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Rapid increase in mobile devices, huge data volumes, and fast data transfer
laid emphasis on extending wireless communication from first generation 1G
to fifth generation 5G in a span of four decades between 1980-2020. 5G net-
work offers huge connectivity with high data speed and minimal latency.
This network is specified by three characteristics such as MIMO (Massive
Multi-Input Multi-Output), adoption of latest technology, and high base sta-
tion. This paper made an attempt to review the applications of some nano-
materials like graphene, carbon nanotubes, metamaterials, and MXenes in
designing nanoantennas of wide bandwidth that suit 5G networks.

IIIBuaKe 3pocTaHHA MOOiTBPHUX IPUCTPOIB, BeJINUE3Hi 00CATH JaHUX i MIBUAKA
Imepefada JaHUX 3pOOUIM aKIEHT HA PO3IIMPEHHI 6e3JpOTOBOr0 3B A3KY Bil
IepiIoro MokoJaiHHa 1G 1o n'aToro nokoainHA 5G BIPOLOBK YOTHUPHOX LECH-
it Midk 1980 i 2020 poxamu. Mepe:xa 5G MpOMOHYye BeIWUe3HUI 00CAT
3B'A3KY 3 BHCOKOIO IIBHAKICTIO Iepesadi JaHUX i MiHiMaJIbHOIO 3aTPUMKOIO.
IIa wmepeska XapaKTepU3YETHCS TPbOMA XapaKTePUCTUKAMM, TAKUMHU HAK
MIMO (macuBHNI GaraToBXigHWi 6araTOBUXIiTHUN 3B'A30K), BIPOBAMKEHHS
HOBiTHiX TexHOJOril i BucoKa 6a3oBa cTaHIlisg. Y I[i# cTaTTi 3po6JIeHO CIIPO0y
POSTIAHYTH 3aCTOCYBAHHA AKX HaHOMATEPidAdiB, TaKUX AK rpadeH, Byr-
JiereBi HAHOTPYOKM, MeTaMaTepidAnyn Ta MaKCeHU, y Po3pollli HaHOAHTEH i3
IINPOKOIO IPOIIYCKHOIO 3aTHICTIO, IO HiAX0AATE A9 Mepesk bG.
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1.INTRODUCTION

Wireless communication has become part of our daily life. Day-to-day
human life was completely dependent on scientific and technological
advancements of wireless communication [1]. As per the literature,
mobile traffic was estimated to increase drastically in coming years
with billions of devices for communication [2]. In addition to this,
huge growth in important services like education, banking, e-
commerce and health lead to transfer of huge data [3]. Hence, there is
a strong need for high reliability and low latency supporting these sec-
tors [4, 5]. Information through wireless networks was distributed
based on reality and virtual reality. This needs large bandwidth with
applications that support data rate up to number of gigabits per second
[6]. In this context, the journey of mobile communication from 1G to
5G is of significance[7].

The journey of mobile communication has been witnessing various
significant advancements in terms of connecting, communicating and
accessing information. From the advent of normal mobile phones with
limited features to smart phones with high data speed, the journey of
mobile networks started with first generation (1G) in 1980s and
reached fifth generation (5G) as on today.

First Generation (1G): Advent of Mobile Communication. Even
though the foundation for 1G mobile network was laid in 1940s, it is
considered that real development of the mobile networks was started in
1980s. These networks used analogue technology and were designed
primarily for voice calls. 1G network had several limitations like lim-
ited capacity and poor call quality, lack of security, etc.

Second Generation (2G): Advent of Digital Communication. During
1990s, 2G mobile networks emerged by overcoming the limitations of
1G networks and adopting digital transmission methods to improve the
mobile communication. Adoption of digital signals in 2G networks en-
hanced the efficiency by allowing more users reducing size and cost of
mobile phones.

Third Generation (3G): Mobile Internet. 3G networks were introduced
in new millennium leading the era of mobile internet with high data
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speed. The data rate increased from 40 kbps to 40 Mbps between 2G to
3G transformations. This one led to web browsing, sending emails and
access to multimedia on mobile phones. This one was major change that
led to various applications making mobile devices as one of the power-
ful tools for information and entertainment. 3G mobile networks could
offer video calling but with poor quality.

Fourth Generation (4G): The Rise of Mobile Broadband. 4G networks
emerged by 2010 with significant increase in data speed, decreased la-
tency, high quality real time video, online gaming, etc. 4G networks
also could ignite production of IoT devices and their applications. More
bandwidth and low latency created new opportunities for smart homes
and other IoT innovations.

Fifth Generation (5G): More Than Just Faster Internet. 5G was de-
signed to enhance the data transfer speed reduce latency and improve
reliability as compared to earlier generations. This network can sup-
port larger number of devices as compared to previous generations.
They can be used in applications related to healthcare, manufacturing,
transportation, and entertainment. 5G can be applied in Edge Compu-
ting and Artificial Intelligence. 5G is continuously growing as MSP
(Mobile Service Providers) throughout the globe with different appli-
cations in 2020s.

Based on the performance, required 5G wireless communications are
being designed. Technologies like multiple radio access are combined
to convergent 5G wireless communications systems [8]. Figure 1 shows
some of the advanced technologies like millimetre waves, massive
MIMO, beam forming, full-duplex and machine-to-machine used in 5G.
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Fig. 1. 5G wireless communication network with advanced technologies [12].
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When compared to 4G, 5G can operate with higher frequencies be-
tween 30 GHz and 100 GHz [9]. It can handle large data and unrestrict-
ed call volumes [10, 11]. Processes like accounting, administration and
signalling in 5G networks are significantly improved. This can over-
come the drawbacks in various applications utilizing regular broad-
band category mobiles. MIMO technology can be preferred to enhance
efficiency of air interface spectrum, which can improve connectivity
and allow fast data access. In addition, by increasing the computing
power in 5G, low latency of about 1 ms can be obtained [7].

Usage of 5G network enables us to enhance the speed of the devices
connected to that network. Millions of nodes are being managed with
duplex transmission that send and receive data simultaneously. Since
the operating frequency of 5G communication lies in millimetre wave
range, the size of the components can be reduced making this network
more efficient. Usage of number of antennas along with MIMO tech-
nique reduces the size of components paving a path for more elements
being integrated into a single device. This enabled in developing inno-
vatory nanodevices that can take up complex tasks in parallel.

Nanotechnology can produce these components easily and with cost
effectiveness. Nanomaterials due to their small size increases con-
sumption of heat decreasing the stability. However, nanomaterials
support light—matter interaction in GHz range improving wave ab-
sorption. Their electromagnetic properties are determined by their
permittivity and permeability. Reflection loss at air—nanomaterial in-
terface is mainly dependent on permittivity and permeability. Maxi-
mum microwave energy is reflected by the substrate while a small
amount of energy is reflected at air—nanomaterial interface. Absorp-
tion of microwave radiation depends on the imaginary components of
permittivity and permeability. Similarly, dielectric loss and magnetic
loss that arise due to interaction of electromagnetic waves with nano-
materials can be estimated with the help of these parameters. Dielec-
tric and magnetic resonance of nanomaterials depend on maximum die-
lectric and magnetic losses. It is a known fact that traditional materi-
als such as metals and semi-conductors do not suit for high frequency
devices, it is eminent that nanomaterials with suitable properties are
to be investigated [12].

Keeping this in mind, an attempt was made to review the recent ad-
vances in nanomaterials used in 5G networks. Since 5G networks main-
ly use nanoantennas to receive and transmit radio waves (millimetre
waves), nanomaterials like graphene, carbon nanotube (CNT), nan-
owire, and metamaterial that support 5G networks are being reviewed.

2. TECHNOLOGY BEHIND 5G MOBILE COMMUNICATIONS

5G mobile communication is empowered by various technologies that
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include wide bandwidth technology, mm-wave technology, massive
MIMO, dynamic spectrum sharing and many others. However, taking
the usage of materials into consideration, we confine our review to mil-
limetre waves and massive MIMO technologies.

2.1. Millimetre Waves

5G wireless communication mainly operates at frequencies over 8 GHz.
Since the frequencies between hundreds of MHz to few GHz are almost
occupied [13, 14], more frequencies are required to improve the capacity
of mobile networks. This can be achieved by adopting millimetre waves
[15]. As compared to other microwaves, millimetre waves exhibit low
diffraction and more specular transmission. This limits their propaga-
tion at obstructions like trees, buildings including bad weather. This
drawback can be overcome by using multiple base stations designed with
nanodevices that operate at millimetre wave frequencies [16]. Similar to
3G and 4G big base stations are no required in case of 5G. Instead, mul-
tiple small base stations replace conventional cellular towers.

2.2. Antennas Used in MIMO

MIMO (Multiple-Input Multiple-Output) is a radio-antenna technology
used as a prime component in 5G Networks. It utilizes number of an-
tennas at the transmitter as well as receiver improving the capacity
and quality of the radio link. It is capable of transmitting and receiv-
ing multiple data signals in parallel over the same radio channel. This
technology has low latency and consumes less power as each terminal
with multiple antennas can send data much faster than SISO (Single-
Input Single-Output) systems. In addition, the antennas may be
grouped to reduce the space [4]. MIMO technology enables advanced
beam forming techniques to improve data rate and reduce interference
resulting to low latency [17, 18].

Designing of huge MIMO antennas and development of millimetre
waves for 5G led to significant changes in antenna systems. Regular
antennas used in 4G are not suitable for millimetre waves. In case of a
mobile phone, 5G antennas get impacted by surrounding components
[19]. Here, fabrication of nanosize antennas is not possible and also it
is difficult to use regular metallic materials for nanoantennas that suit
wireless communications. Hence, suitable materials for nanoantenna
applications in 5G are difficult. Since the bandwidth and efficiency of
a nanoantenna depend on dielectric constant, materials with low die-
lectric constant should be selected for nanoantennas in a 5G network.
As every element in a nanoantenna act as transmitter and receiver,
each element needs to be separately spaced to avoid crosstalk because
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Fig. 2. Integrated 5G antenna structure for millimetre waves [12].

of signal interference into neighbouring elements. This is achieved in
5G terminals by mounting the elements of antenna on a dielectric sub-
strate. Figure 2 shows an integrated structure of 5G antennas for mil-
limetre waves.

Substrate materials are to be selected based on permittivity, loss
tangent, cost, and antenna performance. The warpage of the antenna
must be minimal after integration of various components. Due to ex-
tremely small dimensions, antenna materials can undergo mechanical
deformation when exposed to high temperatures. This can be reduced
by using antenna materials with thermal expansion coefficient compa-
rable to that of integrated circuits.

3. NANOMATERIALS IN 5G NETWORKS

Nanoantennas play significant role in 5G networks. These antennas
were being developed by using various types of nanomaterials. In this
context, graphene-based materials for designing nanoantennas are of
prime importance. Graphene exhibits high conductivity and tolerance
to oxidation as compared to other metals, which is assigned to its high
surface area. Graphene antennas produce higher gains than conven-
tional antennas. They are capable of picking up radio signals from long
distances with better coverage, low energy consumption and enhanced
performance in remote areas [20, 21]. Another antenna with cost effec-
tive graphene-based conductive ink that can be printed with any shape
or size was reported. These antennas are suitable for small applications
in consumer electronics. Graphene and CNTs can produce antennas
with smaller size. Since bandwidth and antenna size are inversely pro-
portional to each other [22], smaller-size devices produce higher fre-
quencies. Nanoantennas, which are very smaller than the present an-
tennas, suit 5G networks.

3.1. Graphene-Based Nanoantennas

The conductivity of graphene may be tailored through doping. This
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property might be crucial in designing a graphene-based antenna. It is
reported that graphene layers of one atom thickness exhibit excellent
electrostatic confinement with high flexibility. Graphene monolayers
support ultraconfined surface plasmon polariton (SPP) waves with
moderate loss even at terahertz frequencies, SPP waves are high fre-
quency electromagnetic waves specifically steered along by a metal-
dielectric contact. Frequency can be altered by tuning plasmonic prop-
agation characteristics dynamically [23].

Monolayers of graphene atoms can be chemically tuned to high de-
gree supporting very high electron concentration. These properties
signify graphene material to be suitable for antennas. Figures 3, 4, 5
display a basic nanoantenna made of graphene (a), CNT (b), and with
nanomaterial (¢). As shown in these figures, it consists of a layer of di-
electric material sandwiched between two components a graphene layer
(active component) and metallic flat surface (ground component). By
varying the size of graphene antenna, various frequency ranges can be
obtained. Graphene-based antennas are much smaller than microstrip
antennas having high bandwidths in terahertz region [24].

3.2. CNT-Based Nanoantennas

CNTs exhibit nearly defect free structure, surface and edge roughness,
which lead to low power loss in CNT-based nanoantennas as compared
to their metal-based counterparts [25]. Figure 4 shows the structure of
CNT-based nanoantenna array, in which electrons transport through
nanotubes by ballistic transport.

CNTs exhibit different electrical properties based on their diameter
and asymmetry. In this context, it is to be noted that metallic armchair
CNTs has zero band gap while semi-conductor CNTs possess 1.5 eV en-
ergy gap that correspond to infrared radiation. It is observed that
nearly ten frequencies can be produced in a nanotube, if the emission
and absorption spectra in infrared region are nearly 0.15 eV. In addi-
tion, optical absorption is polarization dependent and the light emitted
was polarized. Polarization takes place along the axis of the nanotube.
The number of channels can be enhanced through usage of parallel and
perpendicular nanotubes. CNT arrays, which have control on length,
diameter, and density, are being produced in recent times. Selection of
appropriate material for the gap and having a grip over the length of
CNT will be helpful in designing CNT-based nanoantennas that can
control the intensity and direction of energy flow [26].

Nanoantennas with gap filled with metals or metallic compounds are
capable of generating open space radiation by interacting with strong
near fields. If the gap is filled with a metallic sphere, these antennas
can convert far to near fields. CNT antennas are more efficient as com-
pared to metal wire antennas due to low power dissipation. Maximum
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Fig. 3. Graphene-based nanoantenna [12].
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Fig. 4. CNT-based nanoantenna [12].
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Fig. 5. Nanomaterial-based nanoantenna [12].

power can be delivered by CNT antenna on application of few volts. By
using parallel nanotubes, transmission power can be boosted in large
communications. Impedance mismatch in CNT antennas can be mini-
mised by using CNT bundles. Both graphene and CNT have excellent
thermal conductivity, and hence, nanoantennas can withstand heat up
t0 5,000 W /(m-K), while antennas with CNT can up to 2,000 W/(m-K).
Large surface area of graphene and CNT results in increased heat loss.
Oxidization of CNTs at about 700 K can influence the electromagnetic
characteristics. Hence, graphene oxide can be used for designing nano-
antennas with good microwave absorption.

In order to design nanoantennas, which can withstand excess heat,
CNTs can be replaced with CNT-based materials. Ceramics are mixed
with CNTs. If we consider a ceramic SiO, strengthened with ten volume
percent of CNTs, its conductivity and imaginary value of permittivity
between 400 K and 800 K are nearly steady. Similarly, twelve percent
volume of nanoparticles of ceramic CdS deposited on the surface of
CNT will have less impact on permittivity with increased tempera-
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tures. Usage of spiral, thinner, circular, and irregular arrays will in-
crease the impact of heat dissipation. Positioning of metal plates
around and in between the elements of antenna improves heat dissipa-
tion without any interference with the radio waves.

3.3. Metallic-Nanomaterial-Based Nanoantennas

Generally, metal waveguides are used in communication networks
whose loss is low and minimum signal interference. As the size of these
waveguides cannot be integrated and minimised, metallic nanomateri-
als are of good choice for nanoantennas in 5G network [26]. It is re-
ported that surface plasmon resonances (SPRs) produce highly local-
ised electromagnetic fields at the metal—dielectric interface, which can
be taken up with nanostructures of metallic nanoparticles [27]. Local-
ised SPR refers to electromagnetic waves contained on the surface of a
nanoparticle and the SPRs help in confining large field to very small
volume. The frequency of SPRs depends on size, shape, and composi-
tion of the nanoparticles as well as their sensitivity to the dielectric
environment. Basic structure of a nanoantenna array with metallic
nanomaterials is shown in Fig. 5.

A metallic-nanomaterial-based antenna is characterized by intensi-
ty, spectral shaping, control on polarization, directivity gain, etc.
They are generally made of a pair of two metal nanostructures [28].
Structure and refractive index of the surrounding medium impacts
resonance wavelength and localised field strength in nanoantennas
significantly.

3.4. Metamaterial-Based Nanoantennas

Metamaterials exhibit negative values of permittivity and permeabil-
ity [29]. Antennas designed with metamaterials exhibit increased gain
and directivity. Usage of metamaterial in nanoantennas reduces its
size and enhances performance. Metamaterials can be used for applica-
tions with limited space and requirement of high performance. Figure
6 depicts antennas made of metamaterials with different structures.
Metamaterial nanowires exhibit negative permittivity and positive
permeability values. At the same time, metamaterials with split ring
resonator structure consists of two concentric metallic rings with gap
in between. They exhibit positive permittivity and negative permeabil-
ity values. Metamaterial-based nanoantennas enhance the perfor-
mance, bandwidth, gain and can operate at multiple frequencies. These
antennas improve radiation properties as compared to natural materi-
als. Elements of nanoantenna surrounded by metamaterials will in-
crease antenna gain. Bandwidth of nanoantennas can be enhanced by
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Fig. 6. (a) Antenna with metamaterial nanowires; (b) antenna with metamate-
rials of split ring resonator structure; (¢) nanoantenna with integrated struc-
ture of the nanowire and split ring resonator [12].

using metamaterials as superstrate at the top of radiating surface [30].

A metamaterial antenna based on split ring resonator, which can op-
erate at 5G band, was presented. The size of this antenna is very com-
pact (0.524x0.392,) having —10 dB wide bandwidth of 4.36 GHz. This
configuration could achieve a gain of 3.69 dB and directivity of 5.7 dB.
This technique could reconfigure the antenna and could control the
frequency shift through change in the slot position [31].

From the above three sections, we have seen that graphene, CNT,
metallic nanomaterials and metamaterials are being used for designing
nanoantennas in 5G network. In future, 5G networks with terahertz
band will play a significant role [30]. For millimetre waves and fre-
quencies in terahertz range, materials whose electromagnetic proper-
ties depend on structure, i.e., graphene, CNTs, metallic nanomaterials,
and metamaterials, can be used. Based on electrical, mechanical, and
thermal properties, graphene, CNT and copper are frequently used in
metallic nanoantennas. It is reported that the performance of graphene
is better than other materials. The electrical conductivity, current
density and thermal conductivity are highest for graphene followed by
CNT followed by copper at room temperature. Graphene-based nanoan-
tennas have great radiation efficiency than the other two materials. In
addition, a single CNT has lower radiation efficiency than copper-
based nanoantennas. This is due to low conductivity of copper in case
of copper-based antennas and high reactance in case of single CNT
nanoantennas [32].

3.5. MXene-Based Nanoantennas

MZXenes pronounced as ‘maxeens’ are 2D nanomaterials discovered in
2011. They are 2D materials belonging to class of ceramics. MXenes
are derived from MAX crystal. Their structure combines titanium-
nitride and titanium-carbide molecular sheets exhibiting high conduc-
tivity and inherent volumetric capacitance. Applications of MXenes
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include sensing, energy storage, medicine, etc. and in electronic devic-
es. They can be easily structured by ordering millions of carbon, tran-
sition metals and nitrogen with emphasis on stable arrangement. These
ceramics produce 3D materials, when substituted with Ti;AIC, powder
in hydrofluoric acid through selective removal of aluminium. 2D-Ti,C,
nanosheets (MXene) can be derived through exfoliation. MXene is sim-
ilar to graphene with different properties. MXene was first demon-
strated in 2011 by transforming the three-dimensional materials
Ti;AlC, representing MAX phase into a 2D material [33]. Recent de-
velopments in microwave devices utilize lightweight carbon-based
composites instead of metals. These materials are used for permanent
coating on microwave structures. In this context, MXene-based dipole
antenna and microwave transmission line with different thicknesses of
MXene was reported with one-step spray coating technique [34].
Similarly, Xene RFID tags were also implemented for wireless appli-
cations. Further, Ti,C,T, MXene was used to fabricate an optical
modulator using an inkjet-printed microring resonator [35]. Patch an-
tennas with MXene films of varying thickness for 5G applications
demonstrated up to 99% efficiency as compared to copper structure
[36]. For the first time, microwave resonators and antennas were de-
veloped by using MXene membranes [37]. They fabricated a microstrip
antenna and resonator for sub-6 GHz 5G applications using a Ti;C,-
MXene membrane (Fig. 7). They designed a resonator with MXene that
revealed 1.5 GHz, 2.5 GHz and 3.5 GHz frequencies suitable for 5G
communications, which are comparable to regularly used metals. This
membrane was used as microstrip antenna with 1.841 GHz frequency
and amplitude of 38.895 dB, respectively. This MXene antenna was
capable for wireless transmission in 5G networks, whose thickness and
weight reduced by nearly 40% and 70% as compared to similar struc-

Ti,C, MXene

RF-Space
Antenna

Microwave
Resonator

Fig. 7. Applications of MXene resonator and antenna in 5G networks [37].
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tures based on copper. In addition, it was observed that operation fre-
quency of resonator could be changed through varying the size of
MXene circular membrane leading to frequency tuneable structures
for 5G applications.

4. Future of Nanomaterials in 5G Networks

Even though nanomaterials are being part of designing nanoantennas
in 5G networks adoption of terahertz waves clearly indicate the gap
between existing current materials and increased demand for nano-
materials. Hence, the unique material designs are essential for next
generation wireless communication. These designs should be capable of
integrating the existing nanoparticles. As it is expensive and time con-
suming to go for new material design and nanoscale elements, MD (mo-
lecular dynamics) simulations may be preferred to create nanodevices
with required properties. Using this simulation technique, electro-
magnetic properties can be tailored in a nanomaterial, which is not
possible with natural material. For example, magnetic metallic nano-
particles integrated with CNTs improve magnetic interaction between
the nanomaterials and electromagnetic waves. Figure 8 demonstrates a
novel material with combination of nanomaterials and CNTs in differ-
ent forms whose permittivity and permeability are predicted by using
MD simulations. CNTs are integrated with metallic nanoparticles of

Initial nanomaterials Integrated nanomaterials

nanowire
nanoparticle nanoribbon

CNT filled by
Metallic nanomaterials with different shapes ' Nanoparticles grafting nanoparticle

il

on the surface of CNT

CNT filled by nanowire CNT filled by

nanoribbon
Prediction of electromagnetic properties /

Frequency Frequency

Q
=
5

Real part of /

permittivity
Imaginary part
of permittivity

Real part of
permeability

Imaginary part

L

Frequency Frequency

of permeability

Fig. 8. Designing of nanoantennas through MD simulations [12].
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different shapes and the output characteristics are predicted. Efforts
toimprove the quality of material were explored at nanoscale.

MD simulations are used to determine the relation between struc-
ture and properties of nanomaterials. The characteristics of nano-
materials can be computed through MD simulations to meet the re-
quirements of nanoantennas. Structural reconfiguration is taken up in
final stages to design a nanomaterial with suitable properties. The
properties of integrated nanomaterials can satisfy the requirements of
nanoantennas used for 5G and upcoming 6G wireless networks. Mate-
rials’ combination may decrease surrounding heat and improve anten-
nas efficiency, reduce energy consumption, energy absorption and
save environment.

5. CONCLUSIONS

5G-communication-network technology is likely to revolutionize the
whole communication setup in the near future and can heavily impact
sustainability. It is capable of allowing mass communication, high
bandwidth, low latency and high reliability. High cost of 5G compo-
nents limits its usage extensively. Development of low cost nano-
materials may enhance the usage of 5G technology. In brief, we tried to
review the importance of nanomaterials in nanoantennas used for 5G
network. Graphene, CNTs, metallic nanomaterials, and metamateri-
als, which are used in 5G nanoantennas, are reviewed. It is observed
that development of nanomaterials that suit generation of terahertz
waves through 5G network with less latency and high data rate is emi-
nent. In addition, it is reported that nanomaterials with required prop-
erties are to be developed and combined using MD simulations, which
is one of the cost effective methods. 5G network is right now available
in a few countries only. Only technologies like mm waves, MIMO, and
beam steering are being used in 5G. Except MIMO, other technologies
are in developing stage. Depending on the choice of the operator, par-
ticular technology is being used. 5G is also capable of playing a signifi-
cant role in upcoming smart cities with intelligent data transporta-
tion, contributing to environmental protection. This network can im-
prove remote health care through advanced IoT devices. 5G can thus
play a key role in creating a sustainable future. The consumer attitude
towards 5G is important because the acceptance and commitment of
users is essential for the successful spread of the technology and the
exploitation of the opportunities it offers. The study sheds light on
consumers’ acceptance of technology and their attitude, which will be a
decisive factor in the extent, to which 5G technology can contribute to
the achievement of sustainability goals [38—43].

In summary, a novel approach to fabricate nanoantennas with na-
nomaterials that support 5G communication networks was increasing
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rapidly. In due course of time, it is evident that the existing compo-
nents made with metals will be replaced with carbon-based materials.
Already, research in the direction of using graphene, CNTs, metallic
nanomaterials, metamaterials for developing nanoantennas in 5G net-
works were in progress. However, development of MXene-based nano-
antennas is not so extensive, which need to be more focussed. In view
of various advantages exhibited by MXenes as compared to other car-
bon-based materials, emphasis needs to be laid in this direction. As
mentioned in the above section, microwave resonators and antennas
with Ti;C, circular MXene membrane were designed. Implementation
of lightweight MXene membranes in microwave resonators and anten-
nas was very feasible. This can satisfy the requirements of 5G net-
works. As the computed and measured results confirm the efficiency of
MXene membranes in microwave structures, future investigations
may completely replace copper in microstrip antennas. This might lead
to development of potential MXene-based microwave devices with var-
ious frequency bands and applications suitable for 5G networks.
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