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ABSTRACT This article presents a sub-6GHz ISM-band flexible wearableMIMO antenna array for wireless
body area networks (WBANs) and biomedical telemetry devices. The array is based on metasurface inspired
technology. The antenna array consists of 2 × 2 matrix of triangular-shaped radiation elements that were
realized on 0.8 mm thick Rogers RT/duroid 5880 substrate. Radiation characteristics of the array are
enhanced by isolating the surface current interaction between the individual radiators in the array. This
is achieved by inserting an electromagnetic bandgap (EBG) decoupling structure between the radiating
elements. The radiating elements were transformed into ametasurface by etching sub-wavelength slots inside
them. The periodic arrangement of slots acts like resonant scatterers that manipulate the electromagnetic
response of the surface. Results confirm that by employing the decoupling structure and sub-wavelength slots
the isolation between the radiators is significantly improved (>34.8 dB). Moreover, there is an improvement
in the array’s fractional bandwidth, gain and the radiation efficiency. The optimized array design for operation
over 5.0-6.6 GHz has an average gain and efficiency of 10 dBi and 83%, respectively. Results show that the
array’s performance is not greatly affected by a certain amount of bending. In fact, the antenna maintains
a gain between 8.65-10.5 dBi and the efficiency between 77-83%. The proposed MIMO antenna array is
relatively compact, can be easily fabricated on one side of a dielectric material, allows easy integration with
RF circuitry, is robust, and maintains its characteristics with some bending. These features make it suitable
for various wearable applications and biomedical telemetry devices.

INDEX TERMS On-body antennas, wearable antennas, flexible antennas, metasurface (MTS) anten-
nas, electromagnetic bandgap (EBG) devices, biomedical telemetry devices, wireless body area network
(WBAN), MIMO antenna array.

The associate editor coordinating the review of this manuscript and

approving it for publication was Ravi Kumar Gangwar .

I. INTRODUCTION
The use of flexible wireless devices is rapidly growing, and
this is mainly for health monitoring systems. This is a direct
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consequence of policy maker’s decision to shorten the stay
of patients in hospitals to cut healthcare costs. As a result,
ambulatory health monitoring of patients has moved to the
home. Furthermore, there is a growing trend of older citizens
who do not want to live in an assisted living facility like
care homes. This is because they cannot afford the exorbitant
costs, or they prefer to be independent. As elderly people
are living alone there is a need to monitor their wellbeing
and safety. Hence, the need for wearable and implantable
technologies has therefore become essential in the moni-
toring of critical physiological parameters of such people.
The monitored data is either transmitted to a remote medi-
cal center or is used to direct the patient to take a specific
action or is used to automatically perform a specific function
based on what the sensors are reading. For example, if blood
glucose is running high, insulin could be automatically
administered [1], [2].

Wearable devices for healthcare applications are expected
to proliferate enormously and this is facilitated by Inter-
net of Things (IoT) technology, which seamlessly connects
via heterogeneous smart devices [3]. This is made possible
with the ongoing deployment of 5G networks across many
countries. 5G technology enables substantial improvement in
wireless data rates, connectivity, bandwidth, coverage with
the reduction in energy consumption and latency.

Wearable communications devices need to have a wide
bandwidth to support Industrial Scientific Medical (ISM)
and Wireless Local Area Network (WLAN) technologies.
It is acknowledged that such devices cause higher levels of
specific absorption rate (SAR) at the skin surface [4]. Based
on the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) and the IEEE C95. 1-2019 standards,
the SAR limit is set to 2 W/kg for the averaged over 10 g
of tissue volume [5]. Wireless communications technology
for wearable devices therefore requires antennas to have a
smaller footprint to limit continuous radiation exposure on the
body. However, the performance of standard antenna designs
is compromised by miniaturization and interaction with the
human body. The design of low-profile wearable antennas
that possess multiband capability with a small footprint and
whose radiation characteristics are not severely degraded by
deformation of the antenna structure when worn on the body
is a challenging proposition.

Microstrip patch antennas have been extensively used in
the wearable antenna designs due to their planar structure
[6], [7]. Various antenna structures have been previously
investigated considering the miniaturization and stable per-
formance of the antenna on the human body. This includes the
suitability of the planar inverted-F antenna (PIFA) reported
in [8]. Unfortunately, this type of antenna suffers from a
narrow impedance bandwidth due to its single resonance
mode. Enhancing the impedance bandwidth of the PIFA to
cover the whole 5 GHz WLAN band is a critical issue.
Manipulating several resonance modes is one of the methods
considered to widen the bandwidth. In [9], it is shown by
loading shorting pins or vias is one technique to adjust the

TABLE 1. Dimensions of the reference antenna array.

resonance frequency of PIFA. In [10], it is shown by etching
slots in the patch antenna can achieve the same effect. Load-
ing shorting pins and etching slots simultaneously to widen
the desired impedance bandwidth of the PIFA have been
studied by Liu et al. [11] and [12]. In [11], the TM0,1/2 and
TM0,3/2 modes of a PIFA were chosen to realize wideband
performance however its fractional bandwidth is restricted to
11.8% by the high permittivity of the substrate. To further
widen the operating bandwidth, an air layer was introduced as
part of the substrate in [12], where the TM0,1/2 and TM2,1/2
modes are used to provide a fractional bandwidth of 15.3%.
However, the mechanical stability of this type of antenna can-
not be guaranteed in wearable applications. Antenna designs
discussed above are complicated using shorting pins or vias
which contribute towards the fabrication cost.

It has been demonstrated that multi-antenna technology
like MIMO can increase the data rates, overcome multi-
path phenomena, and reduce power consumption [13]. The
requirement for compactness of wearable devices using
MIMO technology can however produce high interference
among the radiating antenna elements. The electromag-
netic interactions between the antenna elements due to sur-
face currents can significantly degrade the performance of
MIMO based wearable devices [14]. Therefore, to design a
high-performance wearable multi-antenna system, the intra-
system electromagnetic interference issues due to the mutual
coupling between the radiating elements need to bemitigated.
Hence, several approaches have been previously investi-
gated to reduce mutual coupling in a multi-antenna system,
by incorporating: (i) defected ground structure (DGS) [15];
(ii) electromagnetic bandgap (EBG) structure [16]; (iii) the
parasitic element [17]; (iv) metamaterials-based isolator [18];
and (v) hybrid structure [19]. However, it is noted that in
wearable applications, the multiple antennas are located on
body, and design strategies for wearable antennas are quite
different from the conventional ones. Tomeet the requirement
of user’s comfort it is important to select flexible materials
for wearable applications. The challenge is to realize a wear-
able antenna whose performance is stable when subjected to
a certain amount of deformation when worn on the body.
The multi-antenna wearable antenna needs mutual coupling
reduction approach that remains affective under severe bend-
ing conditions.

Numerous examples of wearables antennas have been
investigated in the literature including MIMO antennas.
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FIGURE 1. Reference 2 × 2 antenna array, (a) simulation layout, (b) photograph of the fabricated array (top side), (c) array’s
reflection-coefficient (S11) & isolation between the patches (S12, S13 & S14), (d) antenna gain as a function of frequency, &
(e) radiation efficiency as a function of frequency.

For example, reported in [20] is a two-element dipole MIMO
antenna implemented on textile for wearable applications.
The antenna uses the ground plane as the main radiator,
which is capacitively loaded by two strips along two edges

to generate quasi-orthogonal radiation patterns. The isolation
between the radiating elements is better than 12 dB over
2.4-3.0 GHz. The MIMO antenna in [21] is implemented
on textile and exhibits dual-band response. The antenna is
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FIGURE 2. (a) simulation layout of the 2 × 2 antenna array loaded with
EBG decoupling structure, (b) photograph of the fabricated array (top
side).

FIGURE 3. (a) The proposed EBG decoupling structure, and (b) dispersion
diagram of the EBG structure obtained by CST microwave studio.

based on substrate integrated waveguide (SIW) technology
and designed to resonate at 2.4 GHz. The second and third
modes are excited and combined by placing a via within the
SIW cavity to invoke resonance at 5 GHz. Isolation between
the two radiators is better than 20 dB. By employing a pair
of degenerated characteristic modes of a high-impedance
surface circular loop antenna, the MIMO antenna in [22],
which is designed to operate from 2.4-2.49 GHz, is shown
to achieve port-to-port isolation better than 15 dB. Reported
in [23] is a dual-port MIMO antenna that is constructed
of Jeans material. It consists of standard rectangular patch
antennas. To suppress mutual coupling between the anten-
nas it employs two interconnected I-shaped stubs that are
implemented on the ground plane and located between the
two patches. The antenna operating over 2.4-8.0 GHz. With
this technique the isolation achieved is better than 22 dB.
A wideband (3.6-13 GHz) circularly polarized textile MIMO
antenna for wearable applications is reported in [24]. The two
radiating elements in the antenna consists of sickle-shaped
radiators and a truncated ground plane with two L-shaped

TABLE 2. Dimensions of the Electromagnetic Bandgap (EBG) decoupling
structure.

stubs located between the radiators. The isolation between the
radiators is better than 18 dB. The MIMO antenna for wear-
able biotelemetric devices in [25] consists of four elements,
which are placed orthogonally to the adjacent elements. The
radiating elements are truncated corner patches with ground
plane consisting of a hook-shaped open circuited stub. The
antenna operates over 1.84-3.81 GHz and has isolation better
than 20 dB.

More recently a wearable antenna 4 × 1 array is reported
in [26]. The unit-cell of the array consists of a metasurface
that is constructed from several square microstrip patches
arranged in a cross configuration. Two opposite corners of
the inner patched are slightly trimmed. The patch is excited
from the bottom of the substrate with a single square patch on
which a tilted slot is etched. The excitation patch is shielded
with a ground-plane on bottom side of its substrate. The
array operates across 4.51-6.43 GHz with a peak gain of
2.6 dBi. In [27] the 4 × 4 array is made fully using flexible
textilematerials using two felt substrate layers and conductive
fabric as the conductive elements. The metasurface unit-cell
consists of a square microstrip loop that encloses a square
patch that is connected to the loop. The metasurface plane
not only can generate positive resonances but also negative
resonances due to its intrinsic properties. The array is excited
from the bottom of the substrate with a slot feeding structure
to induce anti-phasemode of the antenna. The array has a gain
of -0.69 dBi at its lower resonance frequency of 2.45 GHz,
and a gain of 7.4 dBi at 5.5 GHz.

In this paper a low-profile wearable MIMO antenna array
design is presented that is constructed on a flexible sub-
strate for wideband operation across 5.0-6.6 GHz. The
isolation between the radiating elements in the array is signif-
icantly enhanced by mitigating the mutual coupling between
the closely spaced radiating elements. This is achieved by
employing EBG andmetamaterial-inspired technologies. The
EBG decoupling structure is inserted between the radiating
elements and sub-wavelength slots are inserted in the patch
antennas. Moreover, with this technique the effective aperture
of the array is increased resulting in significantly improved
bandwidth performance. Compared with other techniques
reported in literature the proposed technique achieves iso-
lation that is greater than 34.8 dB. Bending analysis of the
array was also done to simulate complex bending condition
scenarios encountered by on-body worn systems. The result
of the bending analysis is shown to have minimal effect on
the array’s overall performance. These results confirm that
the proposed antenna array is suitable for wireless body area
networks that are used to monitor the health of patients.
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TABLE 3. Comparison of the proposed antenna array’s s-parameters without and with the EBG decoupling structure.

TABLE 4. Comparison of the proposed antenna array’s gain and efficiency performance without and with EBG decoupling structure.

FIGURE 4. Antenna array’s (a) reflection-coefficient (S11) & isolation between the patches (S12, S13 &S14), (b) Gain as a
function of frequency, & (c) Radiation efficiency as a function of frequency. Note, the abbreviations ‘WO’ stands for ‘without’
the EBG decoupling structure, and ‘W’ stands for ‘with’ the decoupling structure.

II. THE PROPOSED ANTENNA ARRAY
Reference antenna used in the study is a 2 × 2 array, shown
in Fig.1(a). It consists of two pairs of inverted triangular
shaped patches in close proximity. Triangular patch antenna

was chosen in the array design because its sidelobes are
suppressed to a greater extent than rectangular shaped patches
[28]. The reverse side of the substrate is a ground plane.
In the study the radiating elements in the prototype array were
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FIGURE 5. (a) Surface current density over the antenna array with no EBG structure when only the top left antenna is
excited, and (b) surface current density over the antenna array with the proposed EBG structure.

TABLE 5. Dimensions of the slots etched inside the patches.

excited individually using microstrip feedlines. The ports of
the array were combined to a common input using a power
combiner and ensuring there is phase coherency at the ports.

The resonance frequency of the triangular patch antenna is
determined by its dimensions and given by [29]

fr =
ckmn

2π
√
εr

(1)

where c is the velocity of light, εr is the relative dielectric
constant of the substrate, and kmn is the wave number given
by

kmn =
4π
3a

√
m2 + mn+ n2 (2)

The lowest order resonance frequency is therefore given by

fr =
2c

3a
√
εr

(3)

where a is the length of the side of the triangular patch.
The dimensions of the patch radiators were calculated

using standard Eqn.(3). The array was constructed on a
Rogers RT/duroid 5880 with dielectric constant of (εr ) of 2.2,
loss-tangent (tanδ) of 0.0009, and thickness of 0.8 mm. The
dimensions of the array are given in Table 1 and a picture of
the fabricated array is shown in Fig. 1(b).

The simulated and measured performance of the reference
array are shown in Figs. 1(c)-(e). Fig.1(c) shows themeasured
impedance bandwidth of the reference array is 380 MHz
for S11 ≤-10 dB. The worst-case isolation measured over
the operating frequency band of 5.66-6.04 GHz in Fig.1(c)
between ports 1 & 2 is 13 dB at 6.0 GHz, ports 1 & 3 is 23 dB

at 5.8 GHz, and ports 1 & 4 is 26 dB at 6.0 GHz. Fig.1(d)
shows the minimum gain measured is 3.3 dBi at 5.66 GHz.
From Fig.1(e) the worst-case efficiency measured is 54% at
5.66 GHz.

It’s well known that mutual coupling between the adjacent
radiators can adversely affect the performance of the antenna
array. The coupling is predominately due to surface cur-
rents. To mitigate the unwanted coupling an electromagnetic
bandgap (EBG) structure is inserted between the radiators as
shown in Fig.2. EBG derive their name from an analogy to
solid-state electronic bandgap structures.With the latter, there
are certain energy bands that electrons can occupy and forbid-
den bands that cannot be occupied. With EBGs, the forbidden
bands pertain to energy levels that photons cannot occupy.
Hence, EMwaves with a frequency inside the forbidden band
cannot propagate through the EBG structure. Here we have
implemented the EBG on a microstrip transmission-line by
embedding resonant structures in the shape of triangular slots
placed at regularly spaced distances.

The operating mechanism of this EBG structure can be
explained by using an equivalent lumped element (LC) cir-
cuit model [28], where the capacitance is due to the slot
gap and the inductance results from the current flowing
in the microstrip-line. The resonance frequency of the cir-
cuit is given by ωo = 1

/√
LC . At low frequencies, the

impedance is effectively inductive, and at high frequencies
it is capacitive, and the structure supports transverse electric
(TE) surface waves. Near the resonance frequency (ωo), high
impedance is obtained and the EBG does not support any
surface waves, resulting in a frequency band gap blocking the
flow of surface waves.

The bandgap property of the EBG structure in Fig.3(a)
was verified with its dispersion diagram in Fig.3(b). The
dispersion diagramwas obtained using the Eigenmode Solver
in CST Microwave Studio, which is a full-wave electromag-
netic simulator. It shows the structure blocks surface current
propagation between 5.1-6 GHz.

If there is sufficient gap between the radiating elements
the inclusion of the EBG structure does not affect the overall

1044 VOLUME 11, 2023



A. A. Althuwayb et al.: Metasurface-Inspired Flexible Wearable MIMO Antenna Array

FIGURE 6. The proposed antenna array loaded with metasurface slots, (a) Simulation layout, (b) Photograph of the fabricated
array (top side), (c) Array’s reflection-coefficient (S11) performance, and (d) Isolation response between the radiation patches
(S12, S13 &S14). Abbreviation ‘WO’ and ‘W’ stand for ‘without’ and with ‘W’ the EBG and slots, respectively; and ‘opt’ is the
optimized array with EBG and slots.

TABLE 6. S-parameters comparison of the proposed antenna arrays.

TABLE 7. Radiation properties comparison of the proposed arrays.

size of the array. In fact, this technique can be retrofitted to
existing arrays to improve the far-field radiation pattern of

the array. The dimensions of the EBG structure are given in
Table 2. All other dimensions remain unchanged.
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FIGURE 7. Radiation characteristics of the proposed antenna arrays, (a) Gain, and (b) Efficiency. Abbreviation ‘WO’ and ‘W’
stand for ‘without’ and ‘with’ the EBG and slots, respectively; and ‘opt’ refers to the optimized array with EBG and slots.

FIGURE 8. Simulated far-field radiation of the proposed antenna array
(a) reference array, and (b) array with EBG decoupling structure and
metasurface slots.

The simulated and measured performance of the antenna
array without (WO) and with (W) the cross-shaped EBG
decoupling structure are shown in Fig.4. The simulation

FIGURE 9. Measured radiation patterns of the reference antenna array,
(a) yz-plane, and (b) xz-plane at 5 GHz, 5.7 GHz, and 6.6 GHz.

FIGURE 10. Measured radiation patterns the proposed antenna array
with EBG decoupling structure and metasurface slots in (a) yz-plane, and
(b) xz-plane at 5 GHz, 5.7 GHz, and 6.6 GHz.

was done using CST Microwave Studio. The measured
results in Fig.4(a) show that without the decoupling struc-
ture the impedance bandwidth of the array is 380 MHz for
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FIGURE 11. Deformation of the antenna array and its performance, (a) bending in the yz-plane, (b) bending in the xz-direction,
(c) reflection-coefficients for various bend radii in the yz-plane, (d) reflection-coefficients for various bend radii in the xz-plane, (e) gain at
various bend radii in the yz-plane, (f) gain at various bend radii in xz-plane, (g) radiation efficiency at various bend radii in the yz-plane,
and (h) radiation efficiency at various bend radii in xz-plane.
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FIGURE 11. (Continued.) Deformation of the antenna array and its performance, (a) bending in the yz-plane, (b) bending
in the xz-direction, (c) reflection-coefficients for various bend radii in the yz-plane, (d) reflection-coefficients for various
bend radii in the xz-plane, (e) gain at various bend radii in the yz-plane, (f) gain at various bend radii in xz-plane,
(g) radiation efficiency at various bend radii in the yz-plane, and (h) radiation efficiency at various bend radii in xz-plane.

S11 ≤-10 dB. By inserting the decoupling structure, the band-
width improves from 380MHz to 810MHz (5.32-6.13 GHz).
Over the arrays operating frequency band, the measured
isolation with the EBG structure between antennas 1 &
2 is >28 dB, between antennas 1 & 3 is >31 dB, and
between antennas 1 & 4 >33 dB. Improvement in isolation
between antennas 1 & 2 is 15 dB, between antennas 1 &
3 is 8 dB, and between antennas 1 & 4 is 7 dB. Fig.4(b)
shows with the decoupling structure the measured gain
varies between 6.8-7 dBi, and the radiation efficiency varies
between 70-74%. These result show compared with the refer-
ence antenna the improvement in the gain and efficiency with
the EBG structure are 3.5 dBi and 17%, respectively. These
results are summarized in Tables 3 & 4.

Fig.5(a) shows the surface current density over the array
without and with the EBG structure when just the top left
antenna in the array is excited. From Fig.5(b) it can be
observed the importance of including the EBG structure in

significantly improving the isolation between the individual
radiators.

The above results confirm the effectiveness of the proposed
EBG decoupling technique in suppressing surface waves and
thereby improving the isolation between the radiators as well
as the gain and efficiency of the array.

To enhance the array’s performance without increasing its
physical dimensions the radiation elements of the array were
transformed to metasurface. This was achieved by incorpo-
rating within the triangular patch an array of sub-wavelength
resonant scatterers in the form of parallel slots of varying
length which control the electromagnetic response of the
surface [31]. The distribution of individual scatterers is cru-
cial in determining the response of a patch surface. This
configuration differentiates the metasurfaces from traditional
frequency selective surfaces where the scatterers are of the
order of the operating wavelength. The slots in the triangular
shaped patches were etched as shown in Fig.6(a) & (b). The
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TABLE 8. Comparison of the antenna array bending in the yz- and xz-planes.

TABLE 9. The measured isolation performance of the proposed antenna array.

length of the slots is significantly smaller than the wavelength
over which the array is operating. These slots are effectively
resonant circuits that produce strong in-plane currents near
resonance, which give rise to an effective magnetic surface
current with a dominant dipolar response [32]. The dimen-
sions of the slots are given in Table 5. All other dimensions
given in Table 1 remain unchanged.

Compared in Fig.6(c) & (d), respectively, are the mea-
sured reflection-coefficient and isolation responses of (i) the
optimized antenna array loaded with EBG decoupling struc-
ture and slots, (ii) the reference array, and (iii) the array
loaded with the EBG decoupling structure. It is observed
that the impedance bandwidth of the optimized antenna
array (EBG+slots) compared to the reference array improves
by 1200 MHz (5.0-6.6 GHz). Moreover, there is improve-
ment in the isolation. The isolation between antennas 1 &
2 is >34.8 dB, between antennas 1 & 3 is >35 dB, and
between antennas 1 & 4 is >42 dB, i.e., the improvement
is 21.8 dB, 12 dB, and 16 dB, respectively. These results
are summarized in Tables 6. It is evident from these results
that the slots have an effect of further reducing the surface
waves and significantly enhancing the impedance bandwidth
and isolation between the radiation elements.

Fig.7 shows the effect of the proposed approach on the radi-
ation characteristics (gain and efficiency). Minimum gain and
radiation efficiency measured in the case with EBG decou-
pling structure and slots are 8.9 dBi and 77%, respectively.

Compared with the reference array the improvement in gain
and efficiency are 5.6 dBi and 23%, respectively. The average
measured gain and radiation efficiency across the frequency
band (5-6.6 GHz) for the (i) reference array, (ii) array loaded
by EBGdecoupling structure, and (iii) optimized array loaded
with EBG decoupling structure and slots are summarized
in Table 7. The results reveal that the metamaterial slots
effectively increase the aperture of the antenna array.

The simulated far-field radiation pattern of the reference
antenna array and proposed 2 × 2 antenna array with the
decoupling structure and metamaterial slots are shown in
Fig.8. This figure shows there is marginal effect on the
far-field by incorporating the decoupling structure and meta-
material slots. It also shows the array provides a wide cover-
age which is important for wearable applications. The actual
radiation pattern of the reference and the proposed antenna
arrays were measured in a controlled test environment inside
an anechoic chamber. Pyramidal absorbers lined the chamber
walls to absorb reflections and bring the electromagnetic
noise level down well below the signals of interest. The
measured radiation patterns of the reference antenna array
in the xz- and yz-planes at the spot frequencies of 5 GHz,
5.7 GHz, and 6.6 GHz are shown in Fig.9. The results show
the radiation patterns variation with frequency is not signifi-
cant and the antenna predominantly radiates in the broadside
direction. The measured radiation patterns of the proposed
antenna array with the decoupling structure and metamaterial
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FIGURE 12. Evaluation of the antenna array’s performance when mounted on the human body, (a) array placed at different locations
on the human model, (b) on-body loading effect on the array’s reflection-coefficient, (c) on-body loading effects on the array’s
radiation gain, and (d) on-body loading effect on the array’s radiation efficiency.

slots are shown in Fig.10. This figure also shows the radiation
patterns variation with frequency is not significant however
compared with the reference antenna array the backfire radi-
ation is reduced by approximately 10 dB.

III. EVALUATION OF ANTENNA ARRAY FOR WEARABLE
APPLICATIONS
Wearable antennas are increasingly used for on-body sen-
sors to detect human motion and monitor human health
parameters [33]. Wearable antennas need to be flexible to a
certain degree and this should not impact significantly on its
characteristics. Soon such antennas could be used in human
machine interfacing, healthcare, robotics, and virtual reality.
This section deals with the evaluating the compatibility of
the proposed optimized antenna array for on-body worn sce-
narios. The versatility of the array is assessed under various
deformation conditions and when located at different parts of
the human body.

TABLE 10. SAR value of the antenna array.

A. BENDING SCENARIOS
Under the on-body worn applications the antenna array is
expected to bend. The impact on the antenna array’s perfor-
mance is evaluated when bend in the xy-plane. The antenna
array is bend separately in the xz- and yz-planes. The bend-
ing radius was varied from 43 mm to 14 mm, as shown
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TABLE 11. On-body loading impact on the array’s performance.

in Fig.11(a) & (b), and their corresponding reflection-
coefficient, gain and radiation efficiency were measured.
Fig.11(c) shows the impedance bandwidth is marginally
reduced by 5.3% for bending radius of 14 mm & 17 mm
in the yz-plane for S11 ≤-10 dB. The impedance band-
width for bending radii of 43–21 mm is unaffected. The
reflection-coefficient results by bending the antenna array in
the xz-plane in Fig.11(d) shows that the impedance bandwidth
of bending radius 21 mm is reduced by 12.6%, 28 mm is
reduced by 32%, and 43 mm is reduced by 5.3%. However,
there is no impact on bending radii of 14 and 17 mm.

The gain response for various bending radii in the yz-plane
between 5-6.6 GHz is shown in Fig.11(e). The gain for the
largest bending radius of 43 mm varies from 8.4 dBi at 5 GHz
to a peak of 11.5 dBi at 5.94GHz. The gain for lowest bending
radius of 14 mm varies from 8 dBi at 5.05 GHz to a peak of
9.8 dBi at 6 GHz. The gain in the xz-direction is shown in
Fig.11(f). The gain for the largest bending radius of 43 mm
varies from 9 dBi at 5 GHz to a peak of 11.2 dBi at 6.09 GHz.
The gain for lowest bending radius of 14 mm varies from
8 dBi at 5.04 GHz to a peak of 9.8 dBi at 6.5 GHz. The
relatively high gain is attributed to suppression of the mutual
coupling effects between the antenna using EBG and ensuring
phase coherency at the array ports.

The radiation efficiency in the yz-plane for various bending
radii is shown in Fig.11(g). The results show for bending
radius of 43 mm the efficiency varies from 83.5% at 5.4 GHz
to 76% at 6.6 GHz. The efficiency for bending radius of
14 mm varies from 80.6% at 5.04 GHz to 75% at 6.5 GHz.
By bending the antenna array in the xz-plane the radiation
efficiency is correspondingly affected as shown in Fig.11(h).
For bending radius of 43mm the efficiency varies from 75.5%
at 6.6 GHz to 84% at 5.68 GHz. The efficiency for bending
radius of 14 mm varies from 75% at 6.56 GHz to 79.3%
at 5.9 GHz. These results are summarized in Table 8. The
impact of the bending on the isolation are shown in Table 9.
The total change in isolation measured by bending radius in
the yz-plane is<1.2 dB. By bending radius in the xz-plane the
change in isolation is <1.32 dB.

B. ON-BODY SCENARIOS
In this section, the impact of human body loading on the
antenna array’s performance is evaluated using a realistic
human body model called Hugo in CST Microwave Studio.
Hugo allows accurate modeling of more than 30 human
organs and tissues [34]. The array was loaded at different
position on Hugo, as shown in Fig.12. This study com-
plied with the maximum permissible specific absorption rate
(SAR) for 10g of body tissue as defined in the IEEE/IEC
62704-1-2017 standard. Because of high permittivity and

FIGURE 13. The measured envelop correlation coefficient (ECC) and
diversity gain (DG) of the proposed 2 × 2 element antenna array.

lossy nature of the human body we expect some variation in
the results.

Table 10 shows the SAR values obtained from CST
Microwave Studio according to the FCC standard. The pro-
posed antenna array was place at two different locations on
the body and excited with an input power of 0.2 W [35].
The input power is far more than will be used in reality. The
FCC limit of 1.6 W/kg in Table 10 is not exceeded over the
array’s operating frequency range from 5-6 GHz. In practice,
the maximum operating power used will be limited to 0 dBm
(i.e., 1 mW).

The measured reflection-coefficient response of the
antenna array in free-space and when placed on the arm,
chest, leg, neck and shoulder are shown in Fig.12. The
impedance bandwidth of the array is unaffected however is
marginally reduced by 4.6% for S11 ≤-10 dB when placed on
the arm. It is observed in Fig.12(b) that the resonant frequency
of the array shifts when located at different positions on the
body. The shift in the resonance frequency at the arm is
5.9 GHz, at the chest is 5.79 GHz, at the leg is 5.69 GHz, and
at the shoulder is 5.97 GHz. The free-space gain in Fig.12(c)
varies between 8.5-11.6 dBi. The gain varies almost linearly
from 5-6.6 GHz for the case when mounted on the arm, chest,
neck and shoulder. The gain varies between 8.5-9.9 dBi when
the array is placed on the arm, between 9-10.9 dBi at the chest,
between 8.8-11.4 dBi at the leg, between 9-10.8 dBi at the
neck, and between 8-9.4 dBi at the shoulder. The effect on
the array’s radiation efficiency across 5-6.5 GHz is shown
in Fig.12(d). The efficiency in free-space varies between
83-75%. When the array is placed on the arm the efficiency
changes between 77-75.8%, on the chest it changes between
83-75%, on the neck it changes between 81.6-75.6%, on the
leg it changes between 83.6-75.8%, and on the shoulder it
changes between 79.6-75%. These results are summarized in
Table 11. The results in the table show that there is marginal
impact on the performance of the proposed array when placed
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TABLE 12. Comparison of flexible antennas reported in literature.

on the human body. This makes the array suitable for biosen-
sors and wireless body area network applications.

Envelope correlation coefficient (ECC) indicates the cor-
relation between the radiating antenna elements. ECC can be
determined from S-parameters measurements using [36]

ECC =

∣∣S∗11S12 + S∗22S21∣∣2[
1−

(
|S11|2 + |S21|2

)] [
1−

(
|S22|2 + |S12|2

)]
(4)

The corresponding diversity gain (DG) is calculated
using [36]

DG = 10
√
1− ECC (5)

Ideally the magnitude of ECC should be zero, however,
in practical applications an ECC <0.5 is acceptable.
Fig.13 show how the measured ECC and DG vary across
the proposed array’s frequency range. The correlation
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FIGURE 14. The simulated and measured TARC of the proposed
2 × 2 element antenna array.

is <0.05 between the antennas in the array, and DG is
>9.7 dB. This confirms an excellent diversity performance
by the proposed array which makes it suitable for high data
rate transmission.

C. TOTAL ACTIVE REFLECTION COEFFICIENT (TARC)
The ratio of the square root of total reflected power divided
by the square root of total incident power defines TARC [55].
The TARC at N port antenna is given by

0ta =

√√√√ N∑
i=1

|bi|2
/√√√√ N∑

i=1

|ai|2 (6)

where ai is incident wave and bi is the reflected wave.
In the case of 2×2 antenna array, the scattering matrix can

be described as(
b1
b2

)
=

(
s11 s12
s21 s22

)(
a1
a2

)
(7)

where

b1 = a1
(
s11 + s12eiθ

)
(8)

b2 = a1
(
s21 + s22eiθ

)
(9)

As MIMO channels are assumed as Gaussian and multi-
path spread in the propagationmedium it is therefore assumed
the reflected wave will be unity magnitude but randomly
phased with independent and identically distributed Gaussian
random variable [55]. Since sum or subtraction of indepen-
dent Gaussian random variables is also Gaussian, TARC is
represented by

0ta =

√(∣∣(s11 + s12ejθ )∣∣2 + ∣∣(s21 + s22ejθ )∣∣2)/√2 (10)

Eqn.(10) was used to calculate the TARC for the proposed
2 × 2 antenna array, which is shown in Fig.14. The figure
also shows the TARC calculated from the measurements at
various spot frequencies. The TARC response is identical for
excitation at the different ports, which is unsurprising as the

array is a symmetrical structure. It is evident that the TARC
retains the original behavior of a single antenna characteristic
however the bandwidth and return-loss are changed because
TARC contains the effect of mutual coupling and the phase
of incident signal.

IV. COMPARISON WITH OTHER WEARABLE ANTENNA
The salient features of the proposed antenna array are com-
pared in Table 12 with representative wearable antennas
reported in the literature. The comparison parameters include
dimensions, frequency of operation, fractional bandwidth,
inter-antenna isolation, gain and radiation efficiency. The
comparison withMIMO antenna arrays of various matrix size
including 4×4 shows that the proposed array has the highest
isolation greater than 34.8 dB, gain of 9.50 dBi and radiation
of 80%. Comparison with the other 4-port arrays shows that
the proposed 4-port array has a substantially higher gain
performance. The size of the proposed array is comparable
to the 4-port array in [25] and significantly smaller than the
4-port array reported in [26]. However, the 4-port MIMO
array reported in [25] has a much larger fractional bandwidth
of 91.66%. This demonstrates the proposed array is viable
for many wearable applications and is a key component for
leveraging the 5G technology in realizing future wireless
solutions.

V. CONCLUSION
The results of a novel flexible wearable MIMO antenna
design presented here has very high inter-antenna isolation
of 34.8 dB compared to other antennas reported in literature.
The antenna also exhibits desirable properties of wideband
performance of gain of 9.50 dBi and radiation efficiency of
80%. The design of the antenna array combines electromag-
netic bandgap and metasurface-inspired technologies. It is
shown that unwanted surface waves on the planar array are
significantly suppressed with the inclusion of an EBG decou-
pling structure placed between the radiating elements, and by
inserting sub-wavelength slots in the patches. By doing this
the surface waves are mitigated, and the effective aperture
of the antenna is shown to enhance. This technique has no
implications on the overall footprint of the array. Measured
results confirm that the antenna’s performance is marginally
affected when it is bent in the xz- and yz-planes. It is also
shown that the FCC limit of 1.6W/kg is not exceeded over the
array’s operating frequency band. The results presented here
demonstrate the proposed MIMO antenna is highly suitable
for wearable systems including biomedical applications.
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