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Abstract

In this work, a compact, wideband, circularly polarized wearable antenna is proposed using
asymmetric coplanar strip feeding for wireless health monitor applications in the ISM fre-
quency band. The proposed antenna consists of a composite right/left transmission line
(CRLH TL) inspired structure to achieve compactness and a rectangular ring slot is created
in the metallic ground to enhance the CP radiation of the antenna. A 5 × 5 artificial magnetic
conductor unit cell-based metasurface is designed which is operating at 2.4 GHz as a ground
plane for the CRLH-based CP antenna. Implementation of AMC-based metasurface as a
ground plane results in enhancement of radiation characteristics of CRLH TL antenna. The
proposed antenna has a small footprint of 50 × 50mm2 with measured impedance bandwidth
of 2.3–3.2 GHz. The 3 dB axial ratio bandwidth of the proposed antenna is 2.36–2.78 GHz
with peak gain of 5.89 dBi. Simulation and experimental results show that proposed AMC-
based antenna is robust in terms of structural deformation. Further, to validate the perform-
ance of the antenna for biomedical applications, we have simulated the proposed antenna with
human phantom model. The proposed antenna exhibits stable scattering and radiation char-
acteristics with the phantom body environment and due to the inclusion of AMC structure,
the proposed design satisfies maximum specific absorption rate value given as per the IEEE
standard safety guidelines.

Introduction

Wireless body area network (WBAN) has been developing rapidly in the communication field
[1, 2]. It has attracted attention of scientists and researchers because of its wide range of appli-
cations in military, sports, medical monitoring, and several other fields [3, 4]. Wearable anten-
nas used in WBAN have particular criteria in terms of design and size as compared to
conventional antennas, such as waist, neck, and arm-wearable antennas must be in the
form of a belt or button [5–9]. As a result, enhancing the performance of wearable antennas
is critical, particularly in the realm of telemedicine systems [5].

Monopole antennas are commonly utilized in the field of WBAN and are placed near to the
human body, which results an impedance mismatching and a significant reduction in antenna
radiation performance [10–14]. The electromagnetic band gap (EBG) and artificial magnetic
conductor (AMC) based antennas proved to be great help in reducing the coupling effect of
human body on the designed antennas [10, 15, 16]. Additionally, flexible AMC-based wearable
antennas can help in reducing SAR value of the designed structure, which makes it simpler for
researchers to develop antennas in accordance with human safety requirements [17–19]. In
previous years, the design of AMC-based metasurface structures has focused on minimizing
back lobe radiation, improving impedance bandwidth, enhancing antenna performance, and
increasing gain. AMC-based metasurfaces also have the characteristics of a reflecting plane
wave in the same phase and can achieve the performance of an ideal magnetic conductor
in a definite frequency band [20–22]. Recently, an AMC-based low-profile wearable antenna
for the ISM band with dimensions of 102 × 68 mm2 and a peak gain of 6.12 dBi is presented
[23]. A wearable monopole antenna consisting of tri-annular square ring with AMC is pro-
posed for ISM, WBAN, and WiMAX applications. The proposed design works in the ISM
[24]. A triple transmission line is used to improve the gain of wearable antenna operation
in the dual band region of 1.7–2.5 and 5.4–5.95 GHz with gain value of 9.86 dBi with larger
antenna dimension of 0.57λ × 0.67λ [25]. Then, a two-element textile-based MIMO antenna
is proposed with high isolation and polarization diversity. The proposed circularly polarized
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antenna operates in the region of 3.3–4.3 GHz [26]. A circularly
polarized UWB antenna is designed consisting of a metasurface
structure with dual-band notch characteristics [27]. In [28] a min-
iaturized implantable antenna is proposed for ISM band applica-
tions. The proposed antenna exhibits impedance and axial ratio
bandwidth (ARBW) of 2.25–2.78 and 2.32–2.63 GHz, respectively.

But the size of antenna is quite large. Thus, in the field of
WBAN, wearable antenna plays an important role for wireless
communication, and the performance of wearable antennas
should not be degraded due to bending or crumpling. Hence it
is necessary to design a miniaturized, low-cost wearable antenna
with good radiation performance.

In this work, we have proposed and experimentally verified a
low-profile CRLH-TL-based CP antenna combined with a minia-
turized AMC structure for ISM band wearable applications. The
paper is organized as follows: in section “Proposed antenna con-
figuration and analysis” CRLH-TL-based antenna is designed and
its equivalent circuit diagram is discussed. AMC unit cell struc-
ture is also designed and discussed in section “Proposed antenna
configuration and analysis”. Section “Proposed design integration
of CRLH-based antenna and AMC” is based on the design and
analysis of AMC integrated antenna. Section “Evaluation of
AMC antenna performance under bending conditions” is dedi-
cated to the discussion on the performance of AMC antenna

for different bending conditions to evaluate the performance of
antenna for wearable applications. Discussion on experimental
results is done in section “Experimental results and discussion”,
and finally, conclusions are drawn in section “Performance of
the proposed antenna on the human body”.

Proposed antenna configuration and analysis

Antenna design

The schematic diagram of the CP antenna is shown in Fig. 1(a).
The designed CPW fed CRLH-TL-based CP antenna is fabricated
on Rogers RT duriod 5880 and it employs an asymmetric
co-planar waveguide feeding strip scheme. The CRLH-based TL
unit cell is realized on an L-shaped rectangular strip that serves
as the antenna’s feedline. The proposed antenna uses an asym-
metric ground plane consisting of a rectangular-shaped slot.
The equivalent circuit of the proposed structure based on
CRLH-TL is shown in Figs 1(b) and 1(c). The L-shaped feed of
the antenna gives the series inductance (Lr) of the CRLH-TL, as
shown in Fig. 1(b), while a small rectangular ring slot will offer
capacitance in series (Cl), forming the series arm (Lr and Cl) of
the CRLH inspired TL. Further, rectangular strip attached to
the feed line provides shunt inductance (Ll). The virtual ground

Fig. 1. (a) Top view of the antenna. (b) L-C representa-
tion of the antenna. (c) Equivalent circuit diagram of
the antenna.
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for the shunt inductor is provided by the rectangular stub,
which substitutes conventional CRLH-TL-based design concept
of using shorted vias or metal posts for ground [29, 30]. The
coupling capacitor Cc is formed by the gap w5 between feed
line and asymmetric ground plane. Further, coupling between
the CRLH-TL and the ground plane supplies the shunt capaci-
tor (Cr) that makes up the CRLH-TL shunt arm (Ll, Cs, Cc, and
Cr). A rectangular annular ring slot with gap w10 is loaded in
the ground plane to keep the antenna compact. A shunt tank
circuit consisting of capacitor C1 with inductors L1 and L2 is
provided by a rectangular ring slot and ground plane as
shown in Figs 1(b) and 1(c). CST Microwave Studio is used
for antenna modeling and analysis. Table 1 shows the dimen-
sion of the proposed antenna.

Considering an open-ended TL condition, the input imped-
ance calculated from one end of the resonator to the other is
inversely proportional to the shunt admittance and number of
unit cells. As a result, the resonant frequency of an open-ended

ZOR antenna is identical to the shunt frequency, and it is only
dependent on the shunt parameters [29, 30].

fzor = fsh = 1

2

�������������������
Ll

Cs(Cr + Cc)
Cr + Cc + Cs

[ ]√ . (1)

Proposed AMC unit cell design and analysis

The configuration of AMC unit cell is shown in Fig. 2(a). The
proposed AMC unit cell derived from EBG structure, and
designed AMC consists of a circular patch with multiple rect-
angular slots. The AMC structure is designed on polyimide
with a dielectric constant of 3.5, a loss tangent of 0.0027, and a
thickness h3 of 0.254 mm. The ground plane of the AMC struc-
ture is separated by h4 = 2.7 mm. Figure 2(b) depicts reflection
phase values of AMC unit cell. The AMC ±90° reflection phase

Fig. 2. (a) Top view of AMC unit cell. (b) Reflection phase of AMC unit cell under bent conditions.

Table 1. Dimensions of the proposed antenna

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

L1 15 W1 4 a 10

L2 4.6 W2 13.7 a1 9

L3 4 W3 1.49 b1 1.4

L4 1.5 W4 17.9 r1 4.8

L5 9 W5 0.3 r2 1.5

L6 5 W6 10 r3 0.5

L7 1 W7 10 h1 0.8

L8 50 W8 0.9 h2 10

L 40 W9 2 h3 0.254

W 27 W10 0.25 h4 2.7
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bandwidth ranges from 2.1 to 2.8 GHz, with a 0° reflection phase
at 2.5 GHz. To study the AMC for wearable applications, we have
simulated reflection phase values at various degrees of bending
and it is observed that the results of AMC unit cell is considerably
good throughout a wide range of bending degrees. The AMC unit
cell is durable and well-suited for wearable applications. The
AMC metasurface shown in Fig. 3 is comprised of an array of
5 × 5 AMC unit cells.

Proposed design integration of CRLH-based antenna and
AMC

Figure 4 depicts the side view of the proposed antenna, which is a
combination of a CRLH-TL-based CP antenna and an AMC meta-
surface. A 5 × 5 AMC unit cell array is used as in-phase reflector to
suppress the effect of the human body on the antenna and increase
forward radiation. S parameter results of the antenna with and with-
out AMC reflector are shown in Fig. 5(a). The impedance band-
width of the antenna without AMC is 2.36–3.1 GHz, whereas the
impedance bandwidth of the antenna with AMC is 2.3–3.1 GHz.
It is observed that the resonance frequency of the AMC-loaded
antenna is slightly shifted to the left side in comparison to the
CRLH-based antenna. The simulated gain values of both antennas
are shown in Fig. 5(b), with the AMC-loaded antenna exhibiting
stable gain within the impedance bandwidth and a peak gain of

6.1 dBi at 2.6 GHz. It is also noticed that the AMC-loaded antenna
(2.3–2.8 GHz) exhibits an improved 3 dB ARBW than the
CRLH-TL-based antenna. As a result, we can conclude that com-
bining AMC with the CRLH-TL-based CP antenna enhances over-
all radiation characteristics.

Fig. 4. Side view of CRLH-based CP antenna integrated with AMC.

Fig. 3. Configuration of AMC-based metasurface.

Fig. 5. Simulated (a) S11. (b) Gain. (c) Axial ratio of antenna with and without AMC.
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Evaluation of AMC antenna performance under bending
conditions

For practical wearable applications, the designed antenna must be
able to display robust performance owing to changes in shape

caused by the curvature of the human body. Thus, in this section,
we have evaluated the performance of proposed AMC antenna by
varying its shape as per the requirement. The different AMC
antenna combinations under conformal conditions placed on

Fig. 6. Simulated (a) S11. (b) Gain. (c) Axial ratio of AMC antenna under different con-
formal cylinder radius. Fig. 7. Simulated and measured (a) S11. (b) Gain. (c) Axial ratio of AMC antenna under

normal and bent condition.
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cylinders of varying diameter is designed. The simulated results
show that the antenna’s S-parameter has minute impact due to
variation in sizes, and the antenna is suited for wearable devices.
Figure 6(a) shows the simulated reflection coefficients of AMC
antenna under different bending conditions and it is observed
that impedance bandwidth of AMC antenna almost remain
same for R = 30, 40, and 50 mm bending diameter. The simulated
gain of the antenna for bending R = 30, 40, and 50 mm is shown
in Fig. 6(b); it is observed that as the gain of the antenna reduces,
bending diameter reduces. The axial ratio of the AMC antenna is
shown in Fig. 6(c) and 3 dB ARBW reduces to 2.35–2.6 GHz for
R = 30 mm. It is clear that as bending level increases, the perform-
ance of the antenna slightly deteriorates.

Experimental results and discussion

To investigate the bending performance, proposed antenna is
positioned on a cylinder (radius = 50 mm) made up of foam

material. The radius of foam cylinder is deliberately selected to
mimic the antenna’s conformation to a typical human arm.
Figure 7 shows the photographs of measurement of AMC antenna
using vector network analyzer. The measured and simulated S11
of the antenna are shown in Fig. 7(a). It is observed that the mea-
sured bandwidth of AMC antenna is 2.3–3.2 GHz with relative
impedance bandwidth of 21%. However, the performance of
antenna slightly changes in the conformal shape as the human
arm of radius is 50 mm. It is seen that impedance bandwidth of
AMC antenna with bending is 2.32–3.1 GHz. Therefore, it is
clear that antenna has little effect of bending and is suitable for
wearable application. Figure 7(b) shows the simulated and mea-
sured gain of the antenna, it is observed that the proposed
antenna exhibits stable gain in both planar and conformal
forms with peak gain of 5.89 and 5.72 dBi in planar and con-
formal form, respectively. The axial ratio of the proposed antenna
is shown in Fig. 7(c), AMC antenna have 3 dB ARBW of 2.36–
2.78 GHz, while 3 dB ARBW of bent AMC antenna is 2.38–

Fig. 8. Normalized LHCP and RHCP radiation pattern of AMC antenna under normal condition. (a) Phi = 0°. (b) Phi = 90° at 2.4 GHz.

Fig. 9. Normalized LHCP and RHCP radiation pattern of AMC antenna under bent condition. (a) Phi = 0°. (b) Phi = 90° at 2.4 GHz.
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2.67 GHz. Further, the normalized radiation patterns of antenna
at 2.4 GHz under normal and bent conditions are plotted in
Figs 8 and 9, respectively. It has been observed that the proposed
antenna LHCP pattern is 15 dB below in comparison with RHCP
pattern in the boresight direction. It is seen that HPBW of the
AMC antenna and bent AMC antenna is 52° and 45° in phi =
0° plane while HPBW of the AMC antenna and bent AMC
antenna is 42° and 41° in phi = 90° plane. Therefore, it is clear
that AMC antenna shows stable results in bent form also.

Performance of the proposed antenna on the human body

We have executed full-wave simulations with the designed anten-
nas close to a human body model to verify the on-body perform-
ance by using human phantom model named Hugo (from CST
MWS voxel family). The proposed antenna is placed on the
arm of human body phantom as shown in Fig. 10. Instead of
modeling the antenna on the complete numerical body model,
a reasonable region of Hugo’s arm is chosen for simulation to
shorten simulation time. In all the studied scenarios, antenna is
assumed to be separated from the skin layer by an additional dis-
tance of 2 mm to account for clothing.

The comparison of simulation results of reflection coefficients
of the proposed antenna in free space and with human body
model (Hugo) is shown in Fig. 11(a). It is observed that imped-
ance of the proposed antenna is slightly shifted to right side
and small bandwidth widening is seen with −10 dB impedance
bandwidth of 2.32–3.23 GHz due to the loading of human phan-
tom model and impedance matching of the antenna is also
reduced. The reduction is due to high dielectric constant values
of different tissue layers of human body model. The gain values
of the proposed antenna are shown in Fig. 11(b), and it is seen
that implementation of human body model has little impact on

antenna gain and radiation efficiency performance. The simulated
peak gain of the antenna is reduced to 5.82 as compared to 6 dBi
in free space. The radiation efficiency of the proposed antenna is
shown in Fig. 11(c) and we can say that radiation efficiency of the
antenna is above 85% in the whole impedance bandwidth for both

Fig. 10. 3-D CST human body model (Hugo).

Fig. 11. Simulated results of the proposed antenna in free space and with human
body phantom. (a) Reflection coefficient. (b) Gain. (c) Radiation efficiency.
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the cases. Figure 12 shows the simulated radiation patterns of the
proposed antenna in free space and with human body condition
at 2.4 GHz. The results illustrate that radiation characteristics of
antenna change trivially between free space and on-body status
because of the good isolation achieved by the AMC structure.

SAR results of proposed antenna for wearable safety

To guarantee compliance with safety laws, the SAR level of a
wearable antenna must be evaluated while designing the antenna.
Furthermore, SAR is used to assess the risks that wearable anten-
nas pose to human health. Thus, the RF energy received by
human tissues must not go over the critical threshold of 1.6W/
kg for any 1 g tissue or 2W/kg for 10 g tissue, according to the
IEEE C95.1-1999 and IEEE C95.1-2005 standards. The AMC
antenna is placed on the CST human body model (Hugo) to
assess the SAR of the human body. Figure 10 depicts the numer-
ical simulation of a 3-D body with approximate human tissue
data. After loading the AMC structure, the EM wave radiation
to the human body is effectively reduced. Figure 13 depicts the
simulated SAR distribution on human hand. From Fig. 13(a) it

is seen that at 2.4 GHz, the maximum value of SAR is 0.67W/
kg of 1 g/m3 under the condition of 1W input power. Further,
Fig. 13(b) depicts the SAR distribution for 10 g human body
tissue and it is observed that peak SAR value is 0.568W/kg of
10 g/m3.

Table 2 depicts the SAR simulation at 2.4 GHz, as shown in the
table below. The AMC antenna’s assessed SAR values are all con-
siderably below the regulated SAR criteria, but the monopole
antenna does not. The reason for this is that antenna without
AMC produces an omnidirectional pattern, but an AMC antenna
produces a directing radiation pattern. The SAR study demon-
strates the AMC antenna’s advantage for operating close to the
human body. A comparison of the proposed work with the
work discussed in literature is presented in Table 3. It is seen

Fig. 12. Simulated normalized radiation patterns of the proposed antenna in free space and with human body phantom. (a) Phi = 0°. (b) Phi = 90°.

Fig. 13. SAR simulation. (a) 1 g human tissue. (b) 10 g human tissue at 2.4 GHz.

Table 2. SAR analysis of antennas at 2.4 GHz (1 g tissue (w/kg))

Antennas E-plane H-plane

Antenna without AMC 41.25 42.32

Antenna with AMC 0.67 0.56

Antenna with AMC bent 0.52 0.68

Table 3. Comparison of the proposed work with the previous work

Ref

Impedance
bandwidth

(GHz)
Gain
(dBi) Polarization Size (λ2)

Proposed 2.3–3.1 5.89 Circular 0.38 × 0.38

[25] 2.28–2.51,
5.2–6

6.2 Linear 0.68 × 0.68

[24] 4.30–5.90 6.12 Linear 1.47 × 0.97

[23] 2.425–2.47 0.12 Linear 0.4 × 0.4

[19] 2.4–2.5 0.95 Linear 1.02 × 0.7

[16] 2.4 and 5.8 – Linear 0.8 × 0.8

[15] 5.15–5.87 – Linear 0.17 × 0.17
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that the proposed antenna has smaller foot print with stable gain
as compared to the work reported. The proposed AMC antenna
exhibits circular polarization which makes it a good candidate
for ISM band wearable applications.

Conclusion

A CRLH-TL-inspired compact CP antenna is presented. For
wearable antenna applications, the proposed CP antenna is
backed by an AMC-based metasurface. The developed AMC
antenna has an impedance bandwidth of 21% (2.3–3.2 GHz)
and a gain of 5.89 dBi. Numerical calculations and experimental
results have also demonstrated that the designed AMC-based
antenna works well in terms of radiation performance in condi-
tions of minor modifications due to structural deformation such
as bending, as well as human body loading effects.
Furthermore, the AMC reflector significantly minimizes SAR
values, making the AMC antenna performance better than a sin-
gle CRLH-TL-based CP antenna.

Data. The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.
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