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Abstract — A compact and robust inversely E-shaped antenna
(IESA) integrated with electromagnetic band-gap (EBG) is
presented for wearable applications at 2.4 GHz. The EBG
introduced in this paper to shield the antenna from body effects,
due to its high natural dielectric. With EBG, the antenna shows
good performance under bending and loading human body. The
design has overall dimension of 46x46x2.4 mm?. The integration
of antenna with EBG shows an improvement of a gain of 7.8 dBi
and bandwidth of 27%. It also reduces the specific absorption
rate (SAR) by more than 95.

Index Terms — EBG, AMC, SAR, wearble textile antennas,

I. INTRODUCTION

Wearable devices are highly desirable to support variety of
wearable technologies because of their flexibility, and ease of
integration with cloths. Through wearable technologies,
wireless human sensing systems can now support a variety of
Internet of Things (IoT) applications such as but not limited
to monitoring of human vital signs and personal health, smart
home, firefighters, tracking, and smartwatches. In this
wearable devices, antennas play a vital role in the
performance of communication systems for body worn
devices. Therefore, several factors to be consider when
designing a wearable antenna, such as deformation, loading
on body and comfortability of users [1]-[6].

Operating the antennas close proximity to human body
effects their performance such as detuning and attenuation of
resonant frequency, distortion of the radiation pattern, drop
of the efficiency and gain. In addition, mismatches and losses
result by human tissue make the design of efficient antennas
challenging, especially when it is required to have
lightweight, robust, high radiation efficiency and low profile
characteristics [7],[8].

Several types of configuration such as substrate integrated
waveguide antenna, inverted-F antennas, CPW antenna,
microstrip patch antenna, and cavity-backed antenna [9]-[13]
have been explored for their suitability as wearable antennas.
But these designs carried some drawbacks such large lateral
size, narrow bandwidth and high back radiation.

Recently, a huge effort has been devoted to minimize
antenna-human interactions. In line with previous research,
several designs such as full ground plane, AMC, EBG, MTM,
HIS [14]-[19], placed behind the antenna have been proposed
to enhance antenna performances whereas reducing the back

radiation towards the body. Nevertheless, these structures
still electrically large and have a poor FBR.

In this paper, we provide further results from a study of a
novel fabric antenna integrated with EBG that was initially
outlined in [20]. The overall dimension of the design is
46x46x2.4 mm>. The design has a novelty of demonstrating
the feature of EBG (suppress surface wave) and AMC (in
phase) that improve antenna characteristics such as bandwidth,
gain, FBR and SAR.

II. DESIGN METHODOLOGY

The optimized novel presented inversely E-shaped antenna
(IESA) was briefly reported in [20]. A specific slot is
introduced in the radiating patch of the microstrip antenna
forming a novel inversely E-shaped design. The slots
meandered the excited patch surface current path causes the
resonant frequency of the antenna to decrease, which
corresponds to a reduction in antenna size. The detail design
scheme and the study of the IESA structure are clearly shown
in[11].

The novel structure of the EBG unit cell was initially
started with square loop. The square loop was tuned to yield
a 0° reflection phase at 2.4 GHz with overall dimension of
32x32x0.7 mm? as depicted in Fig.1 (a). The square loop
structure able only to show the in-phase feature, due to the
absent of via that result of shifting the band-gap to higher
frequencies.

Y Y v
L.

Chi,

L4 L Ly
4&—% T %

P AA_AA

Do

[N

[ ]

(@ (b)
Fig.1.EBG unit cell (a) conventional square loop, and (b) Proposed design

Removing Via from EBG makes the design fabrication
process easier but the feature of band-gap disappear. To have
the feature of band-gap without having Via, four T-shaped
was added to the square loop forming a novel shape as
depicted in Fig.1 (b). These T-shaped have increased the



effective inductance which demonstrated the features of
EBG/AMC and reduced the size by 51.42% compared to the
conventional square loop design.

The proposed EBG unit cell was examined by two methods
[21]. The reflection phase that shows the feature of in-phase
crossing 0° at 2.4 GHz which mimic the characteristic of
PMC that does not exist in nature. The band-gap that covers
from 2.18 GHz to 2.8 GHz which indicates the suppression
of surface wave within this range. The result of reflection
phase of both the conventional square loop and the proposed
design are illustrated in Fig. 2(a) whereas the bandgap of
proposed design is depicted in Fig. 2(b).
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Fig.2. (a) reflection phase, and (b) Band-gap

The physical structure of the proposed EBG unit cell is
modelled as equivalent circuit as depicted in Fig 3. The
inductances are due to the strip lines while the capacitances
are due to the gap between the neighboring unit cells and the
gap between the strips. The values of inductance and
capacitance can be determined based on the following

equations [16]:
[1 e () ]} 1)

where £ and w are the length and width of the strip lines,
and £ is the substrate height.
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where W is width of patch, and g is the gap
Ly = poh A3)

Fig.2 (a) presents the comparison of reflection phase
attained from the equivalent circuit and the full wave. It is
observed that the result in good agreement.
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Fig.3. Equivalent circuit model of proposed design

ITII. EXPERIMENTAL INVESTIGATIONS AND
ANALYSES

The IESA is positioned on top of the EBGs as shown in
Fig. 4. Foam with thickness of 1 mm separates the IESA and
EBGs to diminish the mismatch as well as to avoid any short
circuit. It was shown in [19] that the S;; and radiation pattern
of the presented antenna with EBG demonstrate a superior
performance with a bandwidth of 27 % (measured), the gain
of 7.8 dBi (simulated) and the FBR of 15.5 dB (measured).

@ (BT, )
Fig.4.Fabricated antenna with EBG structure (a) Front view and (b) Back
view

IV. FURTHER INVESTIGATION AND DISCUSSION
A. Bending Assessment

In more than a few applications, the flexible antennas are
expected to be bend or load to human body surfaces during
operation. Hence, before studying the human body tissue
loading influence, an examination on the performance of the
proposed design under several degrees of structural
deformation in free space is demanded, to confirm its
reliability. Two different orientations have been considered:
x-axis, and y-axis, and experimentally tested. The bending
was conducted with several diameters (d) of 70 mm 80 mm,
100 mm, and 140 mm. These diameters corresponds to
different size of human legs and arms.

The experimental result depicted in Fig.5. The results
reveal that the shift of the resonant frequency of both
orientations are insignificant, since the desired band still
below -10 dB even at extremely degree of bending.
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Fig.5. Si; measurement of the integrated antenna with EBG under bending at
the (a) y-axis, and (b) x-axis.

The radiation pattern under bending was also
experimentally carried out at diameter of 140 mm as depicted
in Fig.6. The obtained result was compared with measured in
free space. The result is comparable with minor effects that
could due non-ideal uniformity of the bending diameters
across the structure.
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Fig.6. Radiation pattern measurement under bending at diameter 140 mm
along y-axis and x-axis

B. Effects of Human Tissues Loading

The EBG used in this design to shield the antenna from the
body effect. Hence the resonant frequency will not detune and
attenuate. To valid this, the design was experimentally
examined by placing the design on chest and back of
volunteer male. The results is depicted in Fig.7. It is seen that
the Si; is stable and cover the desired band. This indicates
that the EBG shield the antenna from the body that has high

neutral dielectric which detune the resonant frequency.
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Fig.7. Si1 measurement of the integrated antenna with EBG positioned on
chest and back of real body

The performance radiation patterns of the antenna alone
and antenna with EBG when the design placed on the chest
were numerically tested and compared with case of free
space. The result shows that when the antenna is alone the
body absorbed high radiation compared to free space as seen
in Fig.8, whereas when the antenna with EBG the radiation
pattern is comparable indicting of less radiation absorbed by
body as seen in Fig.9. This shows the useful of introducing
EBG in the antenna design.
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Fig.8. Simulated radiation patterns of the antenna alone on chest model (a)
E-plane, and (b) H-plane.
0

180
== == Tree Bpace
e on chest

180
- = Free Space
=ee o chest

(a) (b)
Fig.9. Simulated radiation patterns of the antenna with EBG on chest model
(a) E-plane, and (b) H-plane.

C. SAR Assessment

To find the amount of electromagnetic radiation captured
by the tissues in the body, assessment of the SAR becomes
essential to confirm the safety level is below the standards.
Based on the guideline given by the FCC, the SAR values
should be less than 1.6 W/kg averaged over 1 g of human
tissues [19].



TABLE I
SAR VALUES WITH AND WITHOUT EBG ON CHEST

Different  distances Antenna a lone Antenna with EBG
between the design
model

0 7.42 0.093

1 6.48 0.032

3 5.16 0.02

A multi-layer model developed to represent the chest for
SAR analysis. The model have four layers which are skin,
bone, fat, and muscle and have a dimension of 150x150x40
mm?®. The data and thickness of each layer is taken from [19].
100 mW was selected as input power. The analysis is carried
out using IEEE (C95.1 standard provided in the CST. The
design was placed with different distances from the model to
study the influence on the SAR levels. Fig.10. displays the
simulated SAR at 1 mm away from the chest .Furthermore,
the SAR value at 2.4 GHz of the antenna with and without
EBG at 1 g is summarized in Table I. the result indicates that
when the antenna is alone the SAR levels exceed the
standards, while when EBG was adding to the antenna the
SAR values reduces by more than 95%. As a result, it is
obvious from the SAR levels that the EBG is operating well
as a PMC at the higher frequencies.
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Fig.10. SAR levels at 1 mm far from the chest (a) antenna alone,(b) and
antenna with EBG

V. CONCLUSION

A robust and compact fully fabric antenna incorporated
with EBG for wearable application is effectively designed
and experimentally tested. The EBG in this design shield the
antenna from the body and improved the performance of the
antenna compared to the case without EBG. The proposed
design shows good performance under deformation and
loading of the body. Furthermore it achieves a gain of 7.8 dBi
and a bandwidth of 27%, at the desired band and reduced the
radiation into the body by over 15 dB. Besides that, it reduces
the SAR values by more than 95% compared to antenna
alone.
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