent shorting), the feed connects only
to the antenna patch, not the EBG, ensuring that they stay elec-
trically isolated. Figure 5(b) shows the actual size of fabricated
antenna embedded with EBG array. Figure 5(c) shows the mea-
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surement setup for antenna characteristics measurements. Fig-
ure 5(d) shows the reflection coefficients (simulated and mea-
sured) for the antenna with a 2 x 2 EBG array in free space. In
Figure 5(d), the EBG integrated antenna exhibits a simulated
resonance at 2.4 GHz with S;; = —32dB, while the fabri-
cated prototype resonates at 2.42 GHz with S;; = —27dB. The
results show a minor shift in the antennas resonant frequency
between simulation and measurement, which can come from
practical factors such as solder tolerances and SMA connector
parasitics. Figure 5(e) shows the comparison of simulated and
fabricated S71 results of antenna without EBG and with EBG.
In Figure 6, E-plane and H -plane radiation patterns of the pro-
posed antenna are compared between simulated and measured
results for configurations with and without the EBG, highlight-
ing changes in main beam direction, beamwidth, and sidelobes.
Figure 7 shows that the gain of antenna (a) without EBG is
1.7 dB and (b) with EBG is 3.3 dB. The efficiency of an antenna
without EBG was about 58%, and after the antenna integration
with 2 x 2 array radiation efficiency increased to 72%.

The proposed antenna with EBG made from jeans fabric as a
substrate is tested in three different moisture conditions like dry,
water soaked, sweat soaked jeans to understand how moisture
affects its return loss and resonance frequency, as shown in Ta-
ble 1. When the jeans fabric absorbs water or sweat, its dielec-
tric properties change (effective permittivity and loss tangent
increase), and return loss degrades due to polar water molecule
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FIGURE 8. Fabricated foam cylinders with varying diameters.

@ °
N
5 N
——
T ———
104 . ’//’ —
77
= 15 7z
o 15
il 7,
& /
@» -20 /!
11/
-25 ¥ Il
/ Bend diameter 80 mm
= = Bend diameter 100 mm
-30 = == == Bend diameter 120mm
In free space
-35

2.0 25 3.0 3.5

Frequency in (GHz)

$11 (dB)

-20

Bend diameter 80 mm

= = Bend diameter 100 mm
== == == Bend diameter 120mm
In free space

-25

-30

-35

20 25 3.0 3.5

Frequency in (GHz)
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TABLE 1. Antenna performance under moisture.

Moisture state | &, tand | Freq.(GHz) | Si1 (dB)

Dry 1.78 | 0.085 2.44 —27.10
Water soaked 3 0.18 2.1 —23.65
Sweat soaked | 3.8 0.35 1.72 —17.03

and dissolved ions interact with the electric field of the RF sig-
nal [21,22].

4. BENDING ANALYSIS

To systematically assess the impact of antenna bending when
it is placed on body part such as leg and arm, three cylin-
ders with different diameters (120 mm, 100 mm, 80 mm) made
from foam were fabricated as shown in Figure 8. These values
closely match the diameter of human arm and leg. The pro-
posed antenna is integrated with EBG wrapped on it to study on-
body bending. Figure 9 depicts the investigation of measured
S11 characteristics pertaining to an antenna that is embedded
with an EBG structure both in free space and with cylinders ex-
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hibiting varying bending diameters in the X and Y orientations
[23-24]. It indicates that only small shifts in resonance and
bandwidth occur as the bending diameter changes, and these
variations are negligible; the antenna maintains its intended op-
erating band and acceptable impedance match.

5. SAR ANALYSIS OF AN EBG-EMBEDDED ANTENNA

For SAR analysis using Ansysy HFSS, a four layer human
phantom model comprising skin, fat, muscle, bone character-
ized by layer specific thickness (T°), permittivity (¢,.), con-
ductivity (o), and density (p) as summarized in Table 2 was

TABLE 2. Human tissue parameters at a 2.45 GHz.

Tissue Layer T (mm) (er) o (S'm) | p (Kg/m®)
Skin 2 37.95 | 1.491.49 1001
Subcutaneous fat 5 5.27 0.11 900
Muscle 20 52.67 1.77 1006
Cortical bone 13 18.49 0.82 1008
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FIGURE 10. Simulated SAR in a four-layer human phantom model: (a) without EBG and (b) with EBG for an input power of 1 W (rms).

TABLE 3. Performance comparison of existing structures with the novel proposed antenna.

Ref. Size (mm?) EBG type & array Frequen. GHz | SAR in W/kg
13 150 x 150 Square 3 x 3 2.45 0.079
14 81 x 81 Ring shaped pattern 3 x 3 2.47 0.0554
17 100 x 100 Square ring 4 x 4 242 0.0464
26 60 x 60 Square patch with ring slot 2 x 2 245 0.5
27 62 x 42 Letter I shape 2 x 2 241 0.79
28 68 x 38 Square patch with square slot 2 x 1 245 0.0244
29 57 x 57 Dual H shape 3 x 3 2.45 0.0529
Proposed design 47 x 43 2x2 2.45 0.0171

FIGURE 11. Antenna placed on human wrist.

used [25]. The input power of 1 W (rms) is used for SAR cal-
culation. The SARs over 1 gm of tissue for two configurations
were evaluated first for the proposed antenna alone and then for
the antenna embedded with an EBG backing structure designed
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FIGURE 12. Sy; evaluation of the EBG embedded antenna under free
space and on-body placement.

to suppress backward radiation towards the body as shown in
Figure 10. For the stand alone antenna, the simulated SAR
reached 3 W/kg, indicating substantial near-field coupling into
tissues and non-compliance with the 1.6 W/kg FCC specifica-
tion. For the antenna embedded with EBG, the SAR was re-
duced to 0.0171 W/kg at 2.45 GHz, demonstrating mitigation
and comfortably satisfying the FCC limit. A comparison of the
SAR values of antenna alone and antenna with EBG reveals that
integrating the EBG structure with antenna leads to significant
reduction in SAR, demonstrating its effectiveness in minimiz-
ing electromagnetic energy absorption by the body.
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For wearable use, it is essential to evaluate antennas flexi-
bility to verify its ability to fit to the human body. Figure 11
presents that the antenna was in a bent state when it was placed
on the wrist. To confirm that the designed antenna preserves
its resonant frequencies when being placed on human bodyj, its
S11 was measured in the body worn condition and in free space.
The results shown in Figure 12 depict that the resonant frequen-
cies have very close agreement.

A comparative analysis between the proposed antenna em-
bedded with EBG and existing antennae integrated EBG/AMC
designs operating at comparable frequency bands is presented
in Table 3. It confirms that the proposed antenna embedded
with EBG structure carries a compact design and retains SAR
level within safety guidelines compared to prior structures

6. CONCLUSION

This research encompasses the design, simulations, fabrication,
and critical experimental evaluation of hexagonal loop shape
antenna embedded with an EBG structure. The antenna de-
sign and EBG structure design are executed utilizing HFSS.
The proposed embedded EBG of nested U-shaped rectangu-
lar slot with a stretched strip of inverted U shape at bottom as
2 x 2 array is incorporated with a hexagonal loop shaped patch
antenna. This research experimentally validates and endorses
that the proposed hexagonal loop shaped patch antenna, incor-
porated with a novel proposed EBG structure, is appropriate for
WBAN applications related to athletic performance evaluation
and remote health surveillance. The measured performance of
the antenna, with and without the incorporation of EBG struc-
ture, exhibits close agreement with the designed values. The
measured reflection coefficient S1; validates that the antenna
integrated with EBG structure succeeds in optimal impedance
matching at 2.45 GHz in the ISM band. Along with on-body
measurements, a bending analysis wwa performed to examine
the antennas mechanical flexibility, and the results demonstrate
stable performance under deformation. SAR assessment was
executed using a rectangular four layer human tissue model to
determine the prototype’s viability for body worn application.
The inclusion of EBG structures headed to a substantial reduc-
tion in SAR, reducing the value from 3 W/kg to 0.0171 W/kg,
significantly enhancing the electromagnetic safety of antenna
for wearable applications.
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