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Abstract

A compact bio-inspired electromagnetic bandgap integrated wearable antenna (Bio-EBG-
iwA) is proposed in this work. The Bio-EBG-iwA is based on the hybridization of semi-Vitis
vinifera leaf-shaped patch, asymmetric feedline, re�ected G-shaped slot, partial ground, and
a stub on the ground plane. The antenna is built on the locally made textile material called
Aso-oke (Alari) with permittivity and a loss tangent of 1.43 and 0.019, respectively. The
dimension of the proposed antenna is  (22 mm × 12 mm × 0.7 
mm) at 2.45 GHz. Despite its compactness, the gain of −0.48 and 2.5 dBi are achieved at 2.45
and 5.7 GHz respectively without electromagnetic bandgap (EBG). A dual-band textile-based
uniplanar compact electromagnetic bandgap (UC-EBG) is introduced to create isolation
between the human tissue and the antenna. The dual-band UC-EBG is realized through the
use of a modi�ed slitted-square ring (MSSR) and the 90° rotated H-shaped patch on Aso-oke
(Alari) with a thickness of 2.1 mm. The periodicity of the proposed UC-EBG is 34.5 mm. The
antenna is placed on a 2 × 2 array of the proposed UC-EBG separated by a 3 mm foam
thickness. The radiation e�ciency of 88.97% and 79.85% are achieved at 2.45 and 5.7 GHz
respectively. The gain of the proposed UC-EBG integrated antenna increased from −0.48
and 2.5 dBi to 5.9 and 10.7 dBi at 2.45 and 5.7 GHz, respectively. The front-to-back ratio (FBR)
of 26.3 dB is achieved with the use of UC-EBG. The use of UC-EBG results in a 98.31% and
99.4% reduction in average SAR at 2.45 and 5.7 GHz, respectively. The o�-body and on-body
performance analysis of the proposed UC-EBG integrated antenna show that the proposed
EBG integrated antenna (Bio-EBG-iwA) is a suitable candidate for wearable application. To
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the best of our knowledge, this is the most compact wearable antenna with suitable gain,
radiation e�ciency, and high FBR. In addition, our proposed UC-EBG shows that slitting is an
e�ective way of miniaturizing the EBG structure.

1 INTRODUCTION
The wearable antenna is becoming increasingly demanding in the wireless communication
market in recent times due to the increase in the usage of wearable devices, in medicine, the
Military, safety, sport, and so on.  With the outbreak of Covid-19, wearable devices are much
needed in medical applications than ever before. Wearable antennas are much needed in
medical, sport, and security applications for either on-body or in-body wireless communication.
This group of communication is termed wireless body area networks (WBAN). Unlike the
standard antennas, wearable antenna designers are faced with several issues, such as
conformability, compactness, and back radiation issues, which greatly impaired the
performance of the antenna as well as having a negative impact on the users when placed at
proximity to the body.  A wearable antenna should be compact enough for esthesis and
conformability without a�ecting the antenna radiation e�ciency. Several works have been
done in this regard, yet, according to the literature reviewed, our proposed bio-inspired
antenna is comparatively smaller than the recently published antenna without compromising
the radiation e�ciency. For example, authors in Ref. 6 proposed a monoband semi-�exible
antenna on an RT/duroid 5880 with a dimension of 17 mm × 25 mm × 0.787 mm. In the same
light, the authors in Ref. 8 proposed a monoband �exible wearable antenna on a Denim
substrate with a dimension of 30 mm × 20 mm × 0.7 mm. Furthermore, a multiband antenna is
proposed in Ref. 9 using a slanted monopole on polyester material with a dimension of 85 mm 
× 45.5 mm × 1 mm. Recently, authors in Ref. 10 proposed a wearable antenna using E-slot
technique on a Jean substrate with a dimension of 20 mm × 30 mm × 0.7 mm. Comparatively,
the dimension of the proposed Bio-EBG-iwA is 22 mm × 12 mm × 0.7 mm.

The introduction of EBG in antenna application by authors in Ref. 11 has led to the evolution of
several innovative EBG designs. In terms of the number of bands, EBG can be categorized into a
single, dual, and multi-band. EBG can also be categorized as 1-D, 2-D, and 3-D EBG which is
based on the cells' arrangement. Finally, an EBG can be grouped in terms of design
con�guration such as Mushroom and uniplanar con�guration.  The commonly designed
EBG is a single band with a 2-D con�guration.  Dual-band EBGs have been proposed in
the literature such as Refs. 17-19. For example, the authors in Ref. 17 proposed a dual-band
mushroom-like EBG on an FR4 substrate. The design was based on a circular ring slot on the
standard rectangular patch with a via at the center connecting the patch to the ground. The size
of the unit cell is  at 2.4 GHz. In addition, authors in Ref. 18 used
circular ring slot on the circular patch in conjunction with two vias with di�erent diameters
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(small diameter via at the center and big diameter via at the edge). The choice of design
con�guration depends majorly on the application. For example, Uniplanar con�guration is
more desirable in wearable antenna due to the absence of vias and ease of fabrication.
Therefore, a novel uniplanar EBG con�guration is herein presented.

In this work, a semi-Vitis-vinifera leaf-shaped slitted patch, with an asymmetric microstrip-fed
dual-band wearable antenna is proposed. The compactness is achieved through the
combination of asymmetric feeding, partial ground, and slitting techniques on the Aso-oke
textile material called” Alari” which electric properties were �rst reported in Ref. 20. In order to
reduce the back radiation and speci�c absorption rate, which consequently improves the gain,
a novel EBG is proposed.

The rest of this manuscript is organized as follows: the antenna and EBG design and analysis
are presented in Section 2; the antenna performance over EBG for both OFF-body and ON-body
are presented in Section 3; Comparative analysis of the Bio-EBG-iwA is presented in Section 4
and the conclusion is given in Section 5.

2 BIO-INSPIRED ANTENNA AND UC-EBG DESIGN AND
ANALYSIS
2.1 Bio-inspired antenna
The Bio-EBG-iwA is built on a wearable textile material called Aso-oke (Alari) with a dielectric
permittivity and loss tangent of 1.43 and 0.019 respectively. The total dimension of the Bio-
EBG-iwA is 22 × 12mm  and a thickness of 0.7 mm. A typical V. vinifera leaf shape is as shown in
Figure 1. The proposed structure begins with a semi V. vinifera leaf-shape monopole antenna as
shown in Figure 2(A). A re�ected modi�ed G-shape slit is then embedded on the patch as
shown in Figure 2(B). Finally, a stub is introduced on the monopole ground plane to enhance
the impedance matching as shown in Figure 2(C). The optimized dimension of the proposed
structure is as given in Table 1 and the point coordinates of the radiating semi V. vinifera leaf-
shape is adopted from our former work and can be found in Ref. 21. The perimeter of the
proposed antenna patch can be calculated from its coordinates using Equation (1).  The
resonance of the Bio-EBG-iwA before the introduction of the re�ected G-shape slit can be
predicted using Equation (2).  The purpose of the slit is to create a band-notch and thereby
produce a dual-band con�guration. The band notch introduced by the proposed re�ected G-
shape slit can be predicted using Equations (4)–(7-4)–(7). Hence, a band-notch is expected at 2.6 
GHz. Therefore, resonance is expected at the region below and above the notched frequency.
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(2)

(3)

(4)

(5)

(6)

where N = 46 from Table 2 of Ref. 21 and

The perimeter of the patch is denote by P,  stands for the e�ective dielectric permittivity of
the substrate,
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(7)

where,  and  are the outer and inner radius of the slit-arc respectively,  is the strip-
width (0.5 mm),  is the arc-slit gap,  is the angle of a circle (i.e., 360°),  is the subtended
angle of the arc-slit,  and  are the vertically and horizontally oriented rectangular part of
the re�ected G-shape slit as shown in Figure 3(C).

FIGURE 1
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FIGURE 2

Open in figure viewer PowerPoint

The iteration procedure of the proposed bio-inspired wearable antenna

TABLE 1. The optimized parameters of the bio-EBG-iwA structure

TABLE 2. The optimized parameter of the proposed UC-EBG

Value 0.5

Parameter

Value 

(mm) 12 1 2.75 0.5 1 1 22 15.75

𝐿𝑔 𝐿𝑓 𝐿1 𝐿2 𝐿3 𝐿4 𝑅𝑠𝑙 𝜑

(mm) 2 9 1.9 3 5.87 5.46 5 236.57

Value ( mm) 31.7 14.7 0.7 0.5 6.7 1.4 3.0 8.0 34.5 0.8 0.5 1.0

Parameter 𝑊sub 𝑊st 𝑊f 𝑤 𝑤1 𝑤2 𝑤3 𝐿sub 𝐿st

Parameter 𝑊 𝑤1 𝑤2 𝑤3 𝑤4 𝑤5 𝑤6 𝑤7 𝐿 𝑙1 𝑙2 𝑙3
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FIGURE 3

Open in figure viewer PowerPoint

The proposed asymmetric microstrip-fed bio-inspired wearable antenna (A) bottom-view, (B) Top-view, (C) Re�ected G-

shape

The simulated results of the three (3) iteration of the proposed Bio-EBG-iwA are as shown in
Figure 4. It can be seen that the initiator (Figure 2(A)) has a wide band with a bandwidth of 2.13 
GHz (4.72 – 6.85 GHz) at 10 dB return loss. Hence, cover the entire 5 GHz WLAN band (5.2 and
5.8 GHz). In the same light, the introduction of the re�ected G-shape slit on the radiation patch
leads to a band-notch at 2.6 GHz as predicted using Equation (4) and thereby leads to
resonance at 2.42 GHz as shown in Figure 4. But, as it can be noticed, the impedance matching
at 2.42 GHz is poor, which makes the return loss to be at 2.85 dB. Therefore, a stub at the
ground plane is used to improve the impedance matching at the low-frequency band; which in
turn reduces the bandwidth at the upper-frequency band as shown in Figure 4. The �nal
con�guration (III) has a resonance at 2.45 and 5.7 GHz with a re�ection coe�cient of −23.04
and −20.18 dB, respectively.

https://onlinelibrary.wiley.com/cms/asset/c177c865-0156-49da-8d8a-98fb7835b388/mmce22880-fig-0003-m.jpg
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FIGURE 4

Open in figure viewer PowerPoint

Simulated  of the bio-EBG-iwA design stages

In order to validate the �nal con�guration, a prototype was fabricated and measured as shown
in Figure 5. The radiating patch and the ground plane (Copper tape) shapes were cut using
Roland® CAMM-1 GS-24 vinyl cutter and the substrate was cut using a RUNJI® cutter. It can be
observed that the proposed bio-inspired antenna simulation and measurement results are in
good agreement as shown in Figure 6
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FIGURE 5

Open in figure viewer PowerPoint

The prototype of the bio-EBG-iwA

FIGURE 6

Open in figure viewer PowerPoint

Measured and simulated  of the bio-EBG-iwA

2.2 Proposed uniplanar electromagnetic bandgap
The antenna designed for a wireless body area network (WBAN) should be less harmful to the
user as well as less susceptible to the e�ect of human tissues. It is well known that monopole
antenna normally su�ers from back radiation, which in turn leads to severe degradation when
brought close to the human body. Therefore, to avert these issues, arti�cial magnetic
conductor (AMC) has been widely used to create isolation between the antenna and the body.
In this work, a novel dual-band via-less EBG (uniplanar EBG) is proposed. The design is realized
from a standard square patch on the Aso-oke textile of 2.1 mm thickness with a dielectric
constant and a loss tangent of 1.43 and 0.019, respectively. The EBG design is based on a
modi�ed square-ring and a 90° rotated H-shape patch for the realization of the dual-band EBG,

𝑆11
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(8)

(9)

respectively. The steps of realizing the proposed UC-EBG are shown in Figure 7(A-E). The
dimension of the unit cell of the proposed uniplanar EBG and its equivalent circuit is as shown
in Figures 8 and 9, respectively. The optimized dimension of the proposed EBG is presented in
Table 2. It should be mentioned here that the proposed structure gives a high degree of design
freedom to the engineers and comfort to the users because of its via-less con�guration
compared to mushroom EBG which usually causes user's discomfort. The inductance and the
capacitance of the standard square patch AMC can be determined using Equations ((8) and
(9)) :

where  is the permeability of the material,  is the thickness of the substrate,  is the
patch width,  and  are the free space and material permittivity respectively,  is the gap
between two adjacent cells.

FIGURE 7

Open in figure viewer PowerPoint

The unit cell design procedure of the proposed uniplanar �exible EBG

FIGURE 8

Open in figure viewer PowerPoint

The unit cell of the proposed uniplanar �exible EBG

FIGURE 9

Open in figure viewer PowerPoint
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(10)

The equivalent circuit of the proposed EBG unit cell

It can be observed in Figure 9 that the initiator (square patch) has one zero re�ection phase at
3.14 GHz and bandwidth of 0.38 GHz at ±90°.  The ±90° is the phase where the free space
impedance is less than the surface impedance of the structure.  In the Equivalent circuit of the
proposed unit cell, , , , , , , and  represent the inductance due to the
re�ected H-shape patch, the inductance due to the modi�ed ring, the inductance due to the
ground plane, the inductance due to the inset strip joining the adjacent patches, the
capacitance between the Re�ected H-shaped patch and the ground plane, the capacitance
between the modi�ed square ring and the ground plane and the capacitance between the
re�ected H-shaped and the modi�ed square ring. The inductance of the modi�ed square ring
can be calculated from Equation (10). Other parameters can be calculated using Equations (8)
and (9-8) and (9).

It can be observed in Figure 10(A) that the slit edges extended the electrical length of the patch
and thereby reduces the zero-phase re�ection coe�cient from 3.14 to 2.86 GHz which is an
8.92% reduction. It can also be observed that the introduction of the center slot to realize
re�ected H-shaped (Figure 7(D)) leads to a tri-band zero-re�ection phases at 2.37, 5.67, and
5.91 GHz. Nonetheless, the bandwidth at 5.67 and 5.91 GHz is extremely small as seen in
Figure 10(A). On the contrary, when the middle strips are introduced on the slitted edge of the
ring, the resulted con�guration leads to a dual-band EBG at 2.45 and 5.68 GHz with a
bandwidth of 0.13 GHz (2.38–2.51) GHz and 0.30 GHz (5.51–5.81) GHz at ±90°, respectively
which are suitable for ISM and WLAN bands respectively as shown in Figure 10(A). It is
important to state at this point that, the proposed structure can be easily modi�ed to realize
multiband EBG by varying the value of the design parameters (e.g., , , and ). In order to
investigate our assumption that the outer ring is majorly responsible for the EBG operation at
2.45 GHz and the re�ected H-shaped is responsible for the 5.68 GHz, the surface current
distributions at these frequencies are presented in Figure 11(A,B), respectively. It can be
observed that at 2.45 GHz, the surface current concentrates on the outer modi�ed ring while
the current concentrates on the re�ected H-shaped at 5.68 GHz.

FIGURE 10
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(A) The re�ection phase of the EBG unit cell, (B) 3 × 3 suspended transmission line con�guration, and (C) the transmission

and re�ection response

FIGURE 11

Open in figure viewer PowerPoint

The surface current distribution on the EBG unit cell at (A) 2.45 GHz and (B) 5.68 GHz

In order to characterize the bandgap property of the UC-EBG proposed in this work, a
suspended transmission line approach was used. The transmission line is suspended on a 3 × 3
array of the proposed �exible UC-EBG as shown in Figure 10(B) at a gap of 0.7 mm. The
re�ection and transmission responses are as shown in Figure 10(C). It can be observed that the
S  (dB) are less than –15 dB with a corresponding higher S (dB) at 2.45 and 5.7 GHz,
respectively. It can be observed that the transmission coe�cient is lower at the 5.7 GHz band
than 2.45 GHz as shown in Figure 10(C). This implies that the surface wave will be suppressed
better at the 5.7 GHz band than at 2.45 GHz. Therefore, it can be predicted that the antenna
placed on the proposed UC-EBG structure will show better performance at 5.7 than 2.45 GHz.

21 11

3 ANTENNA PERFORMANCE OVER EBG
The ultra-compact wearable antenna designed in Section 1.1 is placed over a 2 × 2 array of the
EBG presented in Section 1.2. The overall dimension of the proposed EBG integrated antenna is
69 × 69 × 6.04 mm . A foam of 3 mm is placed between the antenna and the EBG to isolate the
antenna from being short-circuited. The top-view and the front-view of the proposed EBG
integrated antenna are as shown in Figure 12(A,B), respectively. A 2 × 2 EBG array is fabricated
as shown in Figure 13.

FIGURE 12

Open in figure viewer PowerPoint

The con�guration of the EBG integrated antenna (A) top view (B) front view

FIGURE 13

Open in figure viewer PowerPoint
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p g 

The 2 × 2 EBG con�guration (A) top view (B) bottom view

3.1 Performance of the EBG integrated antenna in free space
3.1.1 Simulated and measured reflection coefficient (S )

The antenna is placed on the EBG and simulated using an HFSS® which is based on the Finite
Element method of solving maxwell equations. The simulated and the measured re�ection
coe�cient of the integrated antenna in free space is as shown in Figure 14. A good agreement
can be observed between the simulated and measured (dB). It can be observed that the
antenna without EBG resonates at 2.45 and 5.7 GHz with a return loss of 23.04 and 20.18 dB,
respectively, while the EBG integrated antenna also resonates at 2.45 and 5.7 GHz but with an
improved return loss of 24 and 29.45 dB at 2.45 and 5.7 GHz, respectively. This is the expected
result as the surface wave is minimized, the return loss is expected to be enhanced as
demonstrated in Figure 14. It is also worth noting that there is a small variation between the
bandwidth of the simulated and measured at –10 dB. This can be traced to the losses
contributed by the connectors and the fabrication error. Nonetheless, it can be observed that
there is a good agreement between the simulated and measured results.

FIGURE 14

Open in figure viewer PowerPoint

Simulated and measured re�ection coe�cient of the proposed bio-inspired antenna with (w/t) and without (w/o) EBG

integrated

3.1.2 Gain, radiation pattern, and efficiency with and without EBG

The gain of the Bio-EBG-iwA with and without EBG at 2.45 and 5.7 GHz are as shown in
Figure 15(A,B) respectively. As it can be seen in Figure 15(A), the peak gain of the antenna
without the EBG at 2.45 GHz is −0.48 dBi while the EBG integrated Antenna has a peak gain of
5.9 dBi at the same frequency as shown in Figure 15(B); which implies a 6.38 dBi increase at
2.45 GHz. In the same light, at 5.7 GHz, the peak gain of the unloaded antenna is 2.5 dBi while
that of the EBG integrated antenna has a peak gain of 10.7 dBi at the same frequency as shown
in Figure 15(A,B), respectively which implies an 8.2 dBi increase. These results demonstrate the
e�ciency of the proposed EBG structure in comparison with the recently proposed structure in
the literature. More so, for a clearer view of the radiation pattern, Figure 16(A,B) show the 2D
radiation pattern of the proposed con�guration with and without EBG at 2.45 and 5.7 GHz
respectively.
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FIGURE 15

Open in figure viewer PowerPoint

3D simulated gain of the bio-EBG-iwA at 2.45 and 5.7 GHz (A) without EBG (B) with EBG

FIGURE 16

Open in figure viewer PowerPoint

2D simulated radiation pattern of the bio-EBG-iwA with/without EBG at (A) 2.45 GHz and (B) 5.7 GHz

It can be observed from Figure 16(A,B) that the antenna without the EBG has a bi-directional
radiation pattern at 2.45 GHz and a dumb-bell radiation pattern at 5.7 GHz on E-plane,
respectively, while the H-plane radiation pattern at both frequencies is Omnidirectional. The
use of the EBG converted the radiation pattern at both frequencies to a directional radiation
pattern as shown in Figure 16(A,B). It can be observed from Figure 16 that the back radiation at
2.45 GHz is higher than the back radiation at 5.7 GHz. This can be related to the surface
impedance of the EBG structure at these frequencies. The front-to-back ratio (FBR) radiation at
2.45 and 5.7 GHz is 7.37 and 26.29 dB, respectively. These justify the peak gain achieved at
these frequencies. It is worth noting at this point that, as far as we know, 26.29 dB FBR
presented in this work is the highest FBR achieved with single element compact antenna in the
open literature. The radiation e�ciency of 88.97% and 79.85% are achieved with the integration
of EBG at 2.45 and 5.7 GHz, respectively. The far-�eld performance analysis presented in this
section shows that the proposed EBG integrated antenna designed and fabricated on a locally
made textile material is a suitable candidate for medical and military application in a body area
network.

In order to show that the EBG is responsible for the performance enhancement, the same
con�guration with the replacement of the EBG with perfect electric conductor (PEC) surface was
simulated as shown in Figure 17. It can be seen in Figure 18 that it adversely a�ects the
antenna performance. The simulated gain at 2.45 and 5.7 GHz is 3.68 and 9.78 dBi which are
less than the gain achieved with the EBG. The e�ciency of the PEC-based antenna also
degraded to 20% and 78% at 2.45 and 5.7 GHz respectively. Therefore, it can be seen that our
proposed EBG design works as a High impedance surface instead of a PEC surface.

FIGURE 17
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Antenna on PEC surface

FIGURE 18

Open in figure viewer PowerPoint

S  of the Antenna on PEC surface

3.2 Bio-EBG-iwA on-body analysis with and without EBG
The on-body analysis of a wearable antenna is an important aspect analysis because of the
noisy nature of human tissues which can degrade the antenna performance when brought
close to the body. In order to evaluate the on-body performance of Bio-EBG-iwA, a �at 4-
layered model of the human body tissue is used which consists of skin, fat, muscle, and bone as
shown in Figure 19(A). Figure 19(B,C) show the antenna alone and the EBG integrated antenna
is placed on the human-tissue model (HTM) at the distance of 2 mm, respectively. The human-
body model parameters are given in Table 3.

FIGURE 19

Open in figure viewer PowerPoint

The on-body analysis con�guration (A) the HTM (B) antenna on the HTM (C) EBG integrated antenna on the HTM

TABLE 3. Properties of the human-tissue model

3.2.1 On-body reflection coefficient with and without EBG

11

8, 10

 (mm)

Density (kg/m ) 1008

Thickness 13 2 5 20

εr 18.49 37.95 5.27 52.67

σ (S/m) 0.82 1.49 0.11 1.77

3 1001 900 1006

Bone Skin Fat Muscle
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The o�-body and on-body S  of the Bio-EBG-iwA with and without EBG is as shown in
Figure 20. It can be observed that there is high-frequency detuning from 2.45 and 5.7 GHz to
1.95 and 5.15 GHz when the antenna is placed on the HTM, respectively. It can also be observed
that there is a broadening of the bandwidth at the upper band from 0.9 GHz (5.3–6.2 GHz) to
2.3 GHz (3.8 – 6.1 GHz). This implies that the proposed antenna cannot actually be used in the
ISM band when placed directly on the body. On the other hand, when the antenna is placed on
the EBG before placing on the HTM, no signi�cant detuning is observed at 2.45 and 5.7 GHz,
respectively. Even though there is a small shift from 5.7 to 5.8 GHz at the upper band, yet it is
within the desired frequency. It is worth noting also that the bandwidth at 5.7 GHz is reduced in
the on-body application. Nonetheless, the bandwidth is within the acceptable range. Therefore,
the proposed EBG integrated antenna meets the requirements for an on-body WBAN
application.

FIGURE 20

Open in figure viewer PowerPoint

On-body and free-space S  of the bio-EBG-iwA with (w/t) and without (w/o) EBG

The on-body S  measurement of EBG integrated antenna on the human body is carried out on
a volunteer. He has a height of 5.7 m, a weight of 60 kg, and a light complexion. The EBG
integrated antenna is placed on the chest, arm, and forehead as shown in Figure 21(A-C),
respectively. The measured S  of the on-body con�guration is as shown in Figure 22. It can be
observed that the resonances at 2.45 and 5.7 GHz are maintained throughout. This shows that
Bio-EBG-iwA is �t for all body area communication without location discrimination.

FIGURE 21

Open in figure viewer PowerPoint

The setup for S  measurement of the bio-EBG-iwA on human body (A) Chest, (B) Arm, and (C) Forehead

FIGURE 22

Open in figure viewer PowerPoint

The on-body measured S  on the chest, arm, and forehead
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3.2.2 Radiation pattern, gain, and efficiency with and without EBG

Figure 23(A,B) show the on-body as well as the free space radiation patterns of the Bio-EBG-iwA
with and without EBG. It can be observed that there is no signi�cant e�ect on the radiation
pattern of the EBG integrated antenna in both E-plane and H-plane at 2.45 GHz as well as at 5.7 
GHz when placed on HTM. On the contrary, a signi�cant change is observed in the radiation
pattern of the antenna without the EBG degraded with HTM proximity. The e�ciency of the
antenna in the on-body application with EBG at 2.45 GHz degraded from 88.97% to 45.0%. Also,
at 5.7 GHz, the e�ciency of the antenna with EBG degraded from 79.85% to 58%. This clearly
shows that HTM has a degrading e�ect on the EBG-backed antenna. Nonetheless, it is within
the acceptable performance.

FIGURE 23

Open in figure viewer PowerPoint

On-body and free-space radiation pattern of bio-EBG-iwA with (w/t) and without (w/o) EBG at (A) 2.45 GHz and (B) 5.7 GHz

3.2.3 Specific absorption ratio analysis

In wearable devices, the safety of the users is of the highest priority; most especially in
wearable antenna due to the e�ect of the EM radiation on human health. Speci�c absorption
ratio (SAR) is the parameter of safety, which shows the amount of electromagnetic �eld
absorbed by the human body. This performance analysis must be carried out to ensure that
the users are safe. According to the regulatory standard given by the FCC and ICNIRP, 1.6 W/kg
for an average of 1 g of tissue and 2 W/kg for the average greater than 10 g of tissue. In order to
evaluate the SAR of the Bio-EBG-iwA, a space of 2 mm is ensured between the HTM and the
antenna. A 100 mW power is used as input power and the IEEE/IEC Std 62 704 standard, given
in HFSS, is used in this work. The SAR is evaluated at both 2.45 and 5.7 GHz using 1 g of tissue.
Figure 24(A,B) show the SAR at 2.45 and 5.7 GHz without and with EBG respectively. The
antenna without the EBG-backed has an average SAR of 15.4 and 25.17 W/kg at 2.45 and 5.7 
GHz respectively. But, for UC-EBG integrated antenna, the average SAR is 0.26 and 0.15 W/kg at
2.45 and 5.7 GHz, respectively. Therefore, with the use of the proposed UC-EBG, there is a
98.31% and 99.4% reduction in average SAR at 2.45 and 5.7 GHz, respectively. Since the average
SAR at 2.45 and 5.7 GHz is much below the minimum acceptable value, the Bio-EBG-iwA is
applicable in WBAN communication.

FIGURE 24

Open in figure viewer PowerPoint
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The SAR of the bio-EBG-iwA with/without EBG at (A) 2.45 and (B) 5.7 GHz for 1 g of tissue at a 2 mm distance from the skin

4 COMPARATIVE ANALYSIS OF BIO-EBG-IWA WITH SOME
PUBLISHED WORKS
The Bio-EBG-iwA proposed in this work is compared with some of the recently published works
and presented in Table 4. In order to ensure a fair comparison, the guided wavelength at the
lowest resonant frequency is used to express the antenna and EBG dimensions. It should be
noted that authors in Refs. 6, 24 did not use either full ground or High impedance surface
which eventually made the antenna proposed in their work less suitable for On-body
application as the antenna performance degraded when in close-proximity with HTM. It is also
worth noting that even though the overall size of the antenna proposed by the authors in Ref. 8
is small compared to our Bio-EBG-iwA, yet the e�ciency of their proposed antenna was not
reported which raises a question as to the workability of the antenna when in closed proximity
to HTM. The same issue applies to the work reported in Ref. 25. It can also be observed from
Table 4 that the antenna proposed in Refs. 8, 10 are single band antennas compared to our
proposed Bio-EBG-iwA which is dual-band. It can be seen that the Bio-EBG-iwA outperformed
the recently published antenna in terms of antenna compactness, FBR, gain, and radiation
e�ciency. It is therefore a suitable candidate for wearable applications.

TABLE 4. Comparative analysis of bio-EBG-iwA with some published works

6 2020 0.2 × 

0.3 × 

0.009

— Same

as Ant.

2.4 NR 2.5 93 Semi-�ex

24 2020 0.44 

× 

0.49 

× 

0.015

— same

as Ant.

1.2/1.5/2.4/3.4 NR 1.75/3/6/3 86 Flex

References Year Ant.

size 

( )𝜆3𝑔

EBG

period

( )𝜆𝑔

Overall

size 

( )𝜆3𝑔
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Biographies

25 2020 1.02 

× 

0.75 

× 

0.01

0.46 1.38 × 

1.38 × 

0.15

5.2/5.8 18 8.2/8.4 NR Flex

5 CONCLUSION
A novel ultra-compact bio-inspired UC-EBG backed antenna (Bio-EBG-iwA) is presented in this
work. It has been demonstrated that the proposed Bio-EBG-iwA antenna, which operates at
2.45 and 5.7 GHz, outperformed the recently proposed wearable antennas in the literature in
terms of antenna size, gain, radiation e�ciency, and FBR. Therefore, it is a suitable candidate
for wearable and future WBAN applications such as medical and military.
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