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One potential way of enhancing capacity and data rates in the current and future mobile and wireless generations is the
bandwidth. The data rates are directly proportional to the bandwidth. The higher bandwidth provides higher data rates.
However, current frequency bands, i.e., 1.7 GHz GSM band, 1.8 GHz 4G/LTE band, 2.0 GHz 4G/LTE band, 2.1 LTE band,
and 2.6 GHz band, provide limited bandwidth. Recently, high-frequency bands including 24 GHz (n258), 28 GHz (n257
and n261), 37 GHz (n260), and 39 GHz (n260) in addition to some future recommended bands, i.e., 47 and 60 GHz, have
been considered for 5G applications.
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| 1. 5G Wearable Antennas

The demand for wearable devices has grown tremendously in the last decade. The number of connected wearable
electronic devices has increased by more than 100% in the last 4 years, rising from 325 million in 2016 to about 720
million in the year 2019 [IZIEBIM4IE - As technology continues growing at a high rate, these devices are expected to reach
1.1 billion by 2022 . A wearable antenna is one of the essential elements of the wearable electronics that are utilized for
several wearable applications ranging from medical to military to entertainment and other daily-use wearable devices 4],
as can be seen in Figure 1. A few examples that include wearable antennas are medical devices and monitoring patient
health, smartwatches with incorporated small antennas, military tracking and navigation systems, body-worn camera with
WiFi and Bluetooth, and wearable athletic devices, etc. BIBIRILALL Nevertheless, the design of the wearable antenna is
critical, particularly for 5G mm-Wave and IoT applications in which the manufacturing process and tolerances at higher
frequencies have a huge effect on its performance. There are also several aspects that need to be taken into account
when designing a wearable antenna for 5G applications for the utilization as an integrable part of worn devices 4. They
need to be conformal/flexible, robust, and operate with minimum performance degradation in close vicinity with the human
body. It is well-known that the human body tends to degrade antenna efficiency and gain due to the natural losses of the
body tissues, and thus the implementation environment needs to be considered during the design process to achieve a
highly stable and robust 5G wearable antenna 12, The wearable antenna should also effectively operate under different
bending conditions as part of the important requirements for such devices. On the other hand, the utilized materials as
substrates and conductive parts for the wearable antennas are very important 13l They must be chosen carefully to
provide the required mechanical/physical features such as bending, wrapping, and sometimes washing while maintaining
minimal influence on the performance 14!,
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Figure 1. lllustration of wearable antenna applications.

In the following subsections, we go through the state-of-the-art of 5G wearable antennas, which includes a summary of
the presented structures, techniques, materials substrates, and performances. In fact, there are a plethora of different
kinds of wearable antennas that have been utilized for numerous wearable electronic devices, as can be found in the
literature [LAMSIGILTIE] However, these antennas are mainly proposed for 4G, 3G, and older technologies. The recent
progress on wearable antennas for 5G applications is limited to a few works. This is due to the fact that the 5G and future
6G technologies are still recent and the classical optimization methods of wearable antennas are not always suitable to
achieve the requirements of these advanced technologies.

| 2. Sub-6 GHz 5G Wearable Antennas

A conventional modified microstrip patch antenna is designed on a thin (0.125 mm) layer of polyethylene terephthalate
(PET) substrate for 5G applications 22, The conductive part of the antenna was made of silver nanoparticles using inkjet
printer technology. The overall dimensions of the reported antenna are 60 x 75 mm?2. The antenna operates at around 5
GHz and over the X-band region and demonstrated a maximum gain of 5dBi and about 38% radiation efficiency. The
utilized polymer substrate and silver nanoparticles conductive ink technologies with the presented antenna in 19 is of
great interest for wearable antennas as it is compatible for wearing and has sufficient flexibility, efficiency, and robustness.
However, the antenna dimensions are quite large for integration with compact wearable devices, and further optimization
techniques to miniaturize the overall size of the antenna are demanded.

A conformal dielectric resonator wristwatch-like wearable antenna for sub-6 GHz 5G and IoT applications is described in
(201 The 3D structure of the dielectric resonator antenna allows the excitation of various operating modes in one antenna
and thus makes it feasible to suit different applications. The other advantages of the dielectric resonator techniques are
also the operating wideband and high gain and efficiency characteristics. However, the 3D structure and commonly high-
profile features of this type of antenna are not favorable for flexible/wearable antennas. A modified coplanar feeding
technique has been utilized in 2% to provide good isolation between the radiating aperture and the platform. The isolation
is achieved by a metal plane that acts as a barrier and hence minimizes the unfavorable interferences from the platform
and users. It can be noticed that the presented conformal dielectric resonator antenna demonstrated a significant
alteration in its performance, including radiation patterns and realized gain, under different bending angles and when it
was placed on different parts of the body. These results explain the less existing conformal dielectric resonator antennas
for wearable applications in the literature.

In [ a multiband textile-based rectangular microstrip patch antenna for sub-6 GHz 5G communication application is
presented. The antenna is employed with annular and U-Shaped slots etched on the center and edge of the patch,
respectively, to achieve the multiband operating frequencies at 0.85, 2.2, and 3.5 GHz. The desired surface current
distributions and bandwidth enhancement are obtained by utilizing a meandering ground plane on the rear side of the
antenna. While the work did not include measured results for verification, the utilized algorithm of the Coral Reef’s
optimization technique has demonstrated promising numerical results, which encourage the antenna designers to use



such algorithms and artificial intelligence (Al) 22 optimization techniques to tune and optimize 5G wearable antennas for
obtaining an efficient and high-performance wearable antenna.

A conductive graphene-based conformal and low-profile dual-band Vivaldi antenna is reported in 23 for 5G WiFi
applications. The antenna configuration is shown in Figure 2a,b, which comprises an open circuit half-wave and split-ring-
resonator to obtain the dual-band operating frequencies at 2.4—-2.45 and 5.51-7 GHz. The antenna achieved a maximum
measured gain of 6.8 dBi, as can be seen in Figure 2c. As mentioned earlier, the important features of the wearable
antenna are the stable performance with minimum degradation of operating frequency and radiation patterns when the
antenna is bent or twisted. This antenna demonstrated a similar operating frequency with minimal shift and stable
radiation patterns under different bending conditions, as can be seen from the measured results in Figure 2d,e.
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Figure 2. (a,b) Fabricated prototype and (c—e) some results of the conductive graphene-based conformal dual-band
Vivaldi antenna 23],

A transparent polymer-based and compact multiple-input multiple-output (MIMO) antenna is presented in 24 for 5G smart
wearable and remote devices. The antenna has utilized new promising nanotechnology of Nickel metallic mesh as a
conductor. The antenna featured a compact size with a transparent look, high conductivity of nano-nickel metallic mesh,
and high mechanical stability. The antenna has achieved 93% efficiency and below —20 dB isolation over the operating
frequency band of 4.4-5 GHz. The utilization of such new flexible conductive materials at nanoscale particles and flexible
transparent dielectrics are encouraging and could lead to highly efficient wearable smart antennas for next-generation
technologies. There are a few other antennas that are based on transparent polymer substrates that were reported in 22
[26][27]

| 3. mm-Wave 5G Wearable Antennas

The limitation of the spectrum at the lower microwave frequencies calls for the utilization of the available spectrum at
higher mm-wave frequencies for 5G technology, including 5G wearable antennas 4. Nevertheless, the utilization of such
high frequencies will result in greater propagation losses. Therefore, 5G wearable antennas are required to be highly
directive with higher gain to minimize this issue and to ensure the mm-wave wearable antennas have the required
operating competence. In this subsection, an overview of exiting mm-wave 5G wearable antennas is presented.

An early work on mm-wave antenna for off-body 5G application is described in 8. The 60-GHz mm-wave band was
selected to investigate the electromagnetic exposure of body-mounted antennas and their effect on the human body. The
work includes the analysis of antenna array with three different feeding structures on the human body and compared their
performances and user exposure. It concluded that the presence of a metal ground plane reduced the electromagnetic
exposure by 70 and 8 times in terms of peak and averaged levels. It also helps to reduce the sensitivity of the reflection
coefficient when the antenna is mounted on a human body. Though this investigation utilized a conventional rigid antenna,
it has emphasized several important factors that need to be considered when designing a highly sensitive mm-wave
wearable antenna. These include safety aspects and limitations of some traditional techniques due to the higher
sensitivity of the mm-wave antennas to the human body. A flexible reconfigurable MIMO mm-wave wearable antenna that
can be controlled to operate at selected frequencies between 26.5-40 GHz is introduced in 22, The presented antenna is
comprised of a T-shape radiating element fixed in a rectangular cut aperture on the ground plane. The radiating element is



incorporated with two slots on each side and electronic switches. The antenna was manufactured using inkjet printing
technology on a thin flexible polyethylene-terephthalate film. The free-space measured results of the described mm-wave
MIMO antenna showed a stable reflection coefficient and a radiation pattern with peak gain of 6.2 dBi and isolation below
—-20 dB between the two elements. Despite the stable performance on the free-space environment, the performance of
the antenna was not tested in close vicinity of a human body to verify the antenna performance stability for actual
implementation.

S. Jilani et al. [143] introduced a wideband mm-wave liquid crystal polymer-based flexible antenna array for 5G wireless
network application. The antenna comprised two-element arrays of rectangular side-tapered patches fed using coplanar-
waveguide-fed (CPW) and corporate transmission line techniques. To achieve appropriate coupling and attain good
impedance matching, two additional small stubs were introduced on the CP. The antenna was manufactured using an
advanced method of laser-milling and inkjet printing technologies on a thin flexible polymer film. The measurement result
of reflection coefficients shows that the antenna exhibits a wideband over 26-40 GHz with a maximum gain of 11 dBi at
35 GHz. However, there are no verifications on the performance of the antenna in close vicinity with the human body. A
similar fabrication inkjet printing technology is utilized with a conventional structure dipole array antenna for emerging 5G
medical applications and is described in [144]. The reported antenna operates at 23—-30 GHz. Though there was obvious
variation between simulated and measured results due to the fabrication tolerances as mentioned by the authors, the
performance of the antenna in terms of gain, radiation patterns and reflection coefficient is satisfactory. Further
investigation and analysis of the safety aspect and bending and twisting when the antenna is close to the human body is
required.

EL Wissem et al. B9 reported a conformal mm-wave textile-based antenna operating at 26 GHz for 5G cellular
applications. The antenna was incorporated with an electromagnetic bandgap (EBG) structure that was placed around the
patch. The EBG has improved the gain and efficiency of the antenna by 2.5 dB and 7% compared to without EBG. The
EBG structure also reduced the specific absorption rate (SAR) by 70% to within the acceptable safe level exposure.

A circularly polarized mm-wave wearable antenna for 5G wearable application is introduced by Ubaid et al. B1. The
antenna was based on a straight microstrip transmission line printed on one side, and the EM energy is coupled to a
square patch on the other side through a V-shape slot aperture. The circular polarization feature is achieved by parallel
alignment of the patch edges to each arm of the V-shape slots with orthogonal arms. This configuration results in a
compact size antenna with a wideband and high gain CP antenna operating at the frequency band of 27.2-30.5 GHz. The
antenna also achieved a stable 3-dB axial ratio bandwidth over 27.3-29.7 with a maximum gain of 11 dBi and 90%
efficiency. The antenna also attained stable and directional electromagnetic radiations. Despite the compact topology and
good performance, this work is missing an SAR analysis to evaluate the energy exposure for safety purposes. More
recently, a textile-based mm-wave wearable antenna was introduced in 22, The antenna operates at higher-order mode
covering the frequency band of 24.9-31 GHz. The antenna demonstrated a measured gain of 8.2 dBi. An array of 13 x 13
elements was also evaluated to explore the efficacy of receiving power, and the numerical results illustrated the potential
for up to six times higher power reception compared to a conventional patch.
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