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ABSTRACT This paper presents the design and analysis of an all-textile broadband circularly polarized array
antenna based on metasurface (MTS), which offers a promising solution for developing a high-performance,
lightweight, and comfortable antenna for various wearable applications. The array antenna configuration
comprises 2 × 2 MTS elements, a ground plane, and a sequential feeding network. The MTS radiator
of the antenna element is first designed and miniaturized by implementing diagonal slits. It is fed from a
50 � microstrip line through different-length cross-slot etched in the center of the ground plane, which has
a narrow axial ratio bandwidth (ARBW). To enhance the antenna performances, the MTS array antenna
is formed into a 2 × 2 arrangement. Its radiators are fed by a 90◦ phase difference sequential series-
feeding network. The measured impedance bandwidth (IBW) of 72% on the human body is achieved,
and the measured ARBW of 47.9% on a phantom head is achieved. High broadside gain and moderate
radiation efficiency are observed within the ARBW. Simulated specific absorption rates (SARs) under US
and European standards are below the safe level. The simulated and measured results show very good
agreement.

INDEX TERMS Array antenna, circular polarization, metasurface, sequential feeding network, wearable
antenna.

I. INTRODUCTION
Wearable technology has significantly advanced in recent
years, resulting in a demand for wearable antennas that
are conformal, comfortable, and lightweight. The wearable
antenna plays a critical role in enabling wireless connectivity
and communication for wearable devices. It ensures reliable
transmission and reception of signals, allowing the device to
interact with other devices, networks, and the internet. Efforts
have been made to design wearable antennas using various
materials, such as felt, polyimide, polydimethylsiloxane, and
conductive fabric, for seamless integration with the wearer.
However, the deformation of these flexible antennas and
unpredictable human body movements can result in issues
such as multipath distortion and polarization mismatch.

To address these issues, wideband antennas with circu-
larly polarized (CP) radiation have been proposed as a more
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suitable solution for wearable applications. A CP antenna is
more preferred because it has many advantages compared
to the linear polarization (LP), including reduce multi-path
interference, mitigate polarization mismatch, and maintain
communication link between the wearable device and exter-
nal hub. The CP excitation for wearable application is utilized
by several techniques, which can be classified into radiating
element and feeding network types. In terms of the for-
mer type, various antenna shapes, including the monopole
antenna [1], [2], button-antenna [3], [4], andmagneto-electric
dipole [5], coplanar waveguide (CPW)-fed [6], [7] have
been presented. Nowadays, metasurface (MTS) [8], [9], [10],
[11] has been widely employed in wearable antenna design
to excite CP radiation and enhance impedance bandwidth
(IBW), gain, radiation efficiency, and specific absorption rate
(SAR). However, the wearable CP antenna based on MTS
suffers narrow axial-ratio bandwidth (ARBW). To address
this issue, a sequentially rotated feeding technique [12], [13]
is adopted to excite broadband CP radiation. The 90◦ different
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sequentially rotated feeding network can enhance the ARBW
because the signal is fed to adjacent elements in the array
antenna with precisely controlled phase and amplitude. The
relative phase different between each element is kept at 90◦

over the wide range of frequency with the similar amplitude
and the feeding phase changes are accurate only for the
desired sense of polarization, which results in producing wide
ARBW. In addition, by optimizing the spacing element and
rotating the antenna elements in 0◦, 90◦, 180◦, and 270◦

fashion, which allows cancellation of the mutual coupling,
resulting in wide bandwidth and high gain [14]. This tech-
nique is applied in wearable antenna design in [15]. An array
of a 2× 2 square patch is fed by aperture coupling through the
sequentially rotated feeding slots on the ground, resulting in
the broadband CP performance. However, the measured IBW
of the array antenna does not fully cover the ARBW.

Characteristic mode analysis [16] (CMA) is an effective
method used in the field of electromagnetics to effectively
analyze the working mechanism and behavior of the MTS.
The characteristic modes are independent of any kind of
excitation, e.g., feeding structures; they only depend on the
size and shape of the conducting object for the MTS. The
understanding on the physical behavior of the radiator have
been used to enhance the antenna performances. Recently,
CMA is also applied on the wearable antenna design in [17],
[18]. In [17], the current and strength of the current in a
3 × 3 nonuniform MTS array are analyzed varying with
the change of the rotation angle of each unit cell with the
assistant of CMA. In [18], CMA is used to study the parasitic
patch, the driven patch, and the parasitic strip of the transpar-
ent antenna. Both antennas are designed covering 5.85-GHz
WBAN. However, these antennas only radiate LP wave.

In this paper, an approach is proposed to excite broadband
CP radiation, which utilizes MTS and 90◦ phase differ-
ence sequentially rotated feeding network. The single MTS
antenna is first designed by CMA, which excites two broad-
band degenerate modes but not fully cover the ARBW for
a targeting bandwidth including 5.15–5.85 GHz and a part
of ultra-wideband (UWB) for wireless body-area network
(WBAN) applications. Then, the 2 × 2 metasurface array is
placed on the top substrate as the primary radiating element.
It is fed from aperture coupling through the sequentially
rotated feeding slots on the ground plane. The feeding net-
work is placed on the bottom substrate. The proposed antenna
design is fabricated using low-cost textile materials, making it
lightweight and comfortable to wear. The fabricated antenna
is measured in free space, as well as on the human body and
phantom head. This research presents the method to achieve a
broad bandwidth, high performance, and low SAR wearable
antenna, making it suitable for various wearable applications.

II. SINGLE MTS ANTENNA DESIGN AND MECHANISM
A. SINGLE MTS ANTENNA
The geometry of the singleMTS is shown in Fig. 1. The single
MTS antenna consists of an MTS layer, an orthogonal-slot

FIGURE 1. The geometry configuration of the single MTS antenna:
(a) perspective view, (b) top view of MTS layer, and (c) top view of
orthogonal-slot ground plane layer.

ground plane, a 50 � microstrip line, and a multi-layer felt
substrate. All conductors are made of Shieldit™super conduc-
tive textile with a conductivity of 118,000 S/m. A thin Sub#1
works as an isolator to reduce the proximity effect from the
human body. The MTS comprises 2 × 2 diagonal-slit square-
patch unit-cells placed on the top side of Sub#3, as shown in
Fig. 1 (b). The slits introduce additional capacitance to minia-
turize the MTS [19]. A different-length cross-slot is etched
in the center of the ground plane, as shown in Fig. 1 (c).
It couples electromagnetic energy and introduces perturba-
tion to the MTS antenna. A 50 � microstrip line and a
ground plane are attached on the bottom and the top side of
Sub#2, respectively. The conductors are designed on the felt
substrate. The felt substrate has a dielectric constant of 1.4,
a loss tangent of 0.044. The optimized values of the proposed
antenna are listed as follows:

H1 = 1.5, H2 = 3, Ws = 40, Wp = 10, G = 1, W1 =

1, L1 = 4.5, L2 = 15, L3 = 20, W2 = 1, and Lf = 24
(unit: mm).

B. CHARACTERISTIC MODE ANALYSIS OF THE MTS
CMA is a unique method that present the electromag-
netic properties of the structures without determining the
source of excitation. The modal significance (MSn) is the
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FIGURE 2. CMA of the single MTS antenna: (a) modal significance and
(b) current distributions and 3D radiation pattern in different modes.

important parameter, as a function of eigenvalue. The modal
significance (MSn = 1/|1 + jλn|), where λn is the eigenvalue,
is an important parameter. The operating bandwidth of a nth
mode is defined as MSn > 0.7. The closer MSn is to 1, the
greater is the efficiency of the antenna radiation.

Fig. 2 presents MSn, the current distribution, and the 3D
radiation pattern in the first sixmodes, J1–J6, from 3 to 9GHz
of the proposed MTS. As shown in Fig. 2 (a), the modal
significances of J1 and J2 are a pair of degenerate modes,
which have an identical MS value. The modal significance
values are larger than 0.7 in most of the frequency band

FIGURE 3. Current distributions on the ground plane at (a) t = 0 and
(b) t = T/4.

from 3 to 9 GHz, which indicates a broad operating band-
width. In addition, J1 and J2 have a directional radiation
pattern, as shown in Fig. 2 (b). The modal current of J1
is in-phase and radiates in x-polarization. Similar to J1, the
modal current of J2 is in-phase but radiates in y-polarization.
It is clearly observed that J1 and J2 have similar radiation
patterns but orthogonal polarization states because they have
orthogonal current distributions. According to [20] and [21],
CP radiation can be implemented by exciting J1 and J2 with
a 90◦ phase difference.

Meanwhile, the modes of J3, J4, J5, and J6 have null
radiations in the broadside direction because the current dis-
tributions are out-of-phase at the center. Therefore, J3, J4, J5,
and J6 have omni-directional radiation patterns, as shown in
Fig. 2 (b).

C. FEEDING METHOD OF THE SINGLE MTS ANTENNA
As discussed in the previous section, J1 and J2 are a pair
of degenerate modes. The CP operation can be realized by
exciting J1 and J2 with a 90◦ phase difference. The surface
currents of J1 and J2 are evenly distributed in x- and y-
directions, respectively. Therefore, J1 and J2 can be excited by
placing the excitation source immediately below each square-
patch unit-cell. Meanwhile, the modes J3–J6 are out-of-phase
at the center and concentrate around the edge of the MTS,
which makes it difficult to excite them. The degenerate mode
can be excited by introducing perturbation using diagonal-
slot feeding [22], [23]. Therefore, the feeding method that
includes a 50-� microstrip line and a non-uniform cross-slot
feed is employed, as shown in Fig. 1(c). The current distribu-
tions on the ground plane at two different time instances of t=
0 and T/4, where T is the period of time at 5.8 GHz, are shown
in Fig. 3. The surface currents at t= 0 are strongly distributed
in the x - direction, which excites the J1 mode.Meanwhile, the
surface currents at t = T/4 are distributed in the y-direction,
which excites the J2 mode. The simulated |S11| and |AR| of
the single MTS antenna are 43.62% (4.75–7.40 GHz) and
5.42% (5.74–6.06 GHz), respectively, as shown in Fig. 4.
The ARBW of the single MTS antenna is somewhat narrow.
To improve the antenna performance, including the ARBW,
an array MTS antenna for wearable applications is proposed
in Section III.
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FIGURE 4. Simulated results of the single MTS antenna: (a) S11 and
(b) AR.

FIGURE 5. The geometry of the 1-to-4 sequential feeding network.

III. MTS ARRAY ANTENNA AND DEFORMATION STUDY
A. ARRAY ANTENNA USING SEQUENTIAL
FEEDING NETWORK
Fig. 5 shows the geometry of the proposed serial
1-to-4 sequential feeding network using a compact open
ring [24]. The output ports of the feeding network are formed
in counter-clockwise direction to generate right-hand CP
(RHCP) waves. The feeding network is designed with serially
connected microstrip lines with different impedance char-
acteristics. The width of the series-microstrip line and the
quarter wavelength transformer are optimized for achieving
90◦ phase difference and equal amplitude at the output ports.
The simulated S-parameter amplitude and phase of the feed-
ing network are shown in Fig. 6. The return loss of the feeding
network is below −20 dB. The signal from the input port,
Port1, is equally delivered to four output ports, Ports 2–5.
Similar transmission coefficients of |S21|, |S31|, |S41|, and
|S51 are observed from 5 to 8 GHz with the value ranging
from −5.5 to 8.5 dB, as shown in Fig. 6 (a), with a phase
difference of 90◦, as shown in Fig. 6 (b). The optimized values
of the feeding network are listed as below:

C1= 6, C2= 2, C3= 3, C4= 2, C5= 1, D1= 25.8, D2=

11.5, D3 = 8.6, D4 = 9.6, D5 = 10.6, D6 = 11.4 (unit: mm).
The geometry of the 2 × 2 MTS array antenna is shown

in Fig. 7. The MTS array antenna is formed by rotating the
single MTS antenna with an angle of 45◦ around its center
and then continuing rotation 90◦ around its z-coordinate,

FIGURE 6. Simulated S-parameters of the feeding network in:
(a) magnitude and (b) phase.

as shown in Fig. 7 (a). The signal from the feeding network
is electromagnetically coupled with the MTS array antenna
through a sequentially rotating non-uniform cross-slot in the
ground plane, as shown in Fig. 7 (c). The spacing between
each element is P0, which is the important parameter to
determine the mutual coupling between each MTS antenna
element without degrading the antenna radiation pattern. The
parametric study of P0 on antenna performances including
|S11|, AR, broadside gain, and radiation efficiency is shown
in Fig. 8. As a result, the best antenna performance is achieved
at P0 of 36 mm that is approximately equal to 0.65 λg, where
λg is the guided wavelength at lowest resonant frequency of
ARBW.

A comparison of the simulated reflection coefficient, AR,
and broadside gain between the single andMTS array antenna
is shown in Fig. 9. It is observed that the performance of
the MTS array is significantly enhanced, unlike that of the
single antenna. The IBW and ARBW of the MTS array are
78.4% (3.71–8.49 GHz) and 53% (4.65–8.0 GHz) compared
to 43.6% (4.75–7.4 GHz) and 5.42% (5.74–6.06 GHz) of the
single antenna, respectively. The maximum broadside gain
within the ARBW of the array antenna is 10 dBic compared
to 6.4 dBic of the single antenna.

B. DEFORMATION STUDY
In some practical situations, the antenna is mounted on curva-
ture surfaces, which causes the deformation while operating.
This section investigates the antenna performances in bend-
ing condition in the x– and y–direction with the bending
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FIGURE 7. The geometry configuration of the proposed MTS array
antenna: (a) perspective view, (b) top view of MTS layer, and (c) top view
of ground-plane layer.

FIGURE 8. Parametric study of P0 on the antenna performance: (a) |S11|,
(b) AR, (c) boadside gain, and (d) radiation efficiency.

radius of 40, 50, 60, 70, and 80 mm. The comparisons
between degrees of bending for |S11| and AR are shown in
Figs. 10 and 11.
It can be observed that bending in x–direction lightly

affects the antenna performance because the geometry of the
feeding network is nearly maintained. The 3-dB ARBW is
satisfied with all the bending radius in x–direction.

FIGURE 9. Comparison between the single and array MTS antenna:
(a) |S11| and (b) AR and broadside gain.

Meanwhile, the antenna performances are strongly
affected when bending in y–direction and the bending radius
of less than 70 mm. Bending along y-direction asymmetri-
cally deforms the feeding network, which does not evenly
distribute the energy from input port to the output ports with
90◦ phase difference. When the bending radius is larger than
or equal to 80 mm, the 3-dB ARBW is satisfied.

IV. ANTENNA PERFORMANCE
To demonstrate the design of the proposed MTS array
antenna, the antenna is fabricated and verified by mea-
surement in free space, human-body, and phantom-head
environments.

A. FREE SPACE PERFORMANCE
The proposed antenna is fabricated by using a laser cut-
ting technique to produce a precise prototype as shown in
Fig. 12. The comparison between measured |S11| parameters
in the free space and simulated result is shown in Fig. 13.
The measured S11 in free space has the IBW of 97.44%
(3.41–9.89 GHz), compared to simulated result of 78.4%
(3.71–8.49 GHz). The comparison between simulation and
measurement result in free space of ARBW, broadside gain,
and radiation efficiency are shown Fig. 14. The measured
ARBW is achieved of 52.6% (4.6–7.9 GHz), compared to
53% (4.65–8.0 GHz) of the simulated result. The measured
radiation efficiency in free space within the ARBW ranges
from 53% to 58%. Meanwhile, the measured broadside gain
within the ARBW ranges from 4.9 to 9.2 dBic. The measured
radiation patterns at 5.85 and 7.0 GHz theMTS array antenna
in two principle x-z and y-z planes are shown in Fig. 15.
It is observed that the proposed MTS array antenna radiates
RHCPwaves. Themeasured front-to-back ratios (FBR) in the
broadside direction at 5.85 and 7.0 GHz are 22.5 and 17 dB,
respectively.

B. ON HUMAN BODY AND PHANTOM HEAD
PERFORMANCES
In this section, the antenna performances are measured on
the human body and phantom-head. The proposed antenna is
simulated on the four-layered tissue with a volume of 200 ×

200× 50mm3 as shown in Fig. 16. The tissue model includes
skin, fat, muscle, and bone with thickness of 1.5, 8.5, 27.5,
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FIGURE 10. Bending effect of the proposed antenna in the x-direction:
(a) |S11| and (b) |AR|.

FIGURE 11. Bending effect of the proposed antenna in the y-direction:
(a) |S11| and (b) |AR|.

FIGURE 12. Fabricated MTS array antenna.

and 12.5 mm, respectively. The proposed array antenna is
placed 5 mm above the tissue model. The permittivity and
conductivity [25] of the tissue are listed in Table 1.

The measured |S11| on different body parts including
chest, shoulder, and lap is shown in Fig. 17. The shape ofmea-
sured |S11| on human body is somewhat identical because
of the presence of isolator substrate. The measured |S11| in
human chest is achieved of 72% (4.61-9.8 GHz), which is

FIGURE 13. Measured S11 results in free space.

FIGURE 14. Measured results: (a) AR and (b) broadside gain and
radiation efficiency in free space.

FIGURE 15. Measured radiation pattern at (a) 5.85 GHz and (b) 7.0 GHz in
free space.

slightly less than measured result in free space. The measured
AR, broadside gain, and radiation efficiency on phantom
head are shown in Fig. 18. The measured ARBW is 47.9%
(5–8.15 GHz), compared to 53.34% (4.77-8.24 GHz) simu-
lated result on the tissue model. The measured broadside gain
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FIGURE 16. The four-layered tissue model.

TABLE 1. Human tissue.

FIGURE 17. Measured S11 in human body.

FIGURE 18. Measured results: (a) AR and (b) broadside gain and
radiation efficiency in phantom head.

within the ARBW ranges from 5.1 to 11.2 dBic. Meanwhile,
the measured radiation efficiency is from 50 to 56%. The
measured radiation patterns on the phantom-head environ-
ments of the MTS array antenna in x-z and y-z planes are
shown in Fig. 19. The measured front-to-back ratios (FBR)
in the broadside direction at 5.85 and 7.0 GHz are 36.5 and
41 dB, respectively. The measured front-to-back ratio on the
phantom head is significantly larger than that measured in
free space because the phantom head is considered a reflector.

C. SAR
The SAR is an important factor in wearable applications; a
safe level ensures safe exposure for wearers. An input power
of 500 mW is chosen for the SAR simulation. The simulated
SARs under US and EU standards at 5.85 and 7 GHz are

FIGURE 19. Measured radiation pattern at (a) 5.85 GHz and (b) 7.0 GHz in
phantom head.

FIGURE 20. Simulated SAR for US and European standards at (a) 5.85 GHz
and (b) 7.0 GHz.

shown in Fig. 20. The simulated SARs at 5.85 GHz for US
and EU standards are 1.15 W/kg and 0.29 W/kg, respec-
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TABLE 2. Comparison with other CP based wearable antennas.

tively, which are significantly lower than the limit standard of
1.6W/kg for the US standard and 2W/kg for the EU standard.
Meanwhile, the simulated SARs at 7.0 GHz are 1.3W/kg and
0.28 W/kg. A comparison of the proposed antenna and other
CP wearable antennas is shown in Table 2. The proposed
MTS array antenna has a largest among compared antennas
but achieved high performances in IBW, ARBW, broadside
gain, and low SAR.

V. CONCLUSION
In conclusion, an all-textile broadband circularly polarized
MTS array antenna is proposed and demonstrated. Satisfac-
tory broadband performance is achieved by implementing a
metasurface radiator and a 90◦ phase difference sequential
series-feeding network. The diagonal slit is etched in theMTS
to miniaturize the array antenna. The proposed MTS array
antenna is fabricated by a laser cutting technique to produce a
highly precise antenna prototype. The antenna performance is
verified bymeasuring it in free space, on the human body, and
on a phantom head. The simulation and measurement results
are in good agreement.
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