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In this paper, a wearable dual-band T-shaped antenna using a coplanar waveguide (CPW) fed operating at 2.4 GHz and 5.2 GHz
bands is proposed for onbody wireless communications applications. Without the metamaterial-based electromagnetic bandgap
(EBG) layer, the original antenna covers two bands from 1.96 GHz to 2.77 GHz and from 5.07 GHz to 5.35 GHz. The antenna
efficiency decreases when it is placed on the human arm due to the interference from the human body to the antenna,
as shown by a high specific absorption rate (SAR) value. These SAR values are reduced to 77.1% at 2.4 GHz and 91.7%
at 5.2 GHz by the proposed EBG. The antenna gain is therefore improved to 1.4dBi at 2.4 GHz and 6.25dBi at 5.2 GHz.
The antenna prototype is evaluated using a Wi-Fi wearable device, resulting in an improved signal-to-noise ratio (SNR)

of 6-12dB.

1. Introduction

Nowadays, with the increase in average age in developed and
developing countries, a telehealth monitoring system is a
promising healthcare solution that allows elderly people to
live alone. In this kind of system, wearable wireless devices
are required to measure and collect human health parame-
ters. Among them, the wearable antenna is an essential part
of deciding the wireless communication quality [1-5]. The
desired wearable antenna operates well when placed on the
human body. In addition, it is compact and integrated into
sensing circuits with a stable performance. To satisfy the
IEEE 802.15 or IEEE 802.11 wireless local area network
physical layer standards for most telemonitoring systems, a
dual-band antenna at 2.4GHz and 5.2 GHz bands design
must be developed. However, the antenna performance is
strongly affected by interference from the human body. To
maintain its performance at both operation bands, several
broadband and multiband antennas have been proposed
based on the dipole, monopole, and slot antennas in [6-8].
It is indeed worth noting that while some flexible antennas

were introduced in [9-11], they were not specifically
designed for wearable devices. Regarding the size limitations
of wearable devices, we have taken into consideration previ-
ous studies such as [12-14]. In [12-14], planar inverted-F
antennas were utilized; however, their dimensions were rela-
tively large (0.68A x0.52A in [13] and 0.67A x 0.55A x 0.06A
in [14]), rendering them incompatible with wearable devices.
Additionally, a dual-band monopole antenna was presented
in [15], but it exhibited a narrow bandwidth of only 5.7%
and 3.78% at 2.45GHz and 5.85 GHz, respectively. As we
mentioned before, unlike traditional antennas, which are
generally positioned in free space, wearable antennas are
located near human tissues. These tissues have a high dielec-
tric constant, affecting the antenna performance such as
reflection coefficient (S;;), bandwidth, gain, and radiation
characteristics [15]. Furthermore, electromagnetic wave
radiated from a wearable antenna is regulated not to be
unsafe for human tissue health [16]. It is qualified by a spe-
cific absorption rate (SAR) level. In general, a maximum
SAR value of 2 W/kg averaged over every 10 grams of tissue
is required and set by the International Commission on
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FIGURE 1: Proposed antenna design process. (a) First step. (b) Second step. (c) Third step. (d) Proposed antenna. (e) The ground plane of the

proposed antenna.

TaBLE 1: Dimension for the proposed antenna.

Value Value Value
Parameter Parameter Parameter

(mm) (mm) (mm)
Vb 34 hy 20 Xsb 30
Vg 10 h, 14 X 15
b3l 2 hy 9 X 18
y2) 1 hy 3 X3 20
Xf 32 KXglot 4.2 X4 10

Non-Ionizing Radiation Protection (ICNIRP) [17]. We have
also examined several wearable antennas discussed in
[18-20]. It is worth noting that the antenna presented in
[20] had a relatively large size of 1.54A x 0.48A. Further-
more, although the SAR (specific absorption rate) value
was not mentioned in [18], it was found to be suboptimal
in [19] at 0.536 W/kg, 0.593W/kg, and 0.692W/kg for
3 GHz, 6 GHz, and 10 GHz, respectively.

To overcome these limitations, metamaterial-based
EBG layers were used to isolate the body and the antenna

-104

~15

(dB)

-25 4

-30 4 i

-35

= -20
%)

1 2 3 4 5 6

Frequency (GHz)
- - - - First step
------ Second step
————— Third step
Final step

FIGURE 2: S, based on the evaluation process.
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FiGure 3: Electric field distribution of the proposed antenna at the metal-dielectric interface (a) 2.4 GHz and (b) 5.2 GHz and surface current

distribution of the proposed antenna at (c) 2.4 GHz and (d) 5.2 GHz.

in [21], which reduces the SAR values from 2.57 W/kg to
0.68 W/kg. Different structures of the EBG elements were
studied such as mushroom structure in [22] and some
complex structures in [23], proving the potential function
of EBG [24-28] to reduce the interference between the
body and the antenna. Unfortunately, the proposed EBG
antennas have complex designs and strongly sensitive
electromagnetic behavior, which are not suitable for
wearable devices.

In this paper, a small-size dual-band T-shaped antenna
is proposed using coplanar waveguide (CPW) feed. The
application of the rectangular ring-shaped dual-band EBG
structure is also investigated, showing the improved wearable
antenna SAR. Details of the design principle and the experi-
ment results are shown in the following parts.

2. Antenna and EBG Designs

2.1. Antenna Design. The four-stacked T-shaped antenna fed
by CPW is shown in Figure 1. It has four arms with unequal
lengths and widths. The antenna parameters are listed as in
Table 1. The evaluation process of the design using the
T-shaped structure is shown in Figure 1. The first T-arm

(first step) in Figure 1(a) responds to the resonance at
2.4 GHz. After adding the second arm as in Figure 1(b), an
upper-frequency band appears at 5.2 GHz. Integrating the
third and fourth arms corresponding to the third and final
steps, respectively, as shown in Figures 1(c) and 1(d), leads
to a bandwidth enhancement at the low-frequency resonance
at 2.4 GHz (see Figure 2). As in Figure 3, the lower resonant
band is determined by the first arm, and its bandwidth
(defined at -10dB of S;,) is extended by the third and fourth
arms of the antenna. This enhancement is probably due to
the coexcitation of resonances at adjacent frequencies, and
thus forms a wider operating band. The other resonant band
(5.2 GHz) is determined solely by the first and second arms of
the antenna. The proposed antenna uses a RT/duroid 5880
substrate with a thickness of 0.8 mm, a relative permittivity
of 2.2, and a loss tangent of 0.0009, with a 0.035mm of the
copper layer. This substrate is flexible and resilient, which is
suitable for wearable devices. The antenna dimension is listed
in Table 1.

To verify the applicability of wearable devices, a simple
model (phantom) of a human arm is proposed in this
paper. The human arm is modeled using CST and consists
of four layers: skin, fat, muscle, and bone, as shown in
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FIGURE 4: Antenna placed on the human arm modeling.

TAaBLE 2: Properties of the human arm.

Skin Fat Muscle Bone
Dieletric constant 38 5.28 52.79 11.38
Conductivity (S/m) 1.46 0.1 1.73 0.39
Density (kg/m®) 1100 1100 1060 1850
Thickness (mm) 4 4 16 16

-40 ' T r T T T T
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Frequency (GHz)
-~~~ Onbody
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F1GURE 5: Simulated S;; of the monopole antenna in free space and
on the body.

Figure 4. The materials and design parameters of the
human arm are the same as listed in [29, 30], which have
been demonstrated to be suitable for describing the human
arm. The intrinsic properties of each layer are summarized
in Table 2.

As shown in Figures 5 and 6 when the antenna is
placed in free space, it gives two bands, from 1.96 GHz to
2.77GHz (33.75% bandwidth) and from 5.07GHz to
5.35GHz (4.8% bandwidth) for S;; <-10dB. The antenna
peak gain at 2.4 GHz is 1.45dBi, while that at 5.2 GHz is
1.56 dBi. When the antenna is placed on the body, the

operating frequencies were redshifted and split (for the res-
onance frequency at 2.4 GHz), and their gains decrease dra-
matically due to the effect of the human arm. Furthermore,
the SAR value was extremely high for an input power of
250 mW, as shown in Figure 7. The radiation efficiency also
reduces from 84% to 9.2% at 2.4 GHz and from 58.8% to
13.1% at 5.2 GHz.

2.2. EBG Design. To improve the radiation efficiency and
reduce the SAR value, the metamaterial-based EBG struc-
ture was designed and integrated into the antenna. The
proposed EBG structure consists of double-ring rectangles,
as shown in Figure 8. The EBG geometrical parameters
are shown in Table 3. This EBG operates at both
24GHz and 5.2GHz. The size of the outer ring, which
responds to the single-band resonance at 2.4GHz, can
be adjusted by tuning the parameters x;, x,, and x;. After
adding the inner ring, the EBG operates at another fre-
quency, as shown in Figure 9 and the size of this inner
ring (x4, x5) is tuned to operate at 5.2 GHz. Figure 9
shows that adding the inner ring makes an insignificant
change in the 2.4GHz band. It means tuning either one
of two rings has almost no effect on the other one. So,
the operating frequencies can be adjusted by tuning the
size of each ring independently.

The EBG in free space and on the body can be simplified
by an equivalent circuit shown in Figures 8(b) and 8(c).
The inner ring is represented by the inductance L,. The
outer loop is featured by the inductance L,. The central
gap gives rise to the capacitance C,, while the gap between
the outer and inner loops responds to the capacitance C,.
The interelement capacitance is denoted by capacitance
C;. The body is characterized by inductance L,. The
gap between the EBG and the body gives rise to C,.
The resonant frequency of each structure can be deter-
mined from the total capacitance and inductance of the
equivalent circuits.

The EBG has two band gap frequencies, as shown in
Figure 9. One of the bands covers the 2.4 GHz peak which
has a band gap frequency between 2.06 GHz and 2.73 GHz.
Another one covers the 5.2 GHz peak between 4.66 GHz
and 5.96 GHz. Figure 9 also shows that the S;; value is
nearly 0dB in the range of the band gap frequency, indicat-
ing none of the waves in the range of the band gap can be
transmitted. The phase of the EBG goes from -90° to +90°,
covering a band from 2.08 GHz to 5.24 GHz, as depicted in
Figure 10.

3. EBG Antenna Design

When the antenna was placed on the human arm above the
EBG, the operating frequencies were shifted away, and the
parameters must be reoptimized. The EBG antenna parame-
ters are shown in Table 4.

The wearable antenna using 2 x2 EBG unit cells was
placed behind the antenna. There is an air gap between the
antenna and the EBG structure to avoid impedance mis-
matching and short circuits. The overall size is 56 x 56 x
6.6 mm?, as shown in Figure 11.
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FIGURE 6: Simulated radiation patterns of the proposed antenna in (a) free space and (b) on the body.
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FiGgure 7: Simulated SAR of the proposed antenna on body at (a) 2.4 GHz and (b) 5.2 GHz.

To examine the performance of the EBG antenna on the
body, its electromagnetic response on the human arm was
computed, as illustrated in Figure 11(a). The EBG wearable
antenna prototype measurement configuration is presented

in Figures 11(b)-11(d). The simulated and measured reflec-
tion coefficient results are shown in Figure 12. It was found
that the bandwidth of the EBG antenna is smaller than the
bare one, from 1.81 GHz to 2.52GHz (30% bandwidth)
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FIGURE 8: (a) An EBG unit cell and its equivalent circuit: (b) in free
space and (c) on body.

TaBLE 3: Dimension for the proposed EBG unit cell.

Parameter Value (mm) Parameter Value (mm)
x, 28 X, 18

X, 26 X5 15

X3 23

Magnitude (dB)

-100 4

10—
1 2 3 4 5 6
Frequency (GHz)

— §,, two rings
--- §,,onering
----- S, two rings

S,, one ring

FIGURE 9: Simulated S,;, and S, for one and two rings EBG structure.

and from 5.14 to 5.3 GHz (3.1% bandwidth), respectively.
But the SAR values with the same input power (100 mW)
decrease considerably (77.1% at 24GHz and 91.7% at
5.2 GHz), as shown in Figure 13. It is worth mentioning that
the gain is impressively improved from 1.56 to 6.25dBi at
5.2 GHz, as shown in Figure 14.

As shown in Figure 12, the measured bandwidth of the
antenna is much smaller than the simulated one, from
215GHz to 2.5GHz (16.67% bandwidth) and from
5.17 GHz to 5.28 GHz (2.1% bandwidth). Figure 14(c) shows
the simulated and measured radiation patterns of the EBG
antenna at two frequencies of 2.4 GHz and 5.2 GHz. In gen-
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FiGURE 10: Reflection phase of the proposed EBG.
TABLE 4: Dimension for EBG antenna.
Parameter Value (mm) Parameter Value (mm)
Ysb 34 Xy 30
yg 9 Xy 15
¥y 2 x, 225
V2 2 X3 8
h, 20 X, 10
hy 14 Xy 2.7
h3 9 Xglot 4.2
hy 3

eral, the results show that the measured radiation patterns
coincide with the simulated radiation patterns. There are
still some distortions. This might have been caused by the
radiation patterns measured at 10°. Besides that, since the
antenna was fixed with the EBG by foam, the relative posi-
tion between the antenna and the EBG may not be as in
the simulation. The SMA connector and welding errors also
cause some distortions. After adding the EBG structure
behind the antenna, the maximum input power increased
significantly, as shown in Table 5. The proposed EBG
antenna is then connected to the Wi-Fi module to determine
the signal-to-noise ratio (SNR) at the frequency band of
2.4 GHz, as shown in Figure 15. The measured SNR of the
proposed EBG antenna is 6 dB more than that of the com-
mercial antenna.

Table 6 provides a comparison between the proposed
EBG wearable antenna and some related works. As shown
in Table 6, the antenna in [14, 24] is smaller than this
work, and the antenna in [31] has the largest bandwidth.
However, antenna [14] has a very low gain, antenna [24]
has a very small bandwidth, and antenna [31] is extremely
large. Compared with other reported antennas in Table 6,
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FIGURE 11: (a) The proposed EBG wearable antenna modeling; (b) four-stacked T-shaped antenna prototype; (c) EBG layer prototype; (d)
EBG wearable antenna measurement configuration at the laboratory; (e) SNR measurement configuration at the laboratory.
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F1GURE 12: Simulated performance of the antenna with and without
the EBG structure on the body, in free space, and measured
performance of the antenna with the EBG structure.
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FiGure 13: Simulated SAR of EBG wearable antenna (a) 2.4 GHz
and (b) 5.2 GHz.

the proposed antenna has a wide bandwidth, high gain,
acceptable size, and low SAR. In addition, the proposed
antenna is validated and tested in a Wi-Fi wearable
device as shown in Figure 11(e) showing the improving
signal-to-noise (SNR) ratio. The proposed EBG antenna is
connected to the Wi-Fi module (ESP32 module) SNR mea-
surement experimentation. We also use an ESP32 module
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FIGURE 14: 3D radiation pattern of wearable EBG antenna at (a) 2.4 GHz and (b) 5.2 GHz. (c) Simulated and measured radiation pattern of
the EBG wearable antenna at 2.4 GHz and 5.2 GHz.

Tasre 5: Maximum input power to meet SAR regulation ICNIRP. to receive the signal. We determine the Received Signal

2.4 GHz 52 GHz Strength Indicator (RSSI) and calculate the SNR from
the RSSI value and the noise floor. Normally, the noise

Without EBG 90 mW 70 mW . e .
et . . floor is the sensitivity of the module (about -97 dBm with
With EBG 310 mW 600 mW the ESP32)
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TaBLE 6: Comparison of the proposed wearable antenna with related works.

SAR_10g (W/kg)

. 2 . . . o . .

Ref. Size (mm~) Operating frequencies (GHz) Bandwidth (%) Gain (dBi) P input (mW)
0.668/1.51

83 x 83

[12] x 2.4/5.8 42 45/56 NA

[14] 50 x 40 2.47/5.42 20/18 1.17/2.26 0'16150/(‘))'52

[31] 69 x 69 2.45/5.8 3.7/28 7/9.1 0'04512(/) ‘(’)-0563

[24] 40x15 24/5.8 4125 1.5/4.2 NA

[26] 69 x 69 2.4/3.5/5.8 10/16/7 5.11/6.43/7.41 0.428/ 05%37/ e

[27] 57 x 57 2.4/3.5/5.8 4.5/5.4/4.5 6.3/7.4/8.7 0471/ Oi%?)/ 0.1446

This paper 56 % 56 24/52 16.67/2.1 1.4/6.25 S

4. Conclusion Data Availability

In this paper, a wearable T-shaped antenna using 2 x 2 EBG
unit cells is designed for onbody wireless communications
applications. Without the EBG layer, the basic antenna
covers two bands from 1.96GHz to 2.77GHz and from
5.07GHz to 5.35GHz with a gain of 1.42dBi at 2.4 GHz
and 1.52dBi at 5.2 GHz in free pace. The measured results
show that using an EBG structure reduced the SAR value
by 77.1% at 2.4 GHz and 91.7% at 5.2 GHz, and the antenna
has a wide bandwidth, a high gain, and an acceptable size.
Based on this result, the proposed T-shape antenna over a
2 x 2 EBG array is a strong potential candidate for wearable
applications.

Data is included in our manuscript.
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