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ABSTRACT A compact broadband circularly-polarized wearable antenna is presented for wireless body
area network (WBAN) off-body communications. The proposed antenna comprises two substrates, a semi-
rigid substrate with low loss-tangent and a textile substrate, that can boost the antenna performance while
maintaining wearer comfort. Initially, a crossed-dipole as a fundamental radiator that radiates a circularly
polarized (CP) wave is printed on the semi-rigid substrate. A pair of L-shaped slits are loaded into crossed-
dipole arm, which significantly miniaturizes the antenna size. A magneto-electric dipole as a parasitic
element is loaded to widen axial ratio bandwidth (ARBW) and impedance bandwidth (IBW). A conductive
textile is attached to the textile substrate as the ground plane to minimize the specific absorption rate (SAR).
The simulated SAR at 5.85 GHz is below the US and EU limit standards. The proposed antenna has solved
typical issues in wearable antenna design such as low gain, low radiation efficiency, large size, and narrow
IBW and ARBW, while still providing comfortability to wearers.

INDEX TERMS Crossed-dipole, magneto-electric dipole, SAR, WBAN, wearable antenna.

I. INTRODUCTION
In the past decade, studies on body-centric wireless devices
have significantly increased. Numerous body-centric devices
are expected to be an integral part of the internet of things
(IoT) and to be widely used in healthcare, security, and
safety [1]. In these applications, a wearable antenna that
contributes to the overall efficiency of a wireless link is an
essential component in wireless body area network (WBAN)
communications. A wearable antenna should be lightweight,
flexible, compact, and have high gain and high efficiency.
In addition, energy radiating from the wearable antenna to
the human body should be minimized to keep the specific
absorption rate (SAR) below the international standard.
Although both linearly-polarized (LP) antennas [2], [3],
[4], [5], [6], [7], [8], [9], [10], [11], [12], [13] and circularly-
polarized (CP) antennas [14, [15], [16], [17], [18], [19] are
proposed in WBAN applications, CP antennas are preferred.
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The CP antenna can ensure the stability of the wireless com-
munication link because it is robust to polarization mismatch
and thus provides more accurate data transmission, especially
when the position of wearable devices is continuously chang-
ing because of the movement of the human body. Several
approaches have been proposed to achieve CP radiation in
the literature. In [14], an all-textile based antenna adopted
a coplanar waveguide (CPW) L-shaped feed line to produce
x and y components of the magnetic current for CP waves.
A fully flexible CP antenna fabricated by silver nanowires
is presented in [15]. CP radiation is enabled by placing a
planar LP loop monopole above an artificial ground plane.
Another approach implementing a button antenna has some
advantages over traditional textile-based antennas [16], [17].
The button antenna allows for a higher profile antenna and
it uses a common rigid or semi-rigid substrate that can boost
the radiation performance of the antenna compared with the
textile-based antenna. However, the abovementioned anten-
nas have relatively narrow axial ratio bandwidths (ARBW);
these should be wide enough to overcome the proximity
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effect, bending, or movement of human body. To tackle this
issue, [18] presents a microstrip patch antenna loaded with
a modified metasurface array which produces broadband
ARBW. However, this design has a relatively large footprint.
An interesting method in [19] presents a compact monopole
antenna that uses a jeans textile as a substrate covering ultra-
wideband (UWB) application. However, one inherent draw-
back of the textile substrate is its high loss tangent, which
degrades the antenna performance.

In 2006, K. M. Luk, et al. invented a new kind of com-
plementary antenna called the magneto-electric (ME) dipole
[20] by combining the electric (E) and magnetic (M) dipoles
in one antenna structure. Various studies have adopted a ME
dipole [21], [22], [23], [24], [25], [26] that can enhance the
antenna bandwidth and radiation performance. Nevertheless,
there is limited research on ME dipoles in wearable appli-
cations, with the exception of [27]. This antenna is designed
based on the conventional magneto-electric dipole topology
by combining a planar magnetic dipole (slot antenna) with
an electric dipole in a felt substrate. Two U-shaped slots are
cut in the electric dipole. As a result, the antenna achieves
a wide bandwidth and high radiation performance; how-
ever, it generates a LP radiation wave. In order to generate
high-gain and high-efficiency while maintaining comfort for
wearers, we have proposed the method [3], [28] that combines
rigid substrate with low loss-tangent and textile substrate in
wearable antenna design. Besides, antenna miniaturization
is also a hot topic in wearable antenna design. A wearable
antenna should have compact size in order to easily integrate
into a garment. Its compactness also helps to reduce the
bending effect when the antenna is to be worn. Adopting a slit
[2] into the antenna structure introduces additional inductive
and capacitive characteristics and significantly reduces the
antenna size.

In this paper, we propose a compact broadband CP wear-
able antenna for WBAN off-body communications. The CP
radiation, high gain, and high efficiency are achieved by
loaded ME dipole with a compact crossed-dipole antenna.
The miniaturization of the proposed antenna is implemented
using a pair of L-shaped slits on crossed-dipole arms. Then,
a ME dipole is loaded as a parasitic element to signifi-
cantly enhance impedance bandwidth IBW) and ARBW. The
proposed antenna comprises two substrates: a semi-flexible
substrate and a textile substrate. The main radiator is printed
on the semi-flexible substrate. A conductive textile layer is
adhered to the textile substrate. The proposed antenna has
resolved several issues in wearable antenna design including
low gain, low radiation efficiency, large size, and narrow IBW
and ARBW, while still providing comfortability to wearers.
The proposed antenna is verified by deformations of the
structure and measurements in both free space and phantom
body to show its suitability for off-body communication. The
remaining sections of this paper are organized as follows.
Section II presents antenna geometry and design, operating
mechanism, and deformation study. In Section III, antenna
performance in free space and phantom body are investigated.
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SAR evaluation is also included in this section. The conclu-
sion is given in Section IV.

Il. ANTENNA DESIGN AND OPERATING MECHANISM

A. ANTENNA GEOMETRY

The antenna geometry is designed and simulated by ANSYS
HFSS v.16. The perspective view, top view, and side view
of the proposed antenna are shown in Fig. 1. The antenna
comprises two structures: a semi-flexible substrate for the
main radiator and a felt textile substrate for the ground plane.
The crossed-dipole radiator and the ME dipole as the main
radiator are printed on a Rogers 5880 substrate with a relative
dielectric constant of 2.2, a loss tangent of 0.0009, a height
of 0.508 mm, and a width (W) of 23 mm.

ME-dipole e < Crossed-
Rogers 5880\f<‘ o dipole
Felt
Conductive
textile
(2)
W 1 B B
T iy, | Ih

G WdI

Ws
(b) ©

FIGURE 1. Geometry of the proposed antenna in: (a) perspective view,
(b) top view, and (c) side view.

The crossed-dipole is designed on both sides of the semi-
flexible substrate while the ME dipole is designed on the top
side. The crossed-dipole arms are formed by a rectangular
strip-line with length and width of W and W 4, respectively.
Two L-shaped slits are etched along the edge of the rectangu-
lar strip-line to miniaturize the antenna size by lengthening
the current path. The length (W5) and width (W3) of the slit
are shown in Fig. 1 (b). The crossed-dipole arm is connected
by a vacant-quarter ring and fed by a 50 2 coaxial cable. The
vacant square-ring acts as a phase delay line that can produce
a phase difference of 90° among the crossed-bowtie dipole
arms to achieve CP radiation. The upper-half and bottom-half
dipoles are connected to the inner and outer axes of the SMA
cable, respectively.
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The ME dipole consists of four square patch units with the
patch length of W, and four via holes. Each pair of patches
can be considered as a planar E dipole [26]. The via hole
with a length of £ is connected to the ground plane to form
the vertical quarter wavelength antenna radiating through
the aperture between the patches, which is considered the
M-dipole. A felt substrate is placed beneath the semi-rigid
substrate. The felt substrate has a relative dielectric constant
of 1.4, a loss tangent of 0.044, a height (k) of 8 mm, and a
width (Wy). The ground plane is made of a Shieldit™ super
conductive textile [29] with a conductivity of 118,000 S/m
that is adhered to the backside of the felt substrate. The flex-
ible ground plane greatly reduces SAR and provides comfort
to the wearer.

The optimized geometrical parameters are: Wi = 7.6,
Wo=25W3=05W,=03,R =26 Wq=33W,=
8,G=4.3, W, =23, and h = 8 (unit: mm).

B. OPERATING MECHANISM

To understand the operating mechanism of the proposed
antenna, the design evoluation is presented in Fig. 2, includ-
ing a conventional crossed-dipole antenna denoted as Antl,
a proposed antenna without ME denoted as Ant2, and the
proposed antenna. For fair comparison, the dimensions of
Antl and Ant2 are kept the same as the proposed antenna.
The comparison with regards to S11, axial ratio (AR), ampli-
tude ratio (|Ex|/|Ey|), and phase difference (ZEx — LEy) are
investigated in Fig. 3.

(a) (b) (c)

FIGURE 2. Design evolution: (a) Ant1, (b) Ant2, and (c) the proposed
antenna.

As shown in Fig. 3 (a), the conventional crossed-dipole
Antl has poor impedance matching at a targeting reso-
nant frequency of 5.8 GHz. In addition, the amplitude ratio
(IEx|/|Ey|) and phase difference (/Ex — /Ey) are greater
than O dB and 90° at 5.8 GHz, respectively, as shown in
Fig. 3 (b) and (c). Therefore, Antl radiates a fundamental
mode having LP waves with an AR greater than 6 dB,
as shown in Fig. 3 (d). By introducing an L-shaped slit
pair in the crossed-dipole arm, Ant2 increases the electric
current path and shifts the resonant mode to lower frequency.
Ant2 has two resonant modes at 5.3 and 6.1 GHz. The
amplitude ratio (|Ex|/|Ey|) and phase difference are 0 dB
and 90° at 5.7 GHz, respectively. A narrow ARBW of 7.7%
(5.48-5.92 GHz) is achieved, as shown in Fig. 3 (d). To fur-
ther improve the antenna performance, Ant2 is loaded with
the ME dipole to produce the proposed antenna, as shown
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FIGURE 3. Simulated results of three cases: (a) S11, (b) AR, (c) |[Ex/Ey|,
and (d) ZEx — /Ey.

in Fig. 2 (c). The ME dipole works as a parasitic radia-
tor exciting an adjacent mode combining with fundamental
modes, which significantly increases IBW up to 38.73%
(4.56-6.75 GHz) as shown in Fig. 3 (a). A 0 dB amplitude
ratio (| Ex|/|Ey|) and 90° phase difference are observed over a
wide frequency range. In Fig. 3 (d), an adjacent AR mode is
excited at lower frequency resulting in broadband ARBW of
24.17% (5.02-6.4 GHz).

To investigate the CP mechanism of the proposed antenna,
electric current distributions on the crossed-dipole and patch
and magnetic current distributions on apertures between
patches at 5.85 GHz are shown in Figs. 4 and 5, respectively.
The simulation is performed at two instances of t =0 and t =
T/4, where T is the period of time. J s and J ¢ are the vector
summations of the electric and magnetic current densities,
respectively. As shown in Fig. 4, the E-dipole, J¢; and J¢p,
is observed on the crossed-dipole and a pair of the patch,
accumulating in J¢s. As shown in Fig. 5, the M-dipole is also
observed at the aperture between the patches, accumulating
in Jmg. Zes and Js Which are excited simultaneously and
are orthogonal to each other. In addition, the E-dipole, Jes,
att = 0 and t = T/4 are orthogonal and equal in magnitude.
A similar observation is found for the M-dipole, where Jy
att = 0 and t = T/4 are orthogonal and equal in magnitude.
Both J¢ and J 5 rotate counter-clockwise with time, which
produces right-hand circular polarization (RHCP) in the +z
direction.

C. PARAMETRIC STUDY

To further understand how antenna parameters affect antenna
performance including IBW and ARBW, the parametric
study is performed. In this section, effects of key parame-
ters like crossed-dipole length (W), slit length (W5), and
parasitic-dipole length (W) are studied. When one parameter
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(a) ()

Min Max

FIGURE 4. Electric current distributions on the crossed-dipole radiator
and ME-dipole patch at (a) t =0 and t = T/4.

(b)

Max

FIGURE 5. Magnetic current distributions on the radiating aperture
between the patches at (a) t =0 and t = T/4.

is under consideration, the others remain at their optimized
values.

The parametric study of the crossed-dipole length, W1,
on antenna performance is plotted in Fig. 6. Increasing W
increases the current path on the dipole shifting the S11 curve
to lower frequency. In addition, varying W strongly affects
AR at higher frequency.

0 — &
Ve
™ v A /
RTY AN ’ 6
= AN = &
= \ 2
= \ s =
z v £l
-201 — — -8mm 31
9 mm
————— 10 mm
& 0 r
2 6 8 6
Frequency (GHz) Frequency (GHz)
(a) (b)

FIGURE 6. Simulated effects of varying dipole length, W, on antenna
performance: (a) S11 and (b) axial ratio.

The variation of slit length, W5, on the antenna perfor-
mance is shown in Fig. 7. The slit length has a strong effect
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FIGURE 7. Simulated effects of varying slit length, W/,, on antenna
performance: (a) S11 and (b) axial ratio.
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on both IBW and ARBW. Increasing W, makes the surface
current path longer on the crossed-dipole shifting the S11
curve to lower frequency. Varying W> significantly affects
AR at higher frequency. The parametric study of crossed-
dipole length, W1, and slit length, W5, proves that the crossed-
dipole has a strong impact on AR at higher frequency.

The parametric study of the ME-dipole patch length, W),
on the antenna performance is shown in Fig. 8. Varying W,
has a slight effect on IBW but a strong effect on AR at lower
frequency. Increasing W, lengthens the current path on the
parasitic-dipole shifting the AR curve to lower frequency,
which proves the parasitic ME-dipole patch has a strong
impact on AR at lower frequency.

v .6
Z E
: z
ﬂ-20 — — -8 mm 3
9 mm
————— 10 mm
-30
4 3 ] 7 9 4 13 7
Frequency (GHz) Frequency {GHz)
(a) (b)

FIGURE 8. Simulated effects of varying parasitic-dipole length, Wp,
on antenna performance: (a) S11 and (b) axial ratio.

D. DEFORMATION STUDY

The antenna performance under bending conditions is inves-
tigated in this section to show the ability of the proposed
antenna when working on an uneven surface. Due to the
symmetric geometry of the proposed antenna, only bending
in the x-direction is simulated.

The simulated S11 and AR of the proposed antenna bend-
ing along a cylinder with a radius of 30, 40, and 50 mm in
the x-direction are shown in Fig. 9. As a result of bending the
antenna, S11 moves downward or to wider impedance match-
ing. Meanwhile, AR is somewhat diminished. It is noted
that frequency shift to higher frequency region is observed
for both AR and S11. In addition, S11 and AR bandwidth
still cover WBAN applications for all bending radii. Small
frequency variation for different bending radius is observed,
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FIGURE 9. Bending effect of the annular-ring radiator in the x-direction:
(a) S11 and (b) AR.

which proves the stable performance of the wearable antenna
under bending conditions.

IIl. ANTENNA PERFORMANCE

In order to verify the simulated results, the proposed antenna
is fabricated and then measured in free space and phantom
body environments.

A. FREE SPACE PERFORMANCE

Figs. 10 and 11 show the simulated and measured S11
and ARBW in free space. The measured IBW is 40.87%
(4.75-7.19 GHz), compared with the simulated result of
38.73% (4.56-6.75 GHz), as shown in Fig. 10. There is
somewhat different between simulated and measured data.
The discrepancy is caused by the assembled 8-mm felt-
substrate that is fabricated from stacking various thin-layer
felt substrates and adhering them with acrylic glue, resulting
in increased total height of the felt substrate. The measured
result of ARBW in Fig. 11 shows a broadband of 22.03%
(5.05-6.3 GHz) compared with the simulated result of
24.17% (5.02-6.4 GHz). The measured gain and radiation
efficiency within the ARBW are shown in Fig. 12. The
measured broadside gains range from 6.5 to 6.8 dBic. The
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FIGURE 10. Measured S11 in free space.
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FIGURE 11. Measured AR in free space.

maximum measured radiation efficiency is 88% at 5.6 GHz.
The radiation pattern in free space at 5.85 GHz in two princi-
ple x—z and y—z planes is shown in Fig. 13. It can be perceived
that the proposed antenna has directional radiation pattern
with RHCP in the +z direction. The measured front-to-back
ratio (FBR) at 5.85 GHz in the broadside direction is 41 dB.
The cross-polarization discrimination at 5.85 GHz is 31 dB.

B. ON-BODY PERFORMANCE

In this section, the proposed antenna is simulated over a
160 x 160 x 50 mm? four-layered human tissue. The thick-
ness of the skin, fat, muscle, and bone are 1.5, 8.5, 27.5, and
12.5 mm, respectively, as shown in Fig. 14. The parameters
of the relative permittivity and conductivity at 5.85 GHz [30]
are listed in Table 1. The antenna is placed 5 mm above the
tissue model to approximate the thickness of a garment. The
measured S11 on different parts of human body, including on
the leg is 43.5% (4.63-7.21 GHz)

Compared with the simulated result of 35.5%
(4.76-6.82 GHz) as shown in Fig. 15. The fabricated antenna
is mounted on the phantom head for measuring the 3-D
radiation pattern in an anechoic chamber, which shows an
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FIGURE 12. Measured broadside gain and radiation efficiency in free
space.
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FIGURE 13. Measured radiation pattern at 5.85 GHz in free space: (a) x-z
plane and (b) y-z plane.

TABLE 1. Human tissue.

Permittivity Conductivity
hayer (€) (S/m)
Skin 33.8 3.84
Fat 4.2 0.28
Muscle 50 6.48
Bone 15.8 1.77

! 1 5 mm

FIGURE 14. Model of four-layered tissue.

ARBW of 20.6% (5.18-6.37 GHz) in Fig. 16. The measured
broadside gain and radiation efficiency on the phantom head
within the ARBW are shown in Fig. 17. The measured
broadside gain ranges from 5.4 to 5.8 dBic. The maximum
radiation efficiency is 85% at 5.7 GHz.
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FIGURE 16. Measured AR on a phantom.
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FIGURE 17. Measured broadside gain and radiation efficiency on a
phantom.

The simulated and measured radiation patterns in x—z and
y—z planes at 5.85 GHz are plotted in Fig. 18. The RHCP
is principal polarization in the boresight direction with a
cross-polarization discrimination of 30.2 dB. The FBR at this
frequency is approximately 56 dB, indicating that it has less
radiated energy in the backward direction. The results in the
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TABLE 2. Comparison with other wearable CP antennas.

Ref IBW ARBW Size

) (%) (%) (A)
[15] 159 2.72 0.41 x 0.41 x 0.045
[16] 11.8 6.4 1.85x1.85x0.22
[17] 3.97 2.93 0.27 x0.27 x0.2
[191™ 38.7/109 20.7/98.5 0.17 x 0.20 x 0.006
Prop. 40.8 22.03 0.46 x 0.46 x 0.17

Gain Efficiency SAR*
(dBic) (%) (W/kg)
52 79 0.65
35 80 N/A
2.1 72.6 0.118
49/3.4 55/74 18.4

6.5 88 0.6

* Simulated SAR is normalized with the input power of 500 mW and the US standard for 1g average mass.

*Dual-band antenna

RHCP (Sim.) LHCP (Sim.)
=— + =« RHCP(Mea.) =—====- LHCP (Mea.)
dBic s

-30

@ (b)

FIGURE 18. Measured radiation pattern at 5.85 GHz on a phantom:
(a) x-z plane and (b) y-z plane.

(a) (b)

FIGURE 19. Simulated SAR for US and European standards at 5.8 GHz for
(a) 1g and (b) 10g tissue, respectively.

phantom body show a slight degradation in broadside gain
and radiation efficiency compared with the results in free
space because of the proximity effect and the ground plane
being bent over the phantom body.

C. SAR EVALUATION

The SAR evaluation is conducted to ensure safe usage by
the wearer. The antenna is simulated with an input power of
500 mW. The SAR should be less than the U.S standard of
1.6 W/kg for a 1g average mass and European standard
of 2 W/kg for a 10g average mass. As a result, the simulated
SARs at 5.85 GHz are 0.57 and 0.22 W/kg for the U.S

VOLUME 10, 2022

and European standards, respectively, as shown in Fig. 19,
illustrating safe usage on the human body.

The IBW, ARBW, antenna size, broadside gain, radia-
tion efficiency, and SAR of the proposed antenna and other
reported CP wearable antennas are summarized in Table 2.
In general, the proposed antenna achieves broadband IBW,
ARBW, high-gain, and high-efficiency with low SAR.

IV. CONCLUSION

We demonstrated a compact broadband circularly-polarized
wearable antenna for WBAN off-body communications. The
crossed-dipole antenna loaded with a magneto-electric dipole
as the main radiator radiates broadband circularly-polarized
waves with high gain and high efficiency. The textile ground
plane is attached to the felt substrate, which minimizes the
SAR and increases the broadside gain. The fabricated antenna
is then verified by measurement in free space and phantom
environments, which show good agreement between sim-
ulation and measurement. In addition, the simulated SAR
ensures the safe usage of the proposed antenna on a human
body. The proposed antenna is a potential candidate for
WBAN off-body communications.
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