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Abstract

A compact fabric antenna structure integrated with electromagnetic bandgap structures (EBGs)
covering the desired frequency spectrum between 2.36 GHz and 2.40 GHz for Medical Body-
Area Networks (MBANS), is introduced. The needs of flexible system applications, the antenna
is preferably low-profile, compact, directive, and robust to the human body’s loading effect have
to be satisfied. The EBGs are attractive solutions for such requirements and provide efficient per-
formance. In contrast to earlier documented EBG backed antenna designs, the proposed EBG
behaved as shielding from the antenna to the human body, reduced the size, and acted as a
radiator. The EBGs reduce the frequency detuning due to the human body and decrease the
back radiation, improving the antenna efficiency. The proposed antenna system has an overall
dimension of 46x46x2.4 mm®. The computed and experimental results achieved a gain of 7.2
dBi, a Front to Back Ratio (FBR) of 12.2 dB, and an efficiency of 74.8%, respectively. The Spe-
cific Absorption Rate (SAR) demonstrates a reduction of more than 95% compared to the
antenna without EBGs. Moreover, the antenna performance robustness to human body loading
and bending is also studied experimentally. Hence, the integrated antenna-EBG is a suitable
candidate for many wearable applications, including healthcare devices and related applications.

1. Introduction

Over the past decade, the rapid development in communication systems for body sensor net-
works (BSN) has grown notably, supporting several applications ranging from patient moni-
toring systems, tracking, and emergency rescue systems to personalized health care systems
and battlefield survival [1-4]. Many wireless standards were proposed for commercialization
and research to support these growing developments, including the Medical Implant
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Communication Systems, Industrial, Scientific, and Medical (ISM). More recently, the Federal
Communication Commission (FCC) introduced the MBANs frequency band covering the
2.36 GHz to 2.4 GHz spectrum due to its clean spectrum and low interference sources [5].

Improvements in efficiency and effectiveness of flexible/wearable antennas have become
essential in light of these advances in Wireless Body Area Network (WBAN) application. An
additional essential requirement for flexible/wearable antennas than traditional designs is to
reduce the interaction between the radiating elements and the body tissue, despite being close
to each other. It is noted that prolonged exposure to human tissue is controversial because it
may exhibit health hazard effects [6]. To address this issue, consideration should be given to
study the effects of flexible antennas on human tissue, such as the maximum allowable Specific
Absorption Rate (SAR) [7-11]. Furthermore, to introduce lightweight, conformal, and low
profile features [12, 13] into the antenna design criteria have further posed considerable chal-
lenges to meet the design’s specification. The EBGs are proposed to divert the wearable
antenna radiation from the human tissues. However, the previously reported structures with
the integrated antenna in the area of wearable design have several disadvantages such as (i) the
design could be too thick or electrically large to be suitable for the wearable systems [14-24],
(ii) the design may be printed on semi-flexible materials which cannot withstand several bends
[5, 12,25-27] and (iii) the design may reveal poor Front-to-Back ratio (FBR) [28-31].

In this paper, a fully textile antenna with novel EBG for WBAN applications at 2.4 GHz is
proposed. This work lays on the bandgap feature (Dispersion Diagram Technique) of EBG
that cannot be demonstrated by earlier reported wearable EBG structures [8, 11, 12, 14-16, 18,
19, 22, 23, 25]. The bandgap feature is controlled by vias, such as in the case of mushroom-like
EBG. It also may be achieved by a complex structure that can increase the effective inductance,
such as multi-layered EBG, meander line EBG, fractal EBG, and interdigitated EBG. However,
if the vias or complex structure is used, the risk of manufacturing inaccuracies is greater since
the used material is fabric. Thus, designing EBG from fabric materials with a bandgap feature
is challenging. Therefore, a simple and novel structure based on fabric materials that increased
the effective inductance which introduces the bandgap feature is presented. The size is also
reduced compared to several reported fabric EBG at 2.4 GHz [14-31].

In contrast to earlier documented EBG backed antenna designs, the proposed EBG behaved
not only as a ground plane for shielding the antenna from the body but also as a radiator and
reduced the reference antenna size. The proposed design contributes to enhancing the FBR,
increasing the gain, and reducing the antenna’s SAR level significantly.

It is worth to mention that compared with the lately recorded wearable antennas function-
ing in the super wideband [32], UWB [33], and UHF frequency bands [34], this article mainly
emphasizes the realization of low profile, lightweight, flexible, and narrow-band wearable
antenna for off-body communication in WBANS.

The paper is organized as follows. The physical structures of the EBG are presented, and the
features are explained in Section 2. The experimental investigations and analysis of the inte-
grated antenna with the EBG are discussed in Section 3. Section 4 presents the proposed anten-
na’s performance in terms of the SAR value and the bending effect. Finally, conclusions are
drawn in Section 5.

2. Methodology of the antenna and EBG design
2.1 Antenna design

The fabric material with a permittivity of 1.7 and a thickness of 0.7 mm is used as a substrate.
Simultaneously, a ShieldIt"™ material with a thickness of 0.17 mm is used for the conducting
elements.
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The antenna is designed based on the combination of F-shaped and U-shaped connected
by a stripline. These shapes are formed by introducing specific slots and connected by stripline.
The selection of the line widths, the slot lengths, and their positions are based on parametric
studies. The design’s evolution process is depicted in Fig 1, and their S;; is presented in Fig 2.
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Fig 1. Configuration of the reference antenna design (a) 1" design, (b) 2nd design, (c) 3rd design, (d) 4th design (reference antenna),
and (e) Back view for all designs.

https://doi.org/10.1371/journal.pone.0246057.9001
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Fig 2. S;; of the evolution designs.
https://doi.org/10.1371/journal.pone.0246057.9002

In all design processes, the ground plane is fixed with L = 17.4 mm. The dimension of line
widths and the slot lengths is presented in Table 1. Fig 2 shows the impact of introducing slots
on the design. It can be seen that as the slots were introduced, the resonant frequency shifted
to the lower band. The slots meandered, exciting the patch’s surface current and lowered the

antenna’s resonance frequency to the desired frequency. The overall dimension of the finalized
proposed design is 50x30x0.7 mm”.

2.2 EBG design

The EBG unit cell structure evolved from a conventional mushroom-like EBG, as depicted in
Fig 3(A). The dispersion diagram technique is used to analyze the EBG unit cell [35]. The
desired bandgap is obtained with an overall dimension of 23x23x0.7 mm?, as shown in Fig 3
(B). However, the existence of vias while using fabric material makes the process of fabrication
more complicated. Therefore, vias are removed and becomes vialess (uni-planar). The vialess
unit cell with the same dimension of exciting vias as depicted in Fig 4(A) is simulated, but the
obtained bandgap does not cover the desired band 2.4 GHz as shown in Fig 4(B). The absence
of vias caused the bandgap to shift to higher frequency bands, as mention in [36].

A significant benefit of the “uni-planar” EBG design is the elimination of the vertical via.
This makes the fabrication process easier and compatible with millimeter-wave and micro-
wave circuits. However, the complex EBG structure possesses its challenges in prototyping
even if vias have been eliminated. Producing this from fabric materials makes the task even

Table 1. Optimal values of the reference antenna dimensions (mm).

Parameter A

Value 16
https://doi.org/10.1371/journal.pone.0246057.t001

w A1 W, L L L, L Ly Ls Le L, Lg L
30 16 2.295 50 16.6 9.8 5.7 4.97 1.65 2 2.65 9 17.4
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Fig 3. (a) Mushroom-like EBG unit cell, and (b) Bandgap characteristics of (a).
https://doi.org/10.1371/journal.pone.0246057.g003

more difficult and might lead to inaccuracy. One of the motivations is to minimize design
complexity while gaining maximum output from the EBG. Hence, the vialess EBG unit cell is

modified as depicted in Fig 5(A). The proposed design reveals the desired bandgap cover of
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Fig 4. Vialess square patch EBG unit cell, and (b) Bandgap characteristics of (a).
https://doi.org/10.1371/journal.pone.0246057.9004

2.4 GHz, as presented in Fig 5(B). Without the existing on the vias, the proposed crossed strip
lines could increase the inductance [37] and control the bandgap with a simple structure that

can be easily fabricated using fabric materials. The optimum dimensions are tabulated in
Table 2.
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Fig 5. (a) Vialess proposed EBG unit, and (b) Band-gap characteristics of the proposed vialess EBG unit cell.
https://doi.org/10.1371/journal.pone.0246057.9005
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2.3 Integration of antenna with EBG

The reference antenna was placed on a 2x2 EBG array, as revealed in Fig 6(A). A 1 mm foam
layer is inserted between the two layers to prevent any connection that causes a short circuit.
The overall size of the integrated antenna with EBG, including the foam, is 50x50x2.4 mm”.
The S;; of reference antenna with and without EBG is depicted in Fig 7. It is seen that the ref-
erence antenna alone shows an operating frequency covered the 2.4 GHz. However, adding
EBG to the reference antenna revealed that the S, is shifted from 2.4 GHz to 1.96 GHz. In
order to obtain the desired band covering 2.4 GHz, the reference antenna and the EBG ground
plane dimensions are modified as shown in Fig 6(C), 6(E) and 6(F). The optimum dimensions
are tabulated in Table 3. This modification shows that the modified antenna’s size can be
reduced by 60% compared to the reference antenna.

To further confirm the role of the EBG in reducing the size of the reference antenna, the
surface current is simulated at 2.4 GHz for the modified antenna alone, and the modified
antenna with EBG as illustrated in Fig 8. The results in Fig 8(A) show that when the modified
antenna is alone, less current is concentrated on the radiating patch. This is due to the modi-
fied antenna alone does not resonate at 2.4 GHz. However, the modified antenna’s surface cur-
rent with EBG shows a maximum concentrated current density mainly located on the
radiating elements. This observation indicates that EBG could contribute as a radiator and
reduce the size of the reference antenna.

3. Performance of antenna and EBG in free space
3.1 Normal case (flat)

The reference antenna and the modified antenna with EBG were modeled, and their performance
was predicted using CST Microwave Studio [38]. Fig 9 describes the simulated and measured S;;
results of the reference antenna and the modified antenna with EBG. This demonstrates that the
measured results are in good agreement with the simulated results. Very slight differences can be
noticed, and these may be attributed to fabrication errors and soldering tolerance.

Fig 10 presents the normalized numerical and experimental radiation patterns of the refer-
ence antenna and the modified antenna with EBG along the x-z and y-z plane at 2.4 GHz. It
can be seen that the reference antenna along the x-z plane has maximum radiation in the +z-
direction while an omnidirectional along the y-z plane. The maximum radiation in the nega-
tive z-direction is not preferred for wearable antennas operating close to the body. This is due
to the radiation towards the body that may present a health risk factor when it is irradiated
over prolonged periods [15]. A directional radiation pattern is preferred when the antenna
operates with other devices far away from the body. However, the modified antenna with EBG
shows directional radiation by reflecting the back lobe toward the +z-direction along both
planes x-z and y-z. As a result, the radiation towards the body is reduced by 12.3 dB. Further-
more, the modified antenna shows a better gain of 7.2 dBi than the reference antenna with a
gain of 2.2 dBi. Also, it reveals an efficiency of 74.8%.

3.2 Deform case

The bending analysis of the proposed antenna over foam cylinder along the x-z plane and y-z
plane for varying diameters (70 mm, 80 mm, 100 mm, 140 mm) were experimentally carried out

Table 2. Optimal values of the proposed EBG dimensions (mm).

Parameter
Value

https://doi.org/10.1371/journal.pone.0246057.t1002

w3 Wy Ws We r L L, L, L; Ly Ls L
1.5 14 1 3 0.25 23 21 10 4.5 9 4 3
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Fig 6. (a) Front view of the reference antenna with EBG, (b) Back view of the reference antenna with EBG, (c) Front view of
the modified antenna with EBG, (d) Back view of the modified antenna with EBG, (e) Front view of Modified antenna, and
(f) Back view of Modified antenna.

https:/doi.org/10.1371/journal.pone.0246057.9006

(a)

(e)
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Fig 7. S;, of the reference antenna alone, the integrated reference antenna with EBG, the modified antenna with
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https://doi.org/10.1371/journal.pone.0246057.9007

to ensure that the performance under bending condition still satisfies the wearable application. In
this study, the diameters were chosen to approximate the arm and leg of the human body. The
results are depicted in Fig 11. It shows that the bending has nearly no effect on the modified
antenna with EBG performance. It is realized that although the operating frequency band and the
resonance frequency are slightly shifted, the S;; still maintains the bandwidth covering the 2.4
GHz ISM band when the bending diameter (d) is varied in the range from 70 to 140 mm.

The modified antenna’s normalized radiation pattern performance with EBG was also
experimentally investigated along x-z and y-z plane with a diameter of d = 140 mm. The radia-
tion patterns are tested at 2.4 GHz, as revealed in Fig 12, and demonstrates acceptable radia-
tion patterns with good gain around 6.4 dBi, FBR around 8 dBi, and efficiency around 66%.
This investigation demonstrates that our structure is highly conformal and a suitable candidate
for body-worn devices.

4. Ethical considerations

The Human Research Ethics Committee of Universiti Tun Hussein Onn Malaysia waived the
need for ethical approval. The participant was voluntary and gave verbal informed consent.

5. Performance of antenna and EBG on body
5.1 Reflection coefficient

The reference antenna and the modified antenna with EBG have been simulated and measured
on the body to validate their operational performance due to the body’s high dielectric. Two

Table 3. Optimal values of the modified antenna dimensions (mm).

Parameter w
Value 20

Parameter Ls
Value 5.475

https://doi.org/10.1371/journal.pone.0246057.t1003

Wy W, L L, L, L; L,
16 2.295 30 6.6 10.5 2.4 1.6
L L, Lg Lg X Y
10 1.47 2.65 14.5 46 46
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Fig 8. Surface current (a) Modified antenna alone, (b) Reference antenna, and (c) Modified antenna with EBG.

https://doi.org/10.1371/journal.pone.0246057.9g008

parts of the body, the chest, and the arm were chosen for the numerical and the experimental
investigation. The selection of these two parts is to evaluate the proposed design in terms of
bending (around the arm) and normal case (mounted over the chest). This is to ensure the
functionality of the proposed design in both cases when loaded on human tissues. The models
are developed using CST for numerical studies. The cylinder with a diameter of 80 mm and
150 mm length was developed to imitate the arm shape Fig 13(A) [5, 11]. A square shape with
a length and width of 150 mm and a thickness of 40 mm was designed to emulate the chest
shape as depicted in Fig 13(B). Each model consists of four layers: fat, bone, skin, and muscle,
and their corresponding typical conductivity, thickness, mass density, and permittivity values
for each layer are summarized in Table 4 [5, 11].

=== Sim reference antenna
== = Meas reference antenna
== Sim ant-EBG proposed
=++= Meas ant-EBG proposed

088

-40 | .
24 22 23 24 25 28 27
Frequency(GHz)
Fig 9. S;; result of the reference antenna alone, and integrated modified antenna with EBG.

https://doi.org/10.1371/journal.pone.0246057.9g009
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Fig 10. Normalized radiation performance of the reference antenna alone, and integrated modified antenna with EBG vialess (a) x-z
plane, and (b) y-z plane.

https://doi.org/10.1371/journal.pone.0246057.9010

A volunteer male weighing 79 kg and 160 cm tall are used for experimental studies to verify
the simulated performance. The design was bent on the arm and mounted on the chest, as
shown in Fig 14. The arm has a diameter of 80 mm, which is equivalent to the developed arm.
This study gives extra credibility to work by adopting a real human body instead of simulated
models.

As shown in Fig 15(A), the reference antenna leads the S;; to shift from 2.4 GHz to a lower
band for both arm and chest case. This is because the human body acts as an additional complex
substrate layer that has high permittivity. Therefore, placing the reference antenna directly on
the human body results in a severe impedance mismatch of the antenna. In the case of integrat-
ing the modified antenna with EBG, the required spectrum bandwidth is achieved as described
in Fig 15(B). This is because the EBG shields the antenna from the body effects. The measure-
ment results are almost identical to the simulation results. Hence, the modified antenna with
EBG is a well-suitable candidate for wearable applications, including medical devices.

Further investigation is conducted to analyze the worst-case scenario of varying the dielec-
tric constant (g,) of the human model tissue on the proposed design’s performance in terms of
its Sy; stability. This investigation is carried out to ensure the proposed design’s robustness
and functionality when loaded on a high dielectric constant [39]. Therefore, we assume that
the skin layer has values in the range of 10 to 150. The design was placed directly on the model.
The S;; of the reference antenna and the modified antenna with EBG were obtained for differ-
ent permittivity values (g,), namely 10, 30, 70, 110, and 150, as shown in Fig 16. The results
showed that when the antenna alone, the S;; was shifted to the lower band and did not operate
at the desired band. Meanwhile, with EBG, the S;; is maintained at the desired band. This
proves that the EBG act as isolation between the body and the antenna. It also demonstrates its
robustness and functionality even if it loaded at a high dielectric constant.
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Fig 11. S,, performance based on bending along (a) x-z plane, and (b) y-z plane.

https://doi.org/10.1371/journal.pone.0246057.9011
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Fig 12. Radiation pattern performance based on bending at diameter d = 140 along x-z and y-z planes.

https://doi.org/10.1371/journal.pone.0246057.9012

5.2 Radiation patterns

Fig 17 displayed the normalized radiation patterns’ performances when the antenna was
loaded on the chest and arm. The result illustrates that the radiation properties of the reference
antenna is greatly influenced and become more directive when placed on the human body
because of its high permittivity compared to the fabric substrate of the reference antenna, as
shown in Fig 17(A). This indicates that the body absorbed the power, which could cause a
health risk while placing the modified antenna with EBG on the chest and arm reveal a reason-
able radiation characteristic as shown in Fig 17(B). It can maintain its shape pattern as free
space with the minor difference that does not affect the radiation performance.

(a) (b)

Fig 13. Developed human models (a) Arm, and (b) Chest.

https://doi.org/10.1371/journal.pone.0246057.9013
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Table 4. Properties of the model tissue [5, 11].

Bone Muscle Fat Skin
Thickness (mm) 13 20 5 2
Density (kg/m3) 1008 1006 900 1001
0 (S/m) 0.82 1.77 0.11 1.49
& 18.49 52.67 5.27 37.95

https://doi.org/10.1371/journal.pone.0246057.t1004

(a) | | @

Fig 14. (a) Proposed design on chest, (b) Proposed design on arm, (c) Reference antenna on chest, and (d) Reference antenna on arm.

https://doi.org/10.1371/journal.pone.0246057.9014
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Fig 15. S;; performance of designs placing on the chest and the arm (a) Reference antenna and (b) Proposed design.

https://doi.org/10.1371/journal.pone.0246057.g015

5.3 SAR

SAR is a standard measure of power deposition in the human tissues per unit mass. Therefore,
its assessment is vital to ensure that safety limits are met. The same model used in section 5.1 is
used for numerical SAR analysis to verify the performance. According to the Federal Commu-
nication Commission (FCC), the 1 g averaged SAR value should not exceed 1.6 W/kg [39].
The following equation relates SAR with the applied input power used to calculate the SAR:

2
SAR = @ (1)
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Fig 16. S;; performance with varying the dielectric constant of the skin layer (a) Reference antenna and (b) Proposed design.

https://doi.org/10.1371/journal.pone.0246057.9016

Where p is the mass density of the tissue in kg/m”, E is the electric field in V/m, and o is the
conductivity of the tissue in S/m.

The SAR evaluation is conducted using the IEEE C95.1 standard available in the CST MWS
software. The input power for the calculation is taken as 100 mW [5, 11, 12]. Table 5 summa-
rizes the SAR calculation results for both designs, taken for different scenarios, including cases
where the antenna is mounted on the arm and the chest. The SAR calculation was also per-
formed with antenna placements at 0 mm (touching the skin), 1 mm, and 3 mm away from
the body part. The table shows that, for the antenna without EBG, the SAR value averaged over
1g decreased with increasing distance between the antenna and the phantom model. However,
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Fig 17. Radiation pattern performance placing on chest and arm (a) Reference antenna, and (b) Proposed design.

https://doi.org/10.1371/journal.pone.0246057.9017
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Table 5. SAR (W/kg) values of proposed design.

Distance from the phantom (mm) Antenna w/o EBG Antenna w/EBG
On arm On chest On arm On chest
y-axis X-axis y-axis X-axis
0 13.6 11.2 7.41 0.132 0.050 0.058
1 6.05 5.98 5.7 0.054 0.036 0.037
3 5.22 5.7 4.36 0.047 0.025 0.028

https://doi.org/10.1371/journal.pone.0246057.t1005

these SAR values still exceed safety limits governed by the FCC standard throughout all
antenna placements.

Although the antenna was 3 mm distant from the human body, it still shows a maximum
SAR of 5.22 W/kg averaged over 1g. This is due to its omnidirectional radiation characteristic
[5, 11]. When integrated with EBG, a substantial drop in the maximum SAR value averaged
over 1 g is realized, thus complying with the safety standards, even when the antenna inte-
grated with EBG is directly placed on the skin (touching the skin) as shown in Fig 18. The
reduction is more than 95% compared to the proposed reference antenna without the EBG,
showing the superiority of the antenna when incorporated with the EBG.

The SAR also was evaluated by changing the skin layer electrical properties to analyses the
worst-case scenario of SAR. The result of the antenna with and without EBG is tabulated in

Wik w/kg

0.0581

0.0528 fidad
0.0475
0.0423 it
0.037 3 0.08
0.0317 -
0.0264 = | ; Ui b
0.0211 3 e
0,0158 — 0.0z
0.0106 44 0

0,00525
0

w/ka
0.0495

0.042
0,036 =
0.033
0,024
0,018
0.012—=4
0.006
0

Fig 18. SAR values of proposed design when touch the skin over 1 g (a) On chest, (b) On arm y-axis, and (c) On arm x-axis.
https://doi.org/10.1371/journal.pone.0246057.9018
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Table 6. SAR (W/kg) values of varying the dielectric constant of skin layer.

Permittivity 10 30 70
Design
Antenna w/o EBG 11 10.1 8.17
Antenna w/EBG 0.037 0.030 0.022

https://doi.org/10.1371/journal.pone.0246057.t1006

Table 7. Comparison of previous work with proposed design based on flexible materials at 2.4 GHz.

Ref Year Efficiency (%) Gain (dBi) SAR W/kg FBR (dB) No. of unit cell
[29] 2018 71 7.3 0.230 17 3x3
[21] 2019 49 8.3 . .
[23] 2020 70.7 6.56 0.612 - 3x3
[15] 2020 - 6.45 0.983 16 2x2
[7] 2020 44.39 4.06 0.521 - 1x2
[30] 2020 - 1.94 0.111 12 3x3
[22] 2020 61 6.19 - - 4x3
[24] 2020 74.8 6.51 0.22 114 2x2
This work - 74.8 7.2 0.042 12.2 2x2

https://doi.org/10.1371/journal.pone.0246057.t1007

110

8.95
0.017

Overall size (mm®)
81x81x4
70x85x6
60x60x8.5
60x60x2.4
50%25.7%x5
85.5%85.5x5.28
145%x112x3.424
56x56Xx6
46x46x2.4

150

6.89
0.016

Substrate type

Fabric

Felt
PDMS
Fabric

Felt

Felt
Jeans

Ultralam850,Felt

Fabric

Table 6. It is observed that for all analyzed cases, namely for £, = (10, 30, 70, 110, 150), when
the antenna alone, the SAR values exceed the safety limit set by FCC. However, when integrat-
ing the EBG structure with the antenna, the SAR values are much lower than the FCC limits
for all analyzed cases. These simulated results were compared with other similar published
works as tabulated in Table 7. They all seem very close values to the literature. Table 7 depicts
the comparison of the proposed wearable antenna design’s performance with other backed
two years of published works. As can be seen, the proposed design outperforms the other
reported work based on overall size, FBR, gain, and comparable performance in terms of effi-

ciency, SAR, and the unit cell number.

6. Conclusion

A compact fully fabric antenna with a miniaturized EBG structure for wearable applications
was successfully designed and experimentally tested. In contrast to earlier documented EBG
backed antenna designs, the proposed EBG behaves as shielding from the antenna to the
human body, reduces the size, and acts as a radiator. It also shows band-gap features without
requiring vias. The miniaturized EBG array in the proposed design has contributed to enhanc-

ing the radiation efficiency and providing isolation between the antenna and human tissues.
The antenna’s behavior under flexing and loading on a human body was experimentally inves-
tigated. The measured performance of the proposed antenna-EBG structure compares favor-
ably to the most recent reported results. The experimental results show that the antenna-EBG
integration achieves a gain of 7.2 dBij, an efficiency of 74.8%, and an FBR of 12.2 dB. Further-
more, the specific absorption rate (SAR) shows a reduction of more than 95% compared to the
antenna alone and complies with the FCC standard. Hence, the presented incorporated
antenna with EBGs is a well-suitable candidate for wearable applications, including medical

devices.

Author Contributions
Investigation: Adel Y. I. Ashyap.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246057 January 28, 2021

18/21


https://doi.org/10.1371/journal.pone.0246057.t006
https://doi.org/10.1371/journal.pone.0246057.t007
https://doi.org/10.1371/journal.pone.0246057

PLOS ONE

Via-less electromagnetic band-gap-enabled antenna based on textile material for wearable applications

Methodology: Adel Y. I. Ashyap, H. A. Majid, Gameel Saleh.

Software: Adel Y. I. Ashyap.

Supervision: N. I. M. Elamin, S. H. Dahlan, Z. Z. Abidin.

Validation: H. A. Majid, Najib AL-Fadhali, Jameel A. A. Mukred, B. A. F. Esmail.

Writing - original draft: Adel Y. I. Ashyap.

Writing - review & editing: Adel Y. I. Ashyap, N. I. M. Elamin, Z. Z. Abidin, Chan Hwang

See.

References

1.

10.

11.

12.

13.

14.

15.

Muhammad Z, Shah SM, Abidin ZZ, Asyhap AY|, Mustam SM, Ma Y. CPW-fed wearable antenna at
2.4 GHz ISM band. In: AIP Conference Proceedings. Vol 1883.; 2017:020003. https://doi.org/10.1063/
1.5002021

Seman FC, Ramadhan F, Ishak NS, et al. PERFORMANCE EVALUATION OF A STAR-SHAPED
PATCH ANTENNA ON POLYIMIDE FILM UNDER VARIOUS BENDING CONDITIONS. Prog Electro-
magn Res Lett. 2019; 85(February):125-130. https://doi.org/10.2528/PIERL19022102

Ashyap AYI, Marzudi WNNW, Abidin ZZ, Dahlan SH, Majid HA, Kamaruddin MR. Antenna incorporated
with Electromagnetic Bandgap (EBG) for wearable application at 2.4 GHz wireless bands. In: 2016
IEEE Asia-Pacific Conference on Applied Electromagnetics (APACE). IEEE; 2016:217-221. https://doi.
org/10.1109/APACE.2016.7915890

Scilingo E, Valenza G. Recent Advances on Wearable Electronics and Embedded Computing Systems
for Biomedical Applications. Electronics. 2017; 6(1):12. hitps://doi.org/10.3390/electronics6010012

Jiang ZH, Brocker DE, Sieber PE, Werner DH. A Compact, Low-Profile Metasurface-Enabled Antenna
for Wearable Medical Body-Area Network Devices. IEEE Trans Antennas Propag. 2014; 62(8):4021—
4030. https://doi.org/10.1109/TAP.2014.2327650

Ashyap AYI, Zainal Abidin Z, Dahlan SH, et al. Compact and Low-Profile Textile EBG-Based Antenna
for Wearable Medical Applications. IEEE Antennas Wirel Propag Lett. 2017; 16:2550-2553. hitps://doi.
org/10.1109/LAWP.2017.2732355

El Atrash M, Abdalla MA, Elhennawy HM. A compact flexible textile artificial magnetic conductor-based
wearable monopole antenna for low specific absorption rate wrist applications. Int J Microw Wirel Tech-
nol. June 2020:1-7. https://doi.org/10.1017/S1759078720000689

Ashyap AYI, Zainal Abidin Z, Dahlan SH, et al. Highly Efficient Wearable CPW Antenna Enabled by
EBG-FSS Structure for Medical Body Area Network Applications. IEEE Access. 2018; 6:77529-77541.
https://doi.org/10.1109/ACCESS.2018.2883379

Stango A, Yazdandoost KY, Negro F, Farina D. Characterization of In-Body to On-Body Wireless Radio
Frequency Link for Upper Limb Prostheses. Zhang D, ed. PLoS One. 2016; 11(10):e0164987. https:/
doi.org/10.1371/journal.pone.0164987 PMID: 27764182

Ahsan MR, Islam MT, Ullah MH, Singh MJ, Ali MT. Metasurface Reflector (MSR) Loading for High Per-
formance Small Microstrip Antenna Design. Coles JA, ed. PLoS One. 2015; 10(5):e0127185. https://
doi.org/10.1371/journal.pone.0127185 PMID: 26018795

Farugue MRI, Islam MT. Design of Miniaturized Double-Negative Material for Specific Absorption Rate
Reduction in Human Head. Hong J, ed. PLoS One. 2014; 9(10):e109947. https://doi.org/10.1371/
journal.pone.0109947 PMID: 25350398

Abbasi MAB, Nikolaou SS, Antoniades MA, Nikolic Stevanovic M, Vryonides P. Compact EBG-Backed
Planar Monopole for BAN Wearable Applications. IEEE Trans Antennas Propag. 2017; 65(2):453—463.
https://doi.org/10.1109/TAP.2016.2635588

Roblin C, Laheurte J-M, D’Errico R, et al. Antenna design and channel modeling in the BAN context—
part |: antennas. Ann Telecommun—Ann des télécommunications. 2011; 66(3—4):139—155. https://doi.
org/10.1007/s12243-010-0237-4

Agarwal K, Guo Y-X, Salam B. Wearable AMC Backed Near-Endfire Antenna for On-Body Communica-
tions on Latex Substrate. IEEE Trans Components, Packag Manuf Technol. 2016; 6(3):346—358.
https://doi.org/10.1109/TCPMT.2016.2521487

Ashyap AYI, Dahlan SH Bin, Abidin ZZ, et al. Robust and Efficient Integrated Antenna With EBG-DGS
Enabled Wide Bandwidth for Wearable Medical Device Applications. IEEE Access. 2020; 8:56346—
56358. https://doi.org/10.1109/ACCESS.2020.2981867

PLOS ONE | https://doi.org/10.1371/journal.pone.0246057 January 28, 2021 19/21


https://doi.org/10.1063/1.5002021
https://doi.org/10.1063/1.5002021
https://doi.org/10.2528/PIERL19022102
https://doi.org/10.1109/APACE.2016.7915890
https://doi.org/10.1109/APACE.2016.7915890
https://doi.org/10.3390/electronics6010012
https://doi.org/10.1109/TAP.2014.2327650
https://doi.org/10.1109/LAWP.2017.2732355
https://doi.org/10.1109/LAWP.2017.2732355
https://doi.org/10.1017/S1759078720000689
https://doi.org/10.1109/ACCESS.2018.2883379
https://doi.org/10.1371/journal.pone.0164987
https://doi.org/10.1371/journal.pone.0164987
http://www.ncbi.nlm.nih.gov/pubmed/27764182
https://doi.org/10.1371/journal.pone.0127185
https://doi.org/10.1371/journal.pone.0127185
http://www.ncbi.nlm.nih.gov/pubmed/26018795
https://doi.org/10.1371/journal.pone.0109947
https://doi.org/10.1371/journal.pone.0109947
http://www.ncbi.nlm.nih.gov/pubmed/25350398
https://doi.org/10.1109/TAP.2016.2635588
https://doi.org/10.1007/s12243-010-0237-4
https://doi.org/10.1007/s12243-010-0237-4
https://doi.org/10.1109/TCPMT.2016.2521487
https://doi.org/10.1109/ACCESS.2020.2981867
https://doi.org/10.1371/journal.pone.0246057

PLOS ONE

Via-less electromagnetic band-gap-enabled antenna based on textile material for wearable applications

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kamardin K, Rahim MKA, Hall PS, Samsuri NA, Latef TA, Ullah MH. Planar textile antennas with artifi-
cial magnetic conductor for body-centric communications. Appl Phys A. 2016; 122(4):363. https://doi.
org/10.1007/s00339-016-9914-0

Potey PM, Tuckley K. Design of wearable textile antenna for low back radiation. J Electromagn Waves
Appl. 2020; 34(2):235-245. https://doi.org/10.1080/09205071.2019.1699170

Jiang ZH, Cui Z, Yue T, Zhu Y, Werner DH. Compact, Highly Efficient, and Fully Flexible Circularly
Polarized Antenna Enabled by Silver Nanowires for Wireless Body-Area Networks. IEEE Trans Biomed
Circuits Syst. 2017; 11(4):920-932. https://doi.org/10.1109/TBCAS.2017.2671841 PMID: 28541907

Ashyap AYI, Zainal Abidin Z, Dahlan SH, Majid HA, Saleh G. Metamaterial inspired fabric antenna for
wearable applications. Int J RF Microw Comput Eng. 2019; 29(3):e21640. https://doi.org/10.1002/
mmce.21640

Sanchez-Montero R, Camacho-Goémez C, Lépez-Espi P-L, Salcedo-Sanz S. Optimal Design of a Pla-
nar Textile Antenna for Industrial Scientific Medical (ISM) 2.4 GHz Wireless Body Area Networks
(WBAN) with the CRO-SL Algorithm. Sensors. 2018; 18(7):1982. https://doi.org/10.3390/s18071982
PMID: 29933585

Sanchez-Montero Lopez-Espi, Alen-Cordero Martinez-Rojas. Bend and Moisture Effects on the Perfor-
mance of a U-Shaped Slotted Wearable Antenna for Off-Body Communications in an Industrial Scien-
tific Medical (ISM) 2.4 GHz Band. Sensors. 2019; 19(8):1804. https://doi.org/10.3390/s19081804
PMID: 30991753

Bait-Suwailam MM, I. Labiano |, Alomainy A. Impedance Enhancement of Textile Grounded Loop
Antenna Using High-Impedance Surface (HIS) for Healthcare Applications. Sensors. 2020; 20
(14):3809. https://doi.org/10.3390/s20143809 PMID: 32650383

Gao G, Wang S, Zhang R, Yang C, Hu B. Flexible EBG-backed PIFA based on conductive textile and
PDMS for wearable applications. Microw Opt Technol Lett. 2020; 62(4):1733—1741. https://doi.org/10.
1002/mop.32224

El Atrash M, Abdalla MA, Elhennawy HM. A Compact Highly Efficient MN-Section CRLH Antenna loaded
with Textile AMC for Wireless Body Area Network Applications. IEEE Trans Antennas Propag. 2020;
(c):1-1. https://doi.org/10.1109/TAP.2020.3010622

Ashyap AYI, Abidin ZZ, Dahlan SH, Majid HA, Seman FC. A Compact Wearable Antenna Using EBG
for Smart-Watch Applications. In: 2018 Asia-Pacific Microwave Conference (APMC). Vol 2018-Novem.
IEEE; 2018:1477-1479. https://doi.org/10.23919/APMC.2018.8617196

Guan C-E, Fujimoto T. Design of a Wideband L-Shape Fed Microstrip Patch Antenna Backed by Con-
ductor Plane for Medical Body Area Network. Electronics. 2019; 9(1):21. https://doi.org/10.3390/
electronics9010021

Elfergani |, Igbal A, Zebiri C, et al. Low-Profile and Closely Spaced Four-Element MIMO Antenna for
Wireless Body Area Networks. Electronics. 2020; 9(2):258. https://doi.org/10.3390/electronics9020258

Ullah M, Islam M, Alam T, Ashraf F. Paper-Based Flexible Antenna for Wearable Telemedicine Applica-
tions at 2.4 GHz ISM Band. Sensors. 2018; 18(12):4214. https://doi.org/10.3390/s18124214 PMID:
30513719

Gao G-P, Hu B, Wang S-F, Yang C. Wearable Circular Ring Slot Antenna With EBG Structure for Wire-
less Body Area Network. IEEE Antennas Wirel Propag Lett. 2018; 17(3):434—437. https://doi.org/10.
1109/LAWP.2018.2794061

Joshi R, Hussin EFNM, Soh PJ, et al. Dual-Band, Dual-Sense Textile Antenna With AMC Backing for
Localization Using GPS and WBAN/WLAN. IEEE Access. 2020; 8:89468-89478. https://doi.org/10.
1109/ACCESS.2020.2993371

Azeez H, Yang H-C, Chen W-S. Wearable Triband E-Shaped Dipole Antenna with Low SAR for loT
Applications. Electronics. 2019; 8(6):665. https://doi.org/10.3390/electronics8060665

Karimyian-Mohammadabadi M, Dorostkar MA, Shokuohi F, Shanbeh M, Torkan A. Super-wideband
textile fractal antenna for wireless body area networks. J Electromagn Waves Appl. 2015; 29(13):1728—
1740. https://doi.org/10.1080/09205071.2015.1060139

Koohestani M, Zurcher J-F, Moreira AA, Skrivervik AK. A Novel, Low-Profile, Vertically-Polarized UWB
Antenna for WBAN. |[EEE Trans Antennas Propag. 2014; 62(4):1888—1894. https://doi.org/10.1109/
TAP.2014.2298886

Trajkovikj J, Skrivervik AK. Diminishing SAR for Wearable UHF Antennas. IEEE Antennas Wirel Propag
Lett. 2015; 14:1530-1533. https://doi.org/10.1109/LAWP.2014.2374423

Ashyap AYI, Dahlan SH Bin, Zainal Abidin Z, et al. An Overview of Electromagnetic Band-Gap Inte-
grated Wearable Antennas. IEEE Access. 2020; 8:7641-7658. https://doi.org/10.1109/ACCESS.2020.
2963997

PLOS ONE | https://doi.org/10.1371/journal.pone.0246057 January 28, 2021 20/21


https://doi.org/10.1007/s00339-016-9914-0
https://doi.org/10.1007/s00339-016-9914-0
https://doi.org/10.1080/09205071.2019.1699170
https://doi.org/10.1109/TBCAS.2017.2671841
http://www.ncbi.nlm.nih.gov/pubmed/28541907
https://doi.org/10.1002/mmce.21640
https://doi.org/10.1002/mmce.21640
https://doi.org/10.3390/s18071982
http://www.ncbi.nlm.nih.gov/pubmed/29933585
https://doi.org/10.3390/s19081804
http://www.ncbi.nlm.nih.gov/pubmed/30991753
https://doi.org/10.3390/s20143809
http://www.ncbi.nlm.nih.gov/pubmed/32650383
https://doi.org/10.1002/mop.32224
https://doi.org/10.1002/mop.32224
https://doi.org/10.1109/TAP.2020.3010622
https://doi.org/10.23919/APMC.2018.8617196
https://doi.org/10.3390/electronics9010021
https://doi.org/10.3390/electronics9010021
https://doi.org/10.3390/electronics9020258
https://doi.org/10.3390/s18124214
http://www.ncbi.nlm.nih.gov/pubmed/30513719
https://doi.org/10.1109/LAWP.2018.2794061
https://doi.org/10.1109/LAWP.2018.2794061
https://doi.org/10.1109/ACCESS.2020.2993371
https://doi.org/10.1109/ACCESS.2020.2993371
https://doi.org/10.3390/electronics8060665
https://doi.org/10.1080/09205071.2015.1060139
https://doi.org/10.1109/TAP.2014.2298886
https://doi.org/10.1109/TAP.2014.2298886
https://doi.org/10.1109/LAWP.2014.2374423
https://doi.org/10.1109/ACCESS.2020.2963997
https://doi.org/10.1109/ACCESS.2020.2963997
https://doi.org/10.1371/journal.pone.0246057

PLOS ONE

Via-less electromagnetic band-gap-enabled antenna based on textile material for wearable applications

36.

37.

38.
39.

Goussetis G, Feresidis AP, Vardaxoglou JC. Tailoring the AMC and EBG Characteristics of Periodic
Metallic Arrays Printed on Grounded Dielectric Substrate. IEEE Trans Antennas Propag. 2006; 54
(1):82-89. https://doi.org/10.1109/TAP.2005.861575

Kurra L, Abegaonkar MP, Basu A, Koul SK. A compact uniplanar EBG structure and its application in
band-notched UWB filter. Int J Microw Wirel Technol. 2013; 5(4):491-498. https://doi.org/10.1017/
S$1759078713000044

CST Microwave Studio. Accessed: Oct. 10, 2016. [Online]. Available: http://www.cst.com

Tayyab M, Sharawi MS, Shamim A, Al-Sarkhi A. A low complexity RF based sensor array for lung dis-
ease detection using inkjet printing. Int J RF Microw Comput Eng. 2019; 29(4):e21586. https://doi.org/
10.1002/mmce.21586

PLOS ONE | https://doi.org/10.1371/journal.pone.0246057 January 28, 2021 21/21


https://doi.org/10.1109/TAP.2005.861575
https://doi.org/10.1017/S1759078713000044
https://doi.org/10.1017/S1759078713000044
http://www.cst.com
https://doi.org/10.1002/mmce.21586
https://doi.org/10.1002/mmce.21586
https://doi.org/10.1371/journal.pone.0246057

