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ABSTRACT: A screen-printed wearable coplanar waveguide (CPW) fed semi-octagonal shaped antenna is developed on a denim textile
substrate to resonate at 2.45 GHz for wireless medical body area network communications. The antenna is integrated with a circular
ring-type electromagnetic bandgap structure (EBG) to mitigate performance degradation due to the high permittivity of the tissue model
when it works on body conditions. The CPW antenna and EBG surfaces are fabricated using the screen-printing method, which provides
good conformability, good wearable comfortability, and light weight. The proposed EBG integrated antenna has dimensions of 0.66\ X
0.66X x 0.056 and an impedance bandwidth of 13% (2.3-2.62 GHz) with a gain of 6.7 dB. The specific absorption rates (SARs) of
the antenna are 0.309 W/kg and 0.14 W/kg for 1 g and 10 g of tissue, respectively, which are within the wearable safety limits. Thus, the
fabricated prototype antenna is suitable for wearable WBAN and MBAN applications.

1. INTRODUCTION

extile wearable antennas monitor various vital signs to di-
Tagnose the disease. Fabric-based wearable antennas pro-
vide better performance, improve desirability, and reduce wear-
able discomfort. Various fabrication techniques are involved in
fabricating textile wearable antennas, such as adhesive, inkjet
printing, weaving, embroidery, and screen printing. The major-
ity of researchers have developed textile antennas based on the
adhesive technique. In adhesive fabrication, conductive pat-
terns are directly attached to the textile substrates using glue or
adhesive paste, which reduces fabrication complexity. An in-
verted E-shaped patch structure with a partial ground plane [1]
is developed on a denim substrate using the adhesive technique
to resonate at 2.45 GHz. Due to partial ground, the antenna has
a bidirectional radiation pattern, which leads to high SAR. A
multilayer aperture-coupled textile antenna is attached to the
felt and fleece substrate using adhesive fabrication, which op-
erates at 2.45 GHz [2]. However, manually aligning multilayer
aperture coupled portions such as patch, feedline, and aperture
gap is difficult, has low precision, and may degrade the results.
In [3], a textile wearable antenna with defective ground surface
is developed on a polyester substrate to resonate at 2.45 GHz.
The conductive portion of the radiating elements is made on
copper foil tape and attached to the polyester substrate with
the help of a self-adhesive paste. However, due to their poor
durability and mechanical stability, copper foil and adhesive
fabrication are not preferred for regular use [4]. In [5], an
inkjet-printed wearable textile antenna is realized on polyester
cotton substrates to resonate at 2.45 GHz. Before inkjet print-
ing, a non-conductive ink is screen-printed in order to minimize
the substrate surface roughness and to create a uniform surface
for continuous conducting, but the combination of inkjet and
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screen-printing increases the fabrication complexity. A wear-
able antenna is embroidered on a cotton textile substrate to res-
onate at 2.45 GHz [6]. In embroidery fabrication, conductive
patterns of patch and ground are realized on two separate sub-
strates and stacked with nonconductive thread in order to avoid
electrical shorting between patch and ground, which leads to an
increase in size. Furthermore, the air gap between conductive
thread stitches affects the surface conductivity and antenna per-
formance. A wearable electro-textile multilayer woven patch
antenna [7] was fabricated on a cotton substrate to operate at
2.45 GHz. In the weaving process [8], conductive yarns of the
patch antenna should be arranged according to the major cur-
rent flow direction to reduce back lobes and improve the gain.

However, additional procedures like cutting, sewing, and
binding are required in the woven patch to complete the fab-
rication process. In [9], an E-shaped multilayer antenna is
screen printed on polyvinyl butyral (PVB) coated polyester
fabric to resonate at 3.37 GHz for WiMAX applications, with
a 3.6dB realized gain. PVB dip coating provides uniform
fabric surfaces for conductive section printing and mitigates
electromagnetic interference during water absorption. Cavity
backed surface integrated waveguide (SIW) antennas are pro-
posed [10, 11] which give high isolation between human body
and antenna without large ground plane reflector. The lim-
itation of SIW is difficult to fabricate vertical metallic vias
in the sidewalls of textile substrate. Compared to adhesive,
inkjet, weaving, embroidery, and SIW techniques, the screen-
printing technique is chosen due to low-cost fabrication, precise
structure realization, good wearable comfortability, and light
weight. To improve the radiation efficiency and SAR reduc-
tion, the reflector is placed below the antenna with A\/4 distance
to obtain in-phase reflection [12, 13] which leads to increased
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FIGURE 1. (a) Schematic diagram of proposed circular slot semi octagonal shaped antenna. [The optimized antenna dimensions are L = 32, W = 40,
Ry =18,0r =11.86, W1 =16.4,L1 =6,L2 =2,9=0.6, Ws =3, Ly =7,and W; = 2, all dimensions in mm]. (b) Simulated S1; results

of proposed CPW antenna.

antenna thickness. To miniaturize the reflector height and im-
prove the wearable comfortability, a circular porous EBG struc-
ture is developed on a denim substrate [14]. However, porous
ground may allow to observe moisture and sweat, which may
degrade antenna performance. In [15], an eight-shaped EBG
structure is developed on a denim substrate and integrated with
amonopole antenna to improve the bandwidth. However, these
structures increase the area. In order to resolve this issue, a uni-
planar circular ring EBG structure is proposed. The proposed
work focuses on a screen-printed fabric antenna integrated with
an EBG structure for WBAN and MBAN applications. The
proposed EBG structure provides in-phase reflection character-
istics at 2.45 GHz, which enhances the gain and consequently
reduces the back radiation and SAR.

2. ANTENNA DESIGN

2.1. CPW-Fed Textile Wearable Antenna Design

The wearable CPW antenna consists of a semicircular ring-
slotted ground plane with a semi-octagonal shaped stub. The
conductive portion of the antenna is a screen printed on one
side of a 1.4 mm thick denim (jean) fabric substrate, as shown
in Figure 1(a). The dielectric constant (¢,.) of denim is 1.7,
and the loss tangent (tan ) is 0.025 [16]. The semi-octagon-
shaped structure is used as a tuning stub, which is surrounded
by a semicircular ring-slotted ground plane. The antenna res-
onates at 2.6 GHz when the perimeter of the semicircular slot
is about the one guided wavelength (A, = 92.5 mm) of the 50-
ohm CPW feed line [17]. Furthermore, introducing symmet-
rical horizontal slots in the ground helps to shift the antenna
frequency from 2.6 to 2.4 GHz, as shown in Figure 1(b). The
semi-octagon-shaped stub is symmetrical with respect to the
feed, which reduces the high impedance of the semicircular slot
and matches with 50-ohm impedance.

The CPW-fed semi-octagon-shaped structure exhibits a bidi-
rectional radiation pattern which leads to the increase in SAR.
Moreover, when the antenna operates close to the human body,
it detunes the frequency due to the high permittivity of the hu-
man tissue model. Therefore, it is essential to separate the mod-
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eled antenna from human tissue. To overcome these problems,
a 3 x 3 uniplanar circular ring EBG array is designed to be kept
at the bottom of the CPW-fed structure to mitigate the backward
radiation, SAR, and to improve the forward gain.

2.2. Parametric Analysis

The key parameters of the proposed antenna’s slotted radius
(Ry), horizontal slot width (1¥5), and semi-octagonal shaped
stub dimension (Op,) are examined. It can be observed that in-
creasing the R; value shifts the frequency to lower resonance
due to the increase in the current path of the semicircular slot
circumference, which is shown in Figure 2(a).

The semi-octagonal stub dimension is varied, and the effect
of the reflection coefficient is observed in Figure 2(b). The stub
dimension is optimized to obtain better impedance matching at
2.45 GHz.

Horizontal symmetrical slots (W5) are etched on the ground
plane to shift the resonance frequency from 2.6 to 2.4 GHz;
when the slot width increases, the capacitance value increases;
therefore, the resonance value shifts to lower, which is depicted
in Figure 2(c).

2.3. Circular Ring EBG Design

The EBG structure consists of a circular ring array on one side
of a 3 mm denim substrate and a ground structure on the other
side, as shown in Figure 3(a). The designed EBG structure
forms a 3 x 3 array on the rear side of the antenna to mitigate
the backward radiation. The EBG characteristics are analyzed
by plotting the reflection phase. Initially, the length and width
of the EBG unit cell is L, = 28.5 mm which is designed using
a circular patch, creating 0° reflection phase at 3.5 GHz. Then
the patch is cut with a circular slot of radius 71, which offers 0°
reflection phase at 2.45 GHz and helps to miniaturize the EBG
unit cell. The inductance (L) is produced by the circular cur-
rent loop in the ring surface, and the space between the two ad-
jacent circular rings generates capacitance (C;). The thickness
of the substrate between the top and bottom layers is modeled as
dielectric-loaded short-circuited transmission line inductance
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FIGURE 3. (a) Schematic diagram of single EBG unit cell. (b) Reflection phase of circular ring EBG unit cell model. [The optimized dimensions of
circular ring EBG unit cell is L. = 28.5, W,. = 2, r1 = 12, ro = 14; all dimensions in mm]. (¢) Equivalent circuit model of conventional circular

patch EBG.

(L4). The equivalent capacitance (C's) of two adjacent circular
rings is almost the same as circular patch EBG, and the equiva-
lent inductance (L) of a circular ring increases compared with
a circular patch because the current path increases in circum-
ference. Therefore, the effect of increasing inductance (L)
shifts the frequency from 3.5 to 2.45 GHz. The circumference
of the circular ring EBG is about one wavelength A, = 88 mm,
which is optimized to match zero reflection phase at center fre-
quency 2.45 GHz, as shown in Figure 3(b). EBG structure be-
haves like an artificial magnetic conductor when the reflection
phase crosses zero degrees. The reflection phase bandwidth is
observed between —90° and 90°, which is 160 MHz from 2.37
to 2.53 GHz. The equivalent circuit diagram of a unit cell is de-
picted in Figure 3(c). The total surface impedance and resonant
frequency of the EBG structure can be calculated using Egs. (1)
and (2) [18, 19].

jwLa(1 —w?L,Cy)
1-— (JJ2C5(LS + Ld)

ZS(W) Z1 HZQ = (1)

1
(Ls + Ld)Cs

o 2
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3. INTEGRATION OF CPW-FED TEXTILE WEARABLE
ANTENNA ON EBG STRUCTURE

The proposed CPW-fed textile wearable antenna is placed
above the 3 x 3 circular ring-type EBG structure at a distance of
3 mm using a foam spacer, as shown in Figure 4(a). This foam
spacer prevents the SubMiniature version A (SMA) connector
from intersecting the EBG, as shown in Figure 4(b). EBG struc-
ture is used to avoid the frequency detuning due to the high
dielectric constant of the human tissue model and reduce the
SAR. Perfect electric conductor (PEC) reflector requires \/4
distance to create null phase shift, but EBG structure provides
zero phase shift without A\/4 distance. Owing to the EBG in-
phase reflection characteristics, the antenna and image currents
are constructively added to increase the antenna gain, as shown
in Figure 4(c). The simulated reflection coefficient of the EBG
integrated antenna structure lies in the frequency range of 2.4
to 2.51 GHz, which is depicted in Figure 5(a). Surface current
is symmetrically distributed through the antenna along the y-
axis with respect to feed. In the x-axis, the current is equal and
180-degree out of phase, which is seen in Figure 5(b).

The SAR validation is performed using the human Hugo
voxel model and simplified multi-layer tissue model. Initially,
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FIGURE 5. (a) Reflection coefficient of EBG integrated structure. (b) Surface current distribution with EBG.

TABLE 1. Properties of human tissue models.

Phantom Freq = 2.45GHz
Layers Er o (S/m)
Skin 37.95 1.49
Fat 5.27 0.11
Muscle 52.67 1.77
Bone 18.49 0.82

Density Thickness
(kg/m’) (mm)
1001 3
900 7
1006 20
1008 10

the EBG integrated antenna is placed on the human chest at a
3 mm distance to validate the SAR performance. The maxi-
mum SAR value is 0.0819 W/kg for 1 g tissue obtained on the
human Hugo chest voxel model, which is shown in Figures 6(a)
& (b). Furthermore, the proposed antenna is positioned on the
four-layer human phantom tissue model on the surface and vali-
dated SAR value, as shown in Figure 6(c). The properties of the
multi-layer tissue model are shown in Table 1. According to the
European Union (EU) and FCC guidelines [20], the SAR value
is always less than 2 W/kg (10 gram) and 1.6 W/kg (1 gram) tis-

140

sue model. The SAR value of the proposed EBG integrated
antenna well meet the EU and Federal Communications Com-
mission (FCC) wearable safety limit. The SAR performance o
with and without EBG structure is shown in Table 2. The fun-
damental calculation of SAR evaluation is shown in Eq. (3),
where E represents the electric field (V/m), o the conductivity
(S/m), and p the mass density of the tissue (kg/m?).

(€)
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FIGURE 6. (a) Antenna placement human Hugo voxel model. (b) SAR performance of Hugo voxel model. (c) SAR evaluation on four-layer phantom
tissue model at 2.45 GHz.
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TABLE 2. SAR comparison without and with EBG structure.

SAR analysis at 2.45 GHz (W/kg)
Multilayer tissue l1gram | 10grams
CPW-fed antenna without EBG 32 19
EBG integrated CPW-fed antenna | 0.309 0.140

4. FABRICATION AND MEASUREMENT

4.1. Screen Printing

Wearable antennas must be lightweight, conformal, durable,
mechanically stable, and easily integrated with textile mate-
rial. To satisfy these requirements, a conductive screen-printing
technique is adopted here to fabricate a wearable antenna. The
conductive portion of the CPW-fed antenna and circular ring
type EBG structure are printed on denim cloth by using silver
conductive ink (surface resistance of 0.01 £2/sq) which is shown
in Figure 7(a). Initially, the screen-printing mask is prepared
where non-conductive portions are masked by using emulsion,
and conductive portions are left open on the screen [21]. The
conductive ink is applied above the screen and pushed through
the squeeze, and the printed structure is cured at 110°C. An
SMA connector is surface-mounted on the CPW antenna using
silver epoxy conductive paste.
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4.2. Measurement

An Anritsu MS2027C Vector Network Analyzer (VNA) is used
to measure the return loss in flat and various radius bent condi-
tions along with the y and x axes to ensure the frequency sus-
tained during the on-body realistic condition. The measured
and simulated EBG integrated antenna reflection coefficients
are shown in Figure 7(b), covering the frequency range of 2.3—
2.62 GHz along with 320 MHz bandwidth. The return loss of
the EBG integrated antenna in various bent radius is shown in
Figure 7(c), where the frequency and bandwidth are slightly
shifted compared with the flat condition. When the antenna is
bent according to the x-axis, the width of the antenna affects
the input impedance. Therefore, the return loss is higher than
the flat conditions. However, in bending conditions, the pro-
posed antenna still maintains an S7; result of less than —10 dB
between 2.44 and 2.6 GHz.

The radiation pattern of the screen-printed EBG-integrated
CPW-fed antenna is validated through an anechoic chamber,
which is depicted in Figure 8(a). Without the EBG structure, the
antenna has a 2.06 dB peak gain; when the antenna is attached
to the 3 x 3 circular ring-type EBG structure, it has a maximum
gain of 6.7 dB. EBG structures behave like a perfect magnetic
conductor (PMC) at 2.45 GHz (null reflection phase); therefore,
the back radiation is reflected back in the forward direction with
in-phase reflection and enhances the forward gain by 4.6 dB.

Figures 8(b) and (c) show the normalized H-plane and E-
plane radiation patterns at 2.45 GHz. The purposive EBG inte-
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TABLE 3. Comparison of proposed screen-printed wearable antenna with literature works.

Ref. Substrate | Permittivity | Freq. (GHz) | BW (%) | Gain (dB) Fabrication Area
[22] Fleece 1.2 2.45 9.52 7 Adhesive (2.4 x 1.6 x 0.05)A
[23] Felt 1.4 2.45 4 2.42 Adhesive (0.8 x 0.8 x 0.048) A
[24] Felt 1.2 2.45 15 7.3 Adhesive (0.66 x 0.66 x 0.032)\
[25] Jean 1.7 2.4 8.3 6.5 Adhesive (0.48 x 0.48 x 0.019)A
[16] Jean 1.7 245 12 35 Adhesive (0.3 x 0.15 x 0.0023)\
[26] Jean 1.7 2.45 32 6.4 Adhesive (0.48 x 0.48 x 0.019)A
[6] Cotton 1.7 2.45 1 5.25 Embroidery (0.40 x 0.4 x 0.008)A
[27] Cotton 1.5 2.45 20 7.1 Embroidery (0.93 x 1.00 x 0.016)\
[28] Felt 1.4 245 6 5.35 SIW (0.61 x 0.39 x 0.02)A
[29] Jean 1.7 2.45 22 8.3 Adhesive (1.128 x 1.128 x 1.1)A
Proposed | Denim 1.7 2.45 13 6.7 Screen printing | (0.66 x 0.66 x 0.05)A

grated antenna has a unidirectional radiation pattern with mea-
sured and simulated gains of 6.7 and 7.1 dB, respectively, and
has a front-back ratio of 16.9 dB. The proposed EBG-based tex-
tile wearable antenna performance is compared with the exist-
ing textile substrate-based wearable antenna reported in terms
of fabrication technique, bandwidth, gain, and area at 2.45 GHz,
as listed in Table 3. It shows that the proposed screen-printed
antenna has a gain of 6.7dB and 13% impedance bandwidth
with a miniaturized antenna size, which is better than the exist-
ing works.

5. CONCLUSION

A wearable screen-printed semi-octagonal CPW-fed antenna
combined with an EBG structure is presented for wireless
medical band communications at 2.45 GHz. The 3 x 3 cir-
cular ring screen-printed EBG array is incorporated with a
CPW-fed antenna to eliminate the impedance mismatch and
SAR reduction when it operates closer to the human tissue
model. The proposed screen-printed structure has a dimension
of 0.66\ x 0.66\ x 0.056), and the impedance bandwidth of
(2.3-2.62 GHz) 13% with a 6.7 dB gain is observed. The reso-
nant frequencies are stable under various bending radii, which
is suitable for flexible applications. In addition, the SAR value
is obtained to be 0.309 (1 gram) and 0.14 (10 gram) W/kg for
tissue, which satisfies FCC and EU specifications for wearable
applications.
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