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ABSTRACT 

A compact, robust Koch fractal combined triangular monopole antenna incorporated with a Sierpinski fractal 
EBG unit cell array is proposed for integral solutions of wearable devices in WLAN standards. The fractal enabled 
EBG-Antenna has a modified triangular microstrip that acts as a radiator and a 2X2 array of Sierpinski square EBG 
unit cells as a reflective surface to enhance the performance also as a shield linking the antenna and human body. 
The proposed antenna demonstrations and impedance match bandwidth of 32 MHz, a gain of 7.86 dBi, Front to 
back ratio of 13 dB, Radiation Efficiency of 90.35 % at 2.45 GHz in free space. The EBG-Antenna performs well 
under different bending conditions and human tissue loading as verified by measurements. The specific absorption 
rate (SAR) is also evaluated and found within limits as per standards. The computed results accomplished the SAR 
of 0.302 W/Kg, 0.1423 W/Kg for 1 g, 10 g of tissue, respectively, which demonstrates about a 95 % drop associated 
with the antenna without EBG. Furthermore, the fractal loading makes the antenna compact; EBG introduced at 
the underside of the monopole antenna gives a high gain-bandwidth product and disengages the human body and 
the antenna, making the realized antenna a potential candidate with possible seamless incorporation of specified 
wearable applications in WLAN standards.
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NOMENCLATURE

EBG  Electromagnetic Band Gap
DGS  Defected ground structure
FBR  Front to back ratio
SAR  Specific absorption rate

1. INTRODUCTION
In the recent past, the utility for wearable devices in the ICT 

domain for on/off body applications, implantable applications, 
IoT, Wireless Body area networks has drawn greater attention. 
One of the essential parts of these devices is wearable/Textile 
antennas. The wearable antennas can find applications related 
to healthcare monitoring, emergency search services, military, 
activity tracking, space, and other intelligible terminals1–4. 
The wearable antenna is expected to be compact5–7, handy 
and comfortable in all the applications while giving good 
performance8. However, these antennas must work in near 
human body environment undergo deformations like bend, 
crumple, stretch, and folding that may affect the radiation 
characteristics of the antenna9. Simultaneously, less volume, 
lightweight, and robustness are the requisites of the fabric 

antenna. To obey the health and safety standards of humans, 
the electromagnetic exposure limit in terms of SAR should be 
less in human tissue10–12. The same applies to different antenna 
deformations and assorted distances of separation from the 
human.

Many antenna designs have been fabricated and tested for 
their suitability to wearable applications in the open literature, 
including designing microstrip patch antennas13-14, PIFA15, a 
vertical monopole antenna, and fractal slots loaded monopole 
antenna16. However, all these antenna designs suffer from 
narrow bandwidth, low gain, and high FBR. New structures 
called UC-EBG planes were incorporated in the recent antenna 
designs to overcome all such difficulties. The UC-EBG planes 
can act as a reflective surface and protect the human body from 
radiation, giving high isolation and a small SAR17. However, 
some structures are electrically large, too thick, and have 
reduced performance.

In this work, a robust, low profile, EBG integrated textile 
antenna is intended without compromising the performance 
priorities. In general, EBG structures offer a unique feature of 
suppressing the surface waves by providing in-phase reflection 
at a particular operational band, which extensively enhances 
the functional characteristics of the antenna, such as gain and 
FBR. Compared to the published EBG loaded antenna designs, 
this work uses the bandgap feature of EBG (Both reflection 
phase and dispersion diagram approach) and a Uni-planar EBG 
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(UC-EBG) design. Avoiding the vertical vias in the modeling 
of EBG makes the proposed EBG comfortable for conformal 
wearable applications and allows ease of fabrication. The 
proposed antenna design contributes to enhanced gain, 
improved FBR, and significant SAR reduction compared to 
the previous works. In addition, the design safeguards the 
antenna from the torso and, as an aerial, reduces the dimension 
of mentioned antenna.

The remaining paper is structured as follows section 2 
refers to the geometry and design of antenna and EBG structure; 
section 3 refers to the performance of EBG incorporated antenna 
in free space; section 4 refer to the bending performance of 
EBG integrated antenna; section 5 refers to Analysis of human 
tissue loading and SAR followed by conclusions.

2. DESIGN AND CONFIGURATION 
2.1 Geometry of Antenna

A monopole antenna is proposed based on a second-order 
Koch fractal and loaded with meander line slits, as presented 
in Fig.1 (a)-(c). The initial shape of the monopole antenna is 
inspired by an equilateral triangular shape. A simple equilateral 
triangle without cuts and notches and with a full ground plane 
is large in size, lower in gain, and narrowband. To enhance the 
parameters such as size and impedance bandwidth, the Koch 
fractal geometry is used on the boundary of the triangular-
shaped monopole antenna, which is a self-similar design to 
increase the outer perimeter to achieve better performance with 
reduced size. An evolution of the proposed design is explored 
in a three-step process. A 39 mm length and width is fixed for 
the substrate to fit the development of wearable devices. Step 
1 starts with the simple equilateral triangular radiator, whose 
dimensions are calculated from

  
(1) 
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Where a = side length, C = speed of light, fr = resonant 
frequency and ɛr = permittivity.

Height (h) of the equilateral triangle is calculated from

3
2

h a=
    

(2) 

Upon simulation using CST MW studio, the resonance 
peak is obtained at 4GHz approximately, which corresponds 
to the side of length 32.5mm for the initial triangular shape 
(Also verified from Eqn. (1). Further, the Koch fractal is 
introduced along the side of the initial radiator to further 
reduction in the resonance frequency. The meander line slits 
parallel to the feed line are inserted, followed by truncating 
the ground plane to get the desired resonance in step 3 as 
in Fig. 1. All dimensions are optimized in CST MW studio 
2019.

The geometry is built on the 39X39 mm2 flexible vinyl 
polymer-based PTFE, commercially known as Rogers 5880 
(permittivity 2.2, Thickness 0.508 mm). The equilateral 
triangular shape is chosen being it is physically small compared 
to other patch shapes and highly suitable for fabrication 

Figure 1.  (a) S11 of evolution process, (b) Front view, (c) Back 
view of the anticipated geometry of the monopole 
antenna, (d) Fabricated prototype and (e) S11 evaluation 
of simulated and measured antenna.

(a)

(b) (c)

(d)

(e)

on curved surfaces. To improve mechanical flexibility and 
conformability of the antenna, a meander line slits parallel to 
the feed line is introduced, and a compact antenna resonating at 
the desired frequency band of center frequency 2.45 GHz can 
be achieved by introducing the Koch fractal geometry. Further, 
a defective ground was designed to improve the impedance 
bandwidth. The ground plane is truncated at the corners, and 
rectangular slits are introduced at each truncated corner to 
balance the inductive attributes of the radiating element by the 
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capacitive load that resulted by truncating the ground plane; 
finally, the pure resistive input impedance is persisted. Fig. 1 
(d), (e) shows the prototype and the measured and simulated 
reflection coefficient curves. It is observed that both are in close 
agreement with each other and converging to the specified 
bandwidth.

To get more intuition into the behavior of the anticipated 
antenna, it can be represented in its lumped electrical equivalent 
circuit. Usually, the antennas are approximated by a distributed 
parameter network. Therefore the lumped electrical equivalent 
model of monopole antenna could be imitative by the straight 
assumptions of microstrip elements as the combination of 
resistance, inductance, and capacitance. It is well known that 
any conducting element represents the series combination 
of resistance (R), and inductance (L), and a gap between the 
elements is represented by a parallelly connected capacitance 
and conductance18. Based on the cavity model of approximating 
the monopole antenna without slots and notches can be 
represented by a parallel RlC resonant circuit as revealed in 
Fig. 2 (a). and the elemental values can be given as19
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Where, L, W = length and width of the radiator,  
L1 = inductance, ee  = effective permittivity of the medium, 

0e  = free space permittivity, 0Y  = admittance in free space, 
rw  = resonance frequency and Q = quality factor.  Therefore the 

total input impedance of the triangular monopole patch Z  is 
given by
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The proposed design used Koch fractal on the periphery 

and meander line slits at the base of the equilateral triangle. 
It involved the loading of notches at the outer boundary of 
the patch. After inserting the Koch fractal into the patch, the 
resonant frequency changes as the fractal increases the current 
path length. The same is confirmed by observing the current 
distribution of the monopole antenna represented in Fig. 5 (a). 
It is understood that there is a maximum current distributed in 
the center of the radiating element. By introducing the parallel 
slits and fractal-shaped notches, the current distribution is 
altered and thereby changing the resonant frequency. From 
the circuit point of view, the increment in the current path 
accounts for the increased inductance, which tends to decrease 
the resonant frequency, as presented in Fig. 2(b). Therefore the 
addition of series inductance and capacitance can change the 
circuit parameters, and new l, C are given by 

  1 2eqL L L L= ∇ +∇ +           (7)
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Where,
1L∇ ,

2L∇ , 
1C∇ , and 2C∇ are additional inductance 

and capacitance. And the modified antenna input impedance 
nZ is given by
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Further, the defect in the ground structure of the proposed 
antenna can be represented as a simple lC parallel circuit 
as presented in Fig. 2(c), where the inductance represents 
the etched areas, and the capacitance represents the distance 
between the slots. The ground acts as an inductor at a frequency 
less than the resonance, whereas it acts as a capacitor above the 
resonance frequency. In other words, the defect is electrically 
coupled to the patch line capacitance and magnetically coupled 
through mutual inductance. The final electrical equivalent of 
the antenna estimated from ADS is shown in Fig. 2 (d). The 
final impedance should be obtained as

  

m
Total n L

m

Z Z
Z Z Z

Z Z
+

= + +   (10)

Where, mZ  = mutual impedance, nZ  = notch loaded 
impedance, and LZ  = impedance of line feed 

Figure 2.  Equivalent circuit of: (a) Simple monopole patch 
(b) Notch loaded patch (c) DGS equivalent and 
(d) proposed antenna

(c) 

(a) (b) 

(d)
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2.2 EBG Design and Electrical Equivalent
The EBG structures are originated from conventional 

mushroom-like EBG. But, the existence of vias makes the 
fabrication process complex and might lead to inaccuracies. So 
vias are removed, and the via-less structure is simulated with 
the same dimensions as with vias. But the obtained bandgap 
doesn’t cover the desired frequency and increases the structure’s 
size due to a decrease in the effective inductance. Therefore, 
effective inductance is increased with the introduction of slots 
at proper separation to form a Sierpinski square fractal, as 
shown in Fig. 3(a). The Uni-planar EBGs are most suitable 
for wearable applications because of the comfortable non via 
structures. In the proposed design, a 35X35 mm2 square unit cell 
is designed, in which a slot of size 1/3rd of the original square’s 
length and width is introduced. The process is repeated for the 
second iteration of the fractal. This simplifies the proposed 
design. The unit cell is designed and optimized on the Jeans 
substrate as that of the antenna with a thickness of 1.57 mm.

 The equivalent circuit modeled and optimized by 
ADS software is revealed in Fig. 3(b), where the capacitance 
comes from the gaps between the patch elements and space 
between the slots, and inductance comes from the metallic 
patch. The EBG surface prevents the propagation of EM waves 
in its bandgap region. The working of the Sierpinski square 
fractal EBG unit cell is elucidated by the in-phase reflection 
phase diagram shown in Fig. 3(c). It is accomplished that the 
in-phase appears at 2.45 GHz. This proves that by inserting 
slots, effective inductance shows increment, and volume 
shows decrement. On the other hand, the simulated reflection 
phase swings between +90 and -90 inside 1.84 to 2.67 GHz 
frequency. Inside this bandgap, the EBG surface offers high 
impedance and thereby suppressing the surface wave and 
leading to enhancement of the gain parameter of the antenna 
placed above the surface. 

Figure 3(d) illustrates the dispersion diagram of the 
proposed EBG unit cell, where a bandgap at 2.45 GHz is 

Figure 3. (a) The layout of EBG array of unit cells (b) Equivalent circuit and (c) Reflection phase diagram.  
  

(a)
(b)

(c)
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exhibited. The dispersion diagram has the advantage of 
estimating the bandgap without calculations and measurements 
for the entire EBG structure. Therefore the calculation time is 
less. To plot the dispersion diagram, the Eigenmode solver with 
unit cell boundary is used in CST MW studio. The EM wave 
is allowed at these solutions. The dispersion diagram shows 
the relation between the wavenumber and the frequency for 
the propagating modes. There are three regions in the diagram 
which can have different phase shifts. In the first region Γ-X, 
the boundary phase of the x-axis varies from 00 to 1800, and 
the y-axis is kept at 00; in the second region, X-M, the x-axis 
is fixed at 1800, and the y-axis is varied from 00 to 1800. The 
region M- Γ, both x-axis and y-axis, varies from 00 to 1800.

3. FREE SPACE ANALYSIS OF EBG-ANTENNA
The proposed Koch fractal-shaped monopole antenna is 

positioned over the EBG plane, as presented in the inset of  
Fig. 4 (a). A foam layer of 1 mm is positioned betwixt the 

Figure 3(d). Dispersion diagram of the anticipated EBG unit cell.

Figure 4. (a) Reflection coefficient of EBG integrated antenna (b) The current distribution of antenna alone and (c) Current distribution 
of EBG integrated antenna.

(a)

(b) (c)

(d)
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antenna and EBG plane to keep away from the short circuit and 
improve matching. Placing the antenna on the array of EBG 
unit cells moves the resonant frequency from the desired due to 
mutual coupling. Henceforth the dimensions of the antenna were 
altered to resonate at 2.45 GHz. Fig.4 (a) shows the reflection 
coefficient curve. It is seen that the EBG incorporated antenna 
ensures the impedance match which meets the requirement.

Further, the simulated bandwidths for antenna without 
EBG and with EBG are 0.35 GHz and 32 MHz, respectively is 
found to be in close agreement with measured bandwidths of 
0.38 GHz and 48 MHz. Regardless of the shrink in bandwidth, 
the EBG incorporated antenna shows a better match and still 
covers the specified ISM band. It is because the bandwidth 
typically depends on the periodicity provided in between the 
EBG unit cells20.

Further, the integration of EBG can shrink the volume 
of the monopole antenna. All simulations are executed by the 
software CST Microwave Studio 2019 version. The surface 
current distribution for the antenna alone and EBG-integrated 
antennas at 2.45 GHz had presented in Fig. 4 (b)-(c). A 
significantly less surface current is observed for the antenna 
alone, whereas maximum current density is focused on the 
proposed antenna incorporated with EBG. This implies EBG 
also acts as a resonator and can resonate to make the antenna 
low profile.

Figure 5 exhibits the radiation patterns of the anticipated 
antenna plotted along x-z and y-z planes.

It is proved that the fractal modified antenna shows a 
broadside pattern and an omnidirectional pattern alongside the 
x-z plane and y-z plane correspondingly. However, it is always 
safe to consider maximum forward radiation, especially for 
wearable applications, which function in the juxtaposition 

of the human body. This is because radiation into the body 
presents health risks. Therefore a directive pattern is always 
preferred, and the EBG integrated antenna shows maximum 
radiation in x-z and y-z planes. Consequently, high isolation 
was achieved, and it is measured in terms of FBR, which is 13 
dB for the proposed antenna. Additionally, EBG incorporated 
antenna offers a forward gain of 7.86 dBi and an efficiency of 
90.35 %.

4. BENDING PERFORMANCE OF EBG 
INTEGRATED ANTENNA
The investigations are done for the deformation effects 

on the EBG incorporated antenna placed on foam cylinders of 
diameters 80 mm, 100 mm, and 140 mm alongside length, width 
directions. The diameters were carefully picked to represent 
the model hand, arm, and chest of the human body. Figures 
6(a), (b), and (c) show the reflection coefficient variation of the 
antenna on various bend diameters along with length and width 
directions, namely on x-z and y-z planes. It is realised that there 
is an almost negligible effect on resonant frequency when bent. 
Though there is a small variation in resonant frequency, it still 
covers the specified ISM band frequencies.

Further, the radiation patterns for various bending 
situations are investigated and depicted in Fig. 7. Observing 
the bent scenario patterns, the proposed antenna performs well. 
It is acceptable with a gain variation from 7.86 dBi to 6.92 dBi, 
6.05 dBi, and 5.3 dBi for bending diameters 140 mm, 100 mm, 
and 80 mm, respectively. Also, efficiency experiences a drop 
from 90.36 % to 84.85 % when deformed on 80 mm diameter. 
This analysis shows that the designed antenna is appropriate 
for conformal and wearable applications.

(a) (b)

Figure 5. Radiation properties of the anticipated antenna along: (a) y-z, and (b) x-z plane at 2.45 GHz.
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(a)

(a)

(b)

(b)

(c)
Figure 6. S11 variations of the anticipated antenna on various benddiameters along: (a) x-z (b) y-z planes and (c) On human equivalent 

hand and chest tissue.

Figure 7. Radiation patterns of the anticipated antenna under various banding situations along: (a) x-z and (b) y-z planes at  
2.45 GHz.
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5. ANALYSIS OF HUMAN TISSUE LOADING 
AND SAR
The robustness of the anticipated model is demonstrated 

with the simulations and measurements performed on a 
real human. The simulated human tissue model takes a 
standard four-layer model to represent the human body. 
A cuboid of dimensions 150X150X40 mm3 represented 
the chest, and the hand/ arm was represented with a 
cylinder of typical curvature of 80 mm, and 150 mm 
long. The properties such as Thickness, permittivity, 
density, and conductivity of the models specified are 
presented in Table 121.

Property Skin Fat Muscle Bone

Thickness (mm) 2 5 20 13

Density (Kg/m3) 1001 900 1006 1008

Σ (S/m) 1.49 0.11 1.77 0.82

ɛr 37.95 5.27 52.67 18.49

To verify the merits of the anticipated antenna, it is 
confirmed on a female whose height and weight are 151 cm 
and 51 Kg, respectively. The reflection coefficient performance 
for this scenario is plotted in Fig.8 (a) for the simulated and 
measured scenario. It is seen that the resonant frequencies are 
shifted to lower frequencies since the human body is a big 
lossy cylinder that acts as a sizeable dielectric layer.

The radiation properties are depicted in Fig. 8(b) for the 
human tissue loading of the anticipated antenna. As seen from 
Fig. 8(b), the radiation pattern became more directive because 
of the large permittivity offered by the human body than the 
substrate used.

The gain transfer method is used to measure the gain of 
the antenna since it gives simple and accurate solutions for 
antenna gain measurements. A known gain standard such as a 
Horn antenna operating from 1 GHz to 18 GHz broad frequency 
range is utilized to determine the gain of the antenna under test 
(AUT) in conjunction with the following equation:

2
ref

3

.R
AUT

R

PG G
P

=    (11) 

Where, PR2 = power received by the reference antenna, 
PR3 = power received by the antenna under test, Gref = reference 
antenna gain, and GAUT = gain of the antenna under test.

The transmitter and the receiver antennas are separated by 
a distance of 1.5 m; with the transmitted power 13 dBm to 15 
dBm for the measurement.Now, the gain standard is replaced 
with AUT (Antenna under Test), and received power is noted 
at each angle by rotating the AUT in the principal planes, 
with a transmitted power constant across all measurements.
Fig.8 (c) displays the gain variation of the anticipated antenna 
with/without the EBG plane. The gain of EBG incorporated 
antenna upgraded to 7.86 dBi compared to the antenna alone 
and maintains the stability within the specified frequency band 
and is in close agreement with the measured values of gain.

Table 1. Characteristics of the human tissue model

Figure 8. (a) Variation of S11 on the human body (b) Radiation 
pattern at 2.45 GHz and (c) Variation of gain along 
with the frequency for the anticipated antenna.

(a)

(b)

(c)
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5.1 SAR ANALYSIS
The wearable equipment creates biological effects on the 

human body when worn/ operating near the human body. The 
exposure limit can be calculated by SAR and is given by:

2 2

2
E JSAR σ

= =
ρ σρ

    (12) 

J= current density, σ (S/m) = Conductivity,  ρ (Kg/m3) = 
Mass density of human tissue, E = intensity of electric field.

(a) (b)

Figure 9. Evaluation of SAR for 10 g of tissue on: (a) Chest and (b) Arm.

Distance from phantom (mm) On Chest On Arm bent-X-axis On Arm bent-Y-axis
1g 10g 1g 10g 1g 10g

0 1.291     0.608 1.499 0.305 1.506  0.305
2 1.290      0.608 0.044 0.021     0.545     0.256
4  0.302       0.142  0.405  0.198      0.406       0.199
6 0.041        0.027  0.360  0.170       0.044        0.021

Table 2. SAR evaluation for chest and arm models

Ref No. of 
u n i t 
cells

Overall size  
(mm2)

Overall 
Thickness 
(mm)

Gain 
(dBi)

Radiation 
efficiency 
(%)

FBR
(dBi)

SAR (W/Kg)
/Distance from body

Frequency
(GHz)

1 g 10 g
22 3X3 150X150 3.14 NA NA 15 NA 0.016/1 2.45
23 3X3 120X120 4.4 6.4 NA 10 0.48/1 0.31/1 2.45
24 4X4 100X100 4.68 2.4 >40 12 NA 0.0464/1 2.45
25 1X3 30X90 8.14 4.45 NA NA NA 0.833/3 2.4
26 3X3 60X60 10.5 6.69 >70 NA 0.612/1 0.330/1 2.45
27 3X2 75X50 6 8.2 44 NA 0.86/1 0.414/1 2.45
28 2X1 68X38 1.57 6.3 70 NA NA NA 2.45
29 2X2 83X83 1.57 7.8 78.4 NA 0.64/1 0.359/1 2.38
30 3x3 65.7x65.7 4.84 3.7 NA 8 0.683/1 NA 2.45
31 3x3 55x43 7.07 8 >80 17.33 NA NA 5.8
32 4x4 86x86 4.76 6.8 83.5 NA 0.068/1 0.022/1 3.5
33 3x3 89x83 4.18 6.2 NA NA 0.29/1 NA 2.4
34 4x4 130.8x130.8 10.15 5.03 NA 24.5 0.0433/5 NA 2.45

Proposed 2X2 75X75 1.57 7.86 90.35 13 0.302/1 0.1423/1 2.45

Table 3. Assessment of the anticipated antenna against the previously published literature

The electromagnetic exposure to the human body parts, 
namely the chest and arm, are evaluated for the anticipated antenna 
as revealed in Fig.9 and presented values in Table.2. Depending 
on the regulations provided by FCC (Federal Communications 
Commission), there is a maximum level of 1.6 W/Kg, and 2 W/Kg 
for a typical 1 g and 10 g of tissue individually is allowed. The four-
layer phantom model specified in section IV was used to simulate 
the required SAR for the current scenario. Positioning the antenna 
at an interspace of 0 mm (On the skin), 2 mm, 4 mm, and 6 mm, 
respectively, from the phantom and observed the SAR values.
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From Table 2, it is seen that the values of SAR for 
antenna alone experience a decrement when the increased the 
distance between the antenna and phantom but still exceeds the 
standard limit. However, the SAR value for antenna integrated 
with EBG shows a significant drop even when directly 
placed on the phantom.     
      Wearable antennas incorporated with EBG planes at 2.45 
GHz have been stated in the literature. Table.3 summarizes 
the designs in terms of overall size, no of unit cells in EBG 
array, antenna bandwidth, improved gain, and FBR and 
electromagnetic exposure limit. Despite the advantages, they 
suffer from large size and thickness, as evident from Table 3. 

6. CONCLUSIONS
    The proposed compact, high efficiency, and robust antenna 
incorporated with EBG is designed and tested successfully. The 
proposed EBG acts as a shield that can disengage the antenna 
from the human body, decreasing the size of the antenna. The 
electrical equivalent circuit is also obtained for investigating 
the matching potentials. The proposed EBG integrated antenna 
is inspected and tested for several bending and human tissue 
loading. The proposed antenna shows an impedance match 
bandwidth of 32 MHz, a gain of 7.86 dBi, Front to back ratio 
of 13 dB, Radiation Efficiency of 90.36 % at 2.45 GHz in free 
space. The measured performance is in close agreement with 
the simulated and far better than reported in previous works. 
Additionally, the SAR also analyzed and seen values very much 
less and in standards. This will reveal the usage of the proposed 
antenna for wearable prototypes and prove it to be a potential 
candidate for wearable applications.
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