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Abstract

A flexible and high gain saw-tooth-shaped boundary fractal wearable antenna is anticipated
for WBAN applications. A square shape is converted to the saw-tooth-shaped boundary by
sequentially rotating the square at an angle of 45° and overlaid on one another and repeated
the same for three iterations. The geometry is built on a flexible jeans substrate, and the total
size of the anticipated antenna is 0.583λ × 0.583λ × 0.02λ at 2.4 GHz. A prototype has been
made to test its suitability for wearable applications’ gain, bandwidth, and efficiency. The
results revealed that the proposed antenna provides an impedance bandwidth of 4.2% and
a peak gain of 5.76 dBi at the 2.45 GHz ISM band. The anticipated antenna is wrapped around
foam cylinders of radii 70 and 50 mm to test the stability and deformability of its perform-
ance. The full ground plane isolates the antenna from the human body contributing to the
lower SAR values. The simulated maximum achieved specific absorption rate (SAR) of
0.3025 and 1.16W/kg for 10 and 1 g of average tissue for the input power of 100 mW, respect-
ively, found within the standards as per FCC. The peak gain, compact size, and SAR perman-
ence made the anticipated antenna a worthy candidate for wearable on/off body applications.

Introduction

The wearable antenna, one of the major components fulfilling the requirements of modern
technology, plays an essential role in making proper on/off the body communication possible
[1]. Simultaneously, many interesting antenna designs are being produced day by day that can
be bent and laid on certain surfaces. Hence wearable antenna is expected to be more flexible
without compromising the performance characteristics even though it undergoes deformations
and near-human phenomena [2–6]. Designing such an effective and compact wearable
antenna is challenging due to the low-size antenna structure, which offers a small current
path and impedance mismatch at lower frequencies. Keeping the main characteristics in
mind, many investigators chose the microstrip patch antenna in combination with fractal tech-
nology to produce the desired characteristics such as flexibility [7], compact [8], multi-band,
and broadband characteristics [9–14].

The wearable antenna mostly finds integrated applications in the human body, which is
prone to deformations and stretching [15, 16]. When the antenna undergoes bending or
deformation, the antenna’s performance is degraded due to the inhomogeneity in flexible sub-
strate materials, height, and length distortions. The textile was susceptible to discontinuities
and other factors. To allow deformation and flexibility, a typical compact-sized microstrip
antenna design is one solution [17–19]. But there is a tradeoff between the deformation
and compactness allowed for the wearable applications at WLAN standards. Also, thick flex-
ible substrates or semi-flexible substrates susceptible to deformations can be utilized while
designing the wearable antenna. The rigid/semi-flexible substrates are not the purpose choice
in conformal applications. Therefore, a wearable antenna design involves choosing a shape to
compromise the effective length/width during bending [20].

However, the electromagnetic exposure limit in terms of specific absorption rate (SAR)
shows a foremost part in designing the wearable antenna since the antennas are intended to
operate near the human body. To mitigate these radiation problems, reflective/high impedance
surfaces are inserted betwixt the antenna and the human body [21]. This new surface causes a
variation in the performance of the primary antenna. Designing such surfaces involves com-
plex analysis and is time-consuming. However, inserting another layer in the name of HIS sur-
face, the total integrated antenna thickness increases, leading to an increase in the antenna’s
volume.

In this work, a compact, robust and high gain antenna is developed by modifying a regular
square shape. The attributes of the proposed antenna in respect of compactness, gain, and SAR
limit are compared to the configurations published in the literature. The anticipated antenna is
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simulated for s-parameters and radiation patterns at the 2.45 GHz
ISM band. A prototype is made to validate the proposed design
and found a good impedance bandwidth of 5% and a high gain
of 6.1 dBi. Also, the deformation analysis is performed by wrap-
ping the antenna on foam cylinders of a specific radius. The par-
ticular shape of the radiator can withstand bending compared to
the regular square shape. The SAR performance is also estimated
and found to be within standards. The numerical simulations and
experimental validation demonstrate that the anticipated antenna
is extremely vigorous and novel to deformations and human tis-
sue loading. The overall performance made the antenna suitable
for wearable applications in WBAN. Besides this section, section
“Antenna geometry and fabrication” refers to the evolution of the
antenna geometry; section “Experimental result and discussion”
refers to the results; section “SAR evaluation” refers to the SAR
analysis followed by conclusions.

Antenna geometry and fabrication

Antenna design

The wideband or multiband designs can be achieved with the use
of fractal geometries. Nonetheless, fractal configurations are also
designed to implement compact microstrip antennas. By adjust-
ing the edge of the microstrip antenna, a boundary fractal struc-
ture can be accomplished. The proposed antenna structure is
achieved by the successive spin and intersection of a similar
length square patch shape, leading to an increased electrical
length, thereby equivalent area of the patch. The idea is extended
to include the properly cutting rectangular slot inside the saw-
tooth boundary fractal patch antenna. The slots and notches on
the patch enhance the current path length and decrease the reson-
ant frequency further. Figure 1 exhibits the development process
of the anticipated antenna. The antenna geometry is primarily
derived from the regular square and circular-shaped patches.
First, a square shape is chosen as the initial shape, and the dimen-
sions are calculated using traditional methods [22]. The motiv-
ation behind the design principle is to expand the current path
length by making a fractal-like boundary that takes sharp edges
and produces a compact antenna with better gain. As in the

inset of Fig. 1, the initial square patch is rotated at an angle of
45° and overlaid on the initial shape to get iteration 1. The pro-
cedure is repeated for up to three iterations. Further, a rectangular
slot of size 2 × 18 mm2, rotated with 45° angles, is inserted in the
center of the saw-tooth boundary fractal antenna to achieve the
required frequency of 2.45 GHz. A 50Ω microstrip line is utilized
to feed the antenna at the edge of the fractal boundary to achieve
proper matching. All simulations are performed in the electro-
magnetic software CST MWS. Theoretically, the length of the ini-
tial patch is calculated using the traditional formula

L = C0

2fr
�����
1reff

√ (1)

where C0 is the speed of light in free space, εreff is the effective
permittivity.

This square patch is converted to a fractal boundary patch by
sequential rotation and combination. The detail in the generated
pattern can be expressed with the fractal dimension, and the
dimension is estimated as

D = − logN

log
1
u

(2)

where N is the number of copies, θ is the initial scaling angle. The
dimension of the fractal need not be an integer. The boundary can
apply to those values of θ perfectly divisible by 360°. Parametric
simulations are executed to optimize the dimensions of the pro-
posed wearable antenna.

The initial length of the patch is determined as 38 mm, with a
resonant frequency of 2.91 GHz. After three iterations, the fre-
quency of resonance shifts to the desired 2.5 GHz. Additionally,
the resonance frequency is shifted to 2.45 GHz by cutting a rect-
angular slot, as shown in Fig. 2. The etched rectangular slot in the
radiator enhances the quality factor that contributes to good
impedance matching, which reduces bandwidth, and a better
impedance matching results in the desired resonance peak at
2.45 GHz. A parametric study is carried out in CST MW Studio
to optimize the dimensions.

Fabrication procedure

The radiator scheme is refined over a low-cost jeans material, with
a dielectric constant of 1.7 and a thickness of 0.02λ. Adhesive cop-
per tape is utilized for the radiating patch on the top of the sub-
strate and the full ground plane below the substrate. The extent of
flexibility and simple adhesive copper layer allows for improving
the degree of comfort level to the user. The fabrication process
of a flexible antenna starts with the prototype using adhesive cop-
per tape. The radiating patch on the front and full ground on the
backside of the substrate are applied with copper tape. Flexible,
low-cost jeans material of thickness 2.5 mm is used as a substrate
material, making the antenna lightweight and conformal. The
jeans layers are stacked one by one and stitched to get the required
thickness, and then the copper tape is attached in accordance with
the proposed shape.

It is challenging to attach a conducting copper tape of a differ-
ent shape to a flexible fabric substrate. It may lead to errors and
inaccuracy when dealing with sharp edges and complex shapes
of a radiator. Scalpel cutting tools or stencil tools are utilized to

Fig. 1. S11 curves for various iterations of the proposed fractal boundary patch
antenna.
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maintain accurate and precise parts of antenna prototypes. Later,
direct soldering connects the microstrip patch on top and the
ground plane to the SMA connector. The cutting tool utilized
for the fabrication and the prototype is shown in Figs 2(a) and
2(b).

Experimental result and discussion

Reflection coefficient under flat condition

The parameters are measured with the help of an Agilent N5247A
Network analyzer. Figure 3 depicts the measurement setup and
reflection coefficient curve for simulated and measured under
the flat condition in free space. It is realized that the simulated
reflection coefficient shows −26.10 dB at 2.45 GHz, whereas the
measured shows −30.75 dB at 2.43 GHz with slightly increased
bandwidth. The simulated and measured bandwidths are 4.2
and 5%, individually. The slight discrepancy between the mea-
sured and simulated is due to prototyping tolerances and losses
associated with the flexible substrate.

Reflection coefficient under deformation

The major prerequisite of WBAN applications is that the antenna
proposed should be operable under deformation, such as bending

and crumpling, when functioning near or around the human
body or any other rough surface. To authenticate the bending,
the anticipated antenna is bent in E-plane and H-plane directions
with the radii of curvature of 70 and 50 mm, respectively. For
measurements, 3D fixtures of foam are built to provide selected
curvature, as shown in Fig. 4. A minor, almost insignificant fre-
quency shift is observed when bent in the E-plane direction,
whereas in the H-plane direction, a small change in the band-
width is observed. It is very consistent compared to the simulation
reflection coefficient. From Fig. 5, the reflection coefficient
slightly increases when the antenna is bent, maintaining almost
the same resonant frequency as the antenna on a flat surface.
This proves that the bending effect on the saw-tooth-shaped
boundary patch antenna is almost negligible. It is the consequence
of the antenna being bent in the length/width direction, the
change in the effective length/width of the proposed shape is
almost equal to the original length/width. Therefore, the proposed
shape can hold the original dimensions during bending. Under
deformation conditions, the measured reflection coefficient
almost gives the same results as simulated results. Hence this
type of antenna can be very flexible to utilize in wearable
WBAN applications.

A comparative study is also done to verify the critical bending
for different shapes, namely the proposed and initial square patch.
The deviation in frequency shift for both the proposed and
square-shaped antenna is calculated and tabulated in Table 1.

It is observed from Table 1 that E-plane bending has a consid-
erable effect on square-shaped antennas, whereas it is almost neg-
ligible on the saw-tooth-shaped antenna. However, the H-plane
bending shows a negotiable effect on both antennas. This proves
that the proposed shape performs well even in a deformation
environment, satisfying the requirement of wearable applications
in WBAN.

Radiation characteristics

Generally, wearable antennas are intended to have forward radi-
ation or directive patterns instead of omnidirectional patterns.
This is considered to keep the health standards of humans due
to the unwanted radiation into the human body. Regularly, the
radiation pattern is described in two principal planes, namely
E-plane and H-plane. In this paper, the antenna is placed in the
X–Y plane facing +Z-direction, so the Y–Z plane, i.e. Ø = 90° in
the E-plane and X–Z plane, represents the H-plane where Ø = 0°.

Fig. 2. (a) Scalpel cutting tools set. (b) Front view of the fabri-
cated antenna.

Fig. 3. Reflection coefficient of the anticipated antenna.
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All investigations on radiation patterns are done in the same man-
ner throughout the paper. The simulated E and H-plane patterns
under flat and bent scenarios are shown in Figs 6(a) and 6(b). At
2.45 GHz, the antenna shows a forward gain of 5.76 dBi under
flat conditions, whereas a slightly different gain is observed under
the bend scenario. The gain reduction is due to the appearance
of discontinuity of the antenna upon deformation. Although E
and H-plane patterns seem alike, small back radiation is observed.
It is concluded that the radiation pattern is also affected when the

antenna undergoes deformation. Yet, the safety of this antenna is
still verified, and the SAR level estimated is in the following
sections.

The prototype antenna has a directed radiation pattern having
a forward gain of 6.12 dBi at 2.45 GHz. A slight change in the
back radiation is detected when the antenna is bent in a particular
direction. Figures 6(c) and 6(d) show the measured far-field radi-
ation pattern. Confirming the simulation predictions, the meas-
urement shows nearly close values. The proposed antenna

Fig. 4. Proposed antenna bends on foam cylinders
along E and H-planes: (a) simulated, (b) practical.

Fig. 5. Effect of bending on the proposed antenna under various bending
scenarios: (a) E-plane bending, (b) H-plane bending.
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shows a slightly high gain when the antenna is under deformation
significantly either in E-plane or H-plane. This is due to the
increased current densities at the discontinuity formed when
deformation or bending [18]. The back lobes in the measured pat-
terns account for the measurement setup limitations.

Figure 7 depicts the measurement setup inside the anechoic
chamber for radiation pattern. The far-field radiation patterns
under flat and bending scenarios are measured at the middle fre-
quency of 2.45 GHz. Due to the consistency of the simulated

radiation patterns, a single measurement is taken into consider-
ation for measurement under a bent scenario. The antenna is
placed on an automatic rotating platform in an anechoic chamber.
The pattern is observed at three discrete frequencies. The patterns
are measured in dBm in both E and H-planes to observe accurate
antenna gain variations.

Overall the anticipated antenna demonstrates advantageous
performance considering the deformations. Figure 8 shows the
comparison of simulated and measured gain values.

Table 1. Assessment of bending behavior of the anticipated antenna with the regular square shape of the radiator

Deviation in resonant frequency (GHz)

Δf = fr(flat) − fr(bent)

Bending radius (mm)
Proposed antenna Square-shaped antenna

Deviation (GHz)
Reflection coefficient

(dB) Deviation (GHz)
Reflection coefficient

(dB)

E-plane H-plane E-plane H-plane E-plane H-plane E-plane H-plane

70 0.061 0.02 −16.75 −22.94 0.195 0.025 −27.20 −20.64

50 0.085 0.03 −13.98 −29.44 0.210 0.02 −29.24 −22.32

Fig. 6. Simulated radiation patterns (dB) along (a) E-plane and (b) H-plane. Measured radiation patterns (dBm) along (c) E-plane and (d) H-plane.
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Antenna performance on human tissue loading

Practically, it is necessary to make sure the performance of the
wearable antenna on the body. Numerical simulations are con-
ducted by CST MW studio. The proposed antenna is situated
on the four-layer phantom model, developed to impersonate the
chest and arm of the human body as in Fig. 9. The chest and
arm are impersonated by a cuboid of 150 × 150 × 40 mm3, a cylin-
der with a diameter of 80 mm and length of 150 mm, respectively.
The antenna reflection coefficient and radiation characteristics are
evaluated and compared with free space antenna performance for
both simulated and measured.

Mounting the fabricated antenna prototype onto the human
body as a body-worn system leads to altering the antenna’s per-
formance due to the high dielectric nature of the human body.
The prototype antenna is measured on the chest, arm, and back

of a male volunteer of height 161 cm and weight of 75 kg. The
anticipated antenna is positioned on the chest, back, and bent
on the arm to evaluate its performance, as demonstrated in
Fig. 10. This investigation provides extra reliability to the pro-
posed work by instigating the real human volunteer instead of
simulation models.

As described in Fig. 10, the proposed antenna S11 is slightly
shifted from 2.45 GHz to lower frequencies when situated on
the chest and back of the human body. This is because of the
effectiveness of the ground plane and the availability of large
areas on the human chest and back. When the proposed antenna
was bent on the arm along the X and Y-axis, S11 shifted to even
lower frequencies due to the impedance mismatch caused by both
bending and the presence of the high dielectric nature of the
human body. Except for the small variations, the simulated and
measured S11 curves agree. It demonstrates that the full ground
plane isolates the antenna and the human body.

Figure 11 demonstrates the radiation characteristics of the pro-
posed antenna when placed on the chest and arm. The results
illustrate that the radiation characteristics are comparable with
the free space and the human body. It can also uphold its pattern
shape as in free space with negligible differences that don’t disturb
the radiation performance. The realized gain of the anticipated
antenna loaded with human tissue is increased slightly with
respect to free space as a result of reflection from the human
body, and the radiation efficiency decreased due to lossy tissue.

SAR evaluation

There are many difficulties allied with the wearable antenna oper-
ating near the human body, particularly the change of character-
istic performance of the antenna due to the absorption of
electromagnetic energy. This context was enumerated by measur-
ing the electromagnetic exposure limit. However, the proposed
antenna has a full ground plane that will isolate and resist radi-
ation penetration into the human body. This will tend to reduce
the SAR levels. To estimate SAR, the anticipated antenna was
positioned on a four-layered phantom of overall size 150 ×
150 × 40 mm3. The phantom model comprises four layers, namely
skin (thickness 2 mm), fat (thickness 5 mm), muscle (thickness
20 mm), and bone (thickness 13 mm). The characteristics of
each of the layers are listed in Table 2.

The simulated maximum SAR values for 1 and 10 g of average
tissue for the input power of 100 mW are listed in Table 3.

According to the standards by FCC, the value of SAR must be
smaller than 2W/kg for 10 g of tissue and 1.6W/kg for 1 g of tissue.
It is witnessed from Table 3 that the evaluated SAR is at an accept-
able level and obeys both standards. A comparison of the

Fig. 8. Simulated and measured peak gain of the anticipated antenna.

Fig. 9. Positioning of the proposed antenna on (a) chest, (b) arm along Y-axis, (c) arm along X-axis.

Fig. 7. Measurement setup inside the anechoic chamber for radiation pattern.
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anticipated work with the most recent methods is presented in
Table 4. Observing Table 4, the proposed antenna is significantly
different from the previously reported designs because it enables a
more compact footprint with superior performance in terms of
gain and SAR. Therefore, it is determined that the anticipated
antenna is a potential candidate for wearable applications in
WBAN.

Conclusion

A new flexible and high gain wearable antenna based on the
saw-tooth-shaped fractal boundary for WLAN applications is
productively designed, and measurements are carried out. The
proposed antenna provides an impedance bandwidth of 4.2%
and a peak gain of 5.76 dBi at the 2.45 GHz ISM band. The
antenna shows a negligible effect on the resonant frequency
upon bending compared with a regular square-shaped patch
antenna. Also, the estimated SAR values were found to be within
the prescribed limits by FCC. Hence, the proposed saw-tooth

Fig. 10. S11 curves of the proposed antenna when located on the chest and arm.

Fig. 11. Radiation patterns of the proposed antenna
when placed on the human body.

Table 2. Properties of the human phantom model [23]

Property Skin Fat Muscle Bone

Thickness (mm) 2 5 20 13

Density (kg/m3) 1001 900 1006 1008

Conductivity Σ (S/m) 1.49 0.11 1.77 0.82

Permittivity εr 37.95 5.27 52.67 18.49

Table 3. Simulated SAR value

Averaged value Realized SAR (W/kg) Standard SAR (W/kg)

1 g 1.1198 <1.6

10 g 0.3025 <2
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boundary fractal antenna is a commendable candidate for wear-
able WLAN applications.
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