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ABSTRACT

In the development of terahertz (THz) communication systems,
the nanoantenna is the most significant component. Especially,
the focus is to design highly directive antennas, because it
enhances the performance of the overall system by compensating
the large path loss at THz and thus improves the signal-to-noise
ratio. This paper presents suitable material for nanoantenna design
and the advancement in their performance for THz

communications.  Copper, Graphene, and carbon nanotube

materials are used as promising candidates for nanoantenna design.

The performance of nanoantennas is carried out by analyzing the
properties and behavior of the material at THz. Results show that
the Graphene nanoantenna provides better performance in terms
of miniaturization, directivity, and radiation efficiency. Further,
the performance enhancement of the nanoantenna at THz is
studied by dynamically adjusting the surface conductivity via the
chemical potential of Graphene using the electric field effect. The
performance of the nanoantenna is enhanced in terms of high
miniaturization, high directivity, low reflection, frequency
reconfiguration, and stable impedance. The THz nanoantennas
using Graphene have the potential to be used for THz
communication systems. In view of the smart THz wireless
environment; this paper finally presents a THz Hypersurface using
Graphene meta-atoms. The user-side Graphene nanoantennas and
environment-side Graphene Hypersurface can build a promising
smart THz wireless environment.
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1 Introduction

The bandwidth requirements for wireless communications have
increased rapidly over the last few decades. In order to tackle

the situation, advanced modulation techniques have been applied
to increase the spectral utilization efficiency [1]. This not only has
increased the data rates to a large extent, but also, enhanced the
frequency reuse within a volume of space. However, the channel
capacity upper limit is restricted by Shannon's formula, even with
the use of multi-input multi-output (MIMO) techniques.
Therefore, the only way to provide sufficient transmission
capacity is by accessing higher carrier frequencies transmission
bands. This desire for higher carrier frequency or more bandwidth
led the researchers to take advantage of the terahertz (THz)
spectrum, that is, electromagnetic waves with frequencies ranging
from 0.1 to 10 THz [2]. Besides this intrinsic advantage of high
bandwidth, THz wireless communication has other advantages
when compared with either microwave link or infrared (IR) based
systems, such as (i) more directional than microwave/millimeter
links, (ii) security, (iii) low attenuation compared to IR, (iv)
smaller scintillation effects compared to IR, efc. [3]. Because of
these advantages, THz technology has grown dramatically over
the last two decades and found its application in various fields.
But, even today, these applications are not fully implemented due
to immature state of THz technology in terms of sources,
detectors, antennas, and other basic components capable of
working effectively in this frequency range.

In the last few years, several metal nanoantennas and array
structures including photoconductive dipole antennas, planar
antennas, bow-tie antennas, horn antennas, reflector antennas, and
lens antennas have been designed for THz applications [4-9]. The
implementation of metal nanoantenna design in THz frequency
remains a challenge. The dimension of the traditional metal
nanoantenna in this frequency range is in the order of
micrometers. There lies a technological challenge in micro
fabrications. Furthermore, at higher frequencies, the conductivity
and skin depth of conventional metals used for nanoantenna
design (e.g., copper, gold, silver, etc.) decreases, leading to
degradation of radiation efficiency and high propagation losses.
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The other option is the use of carbon-based nanomaterials (e.g.,
Graphene and carbon nanotube) for THz nanoantenna designs
[10-16] [17-27]. This paper compares Graphene, carbon nanotube
and copper material properties at THz and presents the most
promising material for THz nanoantenna design and the
enhancement in their performances. A discussion on Graphene
Hypersurface (HSF) for the smart THz wireless environment is
also provided in this paper.

2 THz Communication

The THz band in the electromagnetic spectrum lies between the
microwave and infrared frequencies. The THz electromagnetic
spectrum has several benefits for wireless communications [3],
[28]. The achievement of the data rates of 10 Gbps is
comparatively difficult in the microwave band due to the narrow
bandwidth. The data rate of 10-100 Gbps is realized by raising
the carrier frequencies at 100-500 GHz [29]. The opportunity for
large bandwidth in the THz band leads to the possibility of easy
high data rate transmission [30]. THz communication is promising
for wireless communications systems, particularly for the short-
range indoor environment. The use of THz frequency allows for
miniaturized antennas, which enables massive MIMO techniques
for enhancement of spectral efficiency and directivity. In spite of
the advantages, THz communication has a few limitations. The
discussion for the THz channel model is found in the literature,
e.g., [31]. In the THz band, the free space path loss is more
significant than at lower frequencies. This is the main reason to
have less received power than the transmitted power.
Furthermore, the THz signal suffers from both molecular
absorption loss and spreading loss. In the THz band, the total path
loss is

A(f.d)=A4,,(f.d)+A(f.d) (1)

where A4, (fd) and A, (f,d) are the molecular absorption loss
and spreading loss at frequency f and distance d. On account of
the molecular absorption loss, several high attenuation levels are
defined [31]. In the THz band, the spreading loss is 60 dB higher
compared to the microwave band. Therefore, the THz band is
merely appropriate for short-range communications where the
range is in the order of a few tens of meters.

3 Materials for THz Nanoantenna

Nanoantennas for THz communication have been reported in the
last few years [18-20], [23-25]. The research focus is towards the
design of highly directive nanoantennas because they enhance the
performance of the overall system by compensating for the large
path loss at THz and thus improving the signal-to-noise ratio.
Furthermore, broad bandwidth and narrow beam THz
nanoantennas provide high range and spatial resolution,
respectively. In the development of THz communication systems,
the nanoantenna is the most significant component. The materials
so far used for nanoantenna design in the THz band are Graphene,
carbon nanotube and conventional metal copper [4-27]. However,
the selection of suitable material for nanoantenna design is

important for THz communication. We present suitable materials
for THz nanoantennas in the coming sections.

3.1 Graphene

The latest addition to the family of carbon allotropes is Graphene,
two-dimensional sp’-bonded carbon atoms packed in a
honeycomb lattice [32]. Graphene has extraordinary electronic
properties at THz, such as high electron mobility of 2x10°
em®V 's " and high current density of 10° A/em [33], [34]. The
unique properties of Graphene at THz is the surface plasmon
polariton (SPP) wave propagation [35]. Due to the two-
dimensional nature, Graphene surface plasmons exhibit strong
confinement, low losses and high tunability. Graphene SPP wave
propagates with SPP wavelength Agpp much less than the
wavelength of free-space 4y (i.e., Aspp<<ly) [36]. Owing to the
SPP properties at THz range, Graphene enables plasmonic
nanoantennas in the THz frequency regime.

According to Kubo formalism, the surface conductivity o, of
Graphene is given as [37]
05 = o-intm+ Ointer

where o;,,, and o;,,, are the conductivity due to intraband and
interband transition respectively. The intraband conductivity
dominates in the THz band, given by
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where e is the charge of electron, w is the angular frequency, kp is
the Boltzmann's constant, . is the chemical potential, 7 is the
temperature, 7 is the relaxation time, and 7 is the reduced Planck's
constant.

Graphene surface impedance can be calculated as
Z;=1/o, :RS(Vb)+]XS(Vb) , where V}, is the bias voltage. The

surface impedance and surface conductivity of Graphene can be
dynamically controlled via chemical potential by applying a DC
bias voltage. Graphene surface impedance exhibits highly
inductive nature at THz.

3.2 Carbon Nanotube

Carbon nanotube (CNT) is formed by rolling of Graphene sheet
[38]. The rolling along the x-axis and y-axis form zigzag CNT and
armchair CNT respectively. CNT is also categorized as single-
walled CNT or multiwalled CNT. CNT has high electron mobility
of 8x10* ecm*V 's™!, and high current density of 10° A/em [39].
CNT supports plasmonic wave propagation at THz frequency.
Because of the curvature effect, CNT has more plasmonic losses
and less tunability behavior in comparison to Graphene.

The electronic behavior of the armchair and zigzag CNT
variations are different. Zigzag CNTs exhibit both semiconducting
and metallic behavior, whereas armchairs CNTs show only
metallic behavior. The conductivity of CNT consists of both
intraband and interband contribution. Conductivity due to



Intraband transition is more significant in the THz frequency
regime. The intraband conductivity of CNT o¢yr can be expressed
as [12]
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where v, is Fermi velocity, e is the electronic charge, % is the
reduced Plank's constant,  is the radius of CNT, w is the angular
frequency, and 7 is the electron relaxation time. Here, we assume
armchair CNT. The surface impedance of CNT can be calculated
as
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From the above equation, CNT scattering resistance Rcyr and
kinetic inductance Lcyr can be written as,
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The scattering resistance and kinetic inductance of CNT surface
impedance are of the same order in the THz range. Scattering
resistance of CNT depends on relaxation time and independent of
frequency. The kinetic inductance of CNT increases with
frequency. Hence, CNT scattering resistance remains same,
whereas the kinetic inductance increases with frequency in the
THz frequency regime.

3.3 Copper

It is widely known that copper is an excellent electrical conductor
and the most commonly used metal at RF and microwave
frequency regimes. Copper has an electron mobility of 32
cm?/Vs, and a current density of 10° A/cm.

At THz frequency regime, the conductivity and impedance of
copper using the Drude theory can be expressed, as [40]
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where o, = (ne’t/m) is the dc-conductivity, n is the conduction
electron density, and m is the mass of the electron. The surface
impedance of copper at THz frequency can be expressed as,

Z, =R, +jolL, +L,) )
where L', and L*, are the internal and kinetic inductance
respectively, and R, is the ohmic resistance. In the case of
copper, kinetic inductance is larger than its internal inductance
and smaller than the ohmic resistance at low THz frequencies.
Although copper is a good electrical conductor at microwave
frequencies, it does not exhibit the same behavior at THz. The
skin depth and conductivity of copper at THz frequencies are less
than at microwave frequencies. Thus, the design of an effective
copper THz nanoantenna is difficult. The decline of skin depth

and conductivity of copper at THz frequency leads to high
propagation losses and degradation of the radiation efficiency.

4 Performance Analyses of Nanoantennas at THz

In order to have a sharp comparison between the copper,
Graphene, and CNT nanoantennas at THz, the analysis has been
studied in two phases. In the first phase, the size of the
nanoantenna was kept constant, whereas, in the second phase, the
frequency was kept constant. The motivation was to find the best
material that can be used for the nanoantenna design with superior
performance at THz band.

In the first phase, nanoantennas of the same size at low THz
frequency regime are considered for the comparison of the
antenna performance for copper, Graphene, and CNT materials
[18]. Fig. 1 shows the schematic of Graphene, CNT and copper
nanoantenna of the same length. The nanoantennas are placed
over SiO, substrate in all three cases. Here, FEM based
electromagnetic solver is used to validate the nanoantennas.
Copper, Graphene and CNT nanoantenna of the same length 71
um resonate at 1.90 THz, 0.81 THz, and 1.42 THz respectively.
The result showed that the resonant frequency of Graphene
nanoantenna remains at lower frequency than copper and CNT
nanoantennas. It has also been found that the directivity and the
radiation efficiency of Graphene nanoantenna are higher than
copper and CNT nanoantenna. The directivity of nanoantennas for
copper, Graphene and CNT material are 2.2 dBi, 4.5 dBi, and 3.5
dBi respectively. Further, we can notice that the directivity of the
CNT nanoantenna is higher than that of copper nanoantenna at
low THz frequency range.
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Figure 1: Top view of Nanoantennas of the same length. (a)
Graphene, (b) CNT, and (c) Copper.

In the second phase, the performances of copper, Graphene,
and CNT nanoantennas at same resonant frequency of 1 THz are
numerically analyzed and compared to find the most suitable
material for THz nanoantenna [17]. It has been found that, at 1
THz frequency, length of copper nanoantenna is 139 pm (=A¢/3),
whereas the length of Graphene and CNT nanoantennas are 68
pm (=A/4.4) and 99 um (=Ay/2) respectively. This reveals that the
Graphene nanoantenna favors high miniaturization over CNT and
copper nanoantennas. This analysis also shows that the Graphene
nanoantenna exhibits maximum directivity. The performance of



Graphene, CNT, and copper nanoantenna at 1 THz is summarized
in Table.1.

The above analysis reveals that (i) Graphene is highly
inductive and characterized by SPP at THz. Owing to excellent
electronic properties and the propagation of TM SPP waves at
THz band, Graphene nanoantennas exhibit higher directivity and
higher miniaturization than copper and CNT nanoantennas. (ii)
The kinetic inductance of copper is much less than the ohmic
resistance and CNT has large kinetic inductance at THz band. Due
to the kinetic inductive effect, CNT supports slow-wave
propagation. (iii) At THz, owing to the support of slow-wave
propagation and larger conductivity than copper, CNT
nanoantennas provide high miniaturization and larger directivity
than copper nanoantennas.

Table 1: Performance of
nanoantennas
Nanoantenna
(@ 1 THz)
Length
(pm)
Directivity
(dBi)

Graphene, CNT and Copper

Graphene CNT Copper

/4.4 hol3 /2

43 3.0 2.2

5 Performance Enhancement in Nanoantenna
Design at THz

After establishing Graphene as the most suitable material for
designing THz nanoantennas in the previous section, this section
focuses on the advancement and performance enhancement of
Graphene nanoantennas. As far as antenna application of
Graphene is concerned, the important property is its ability to
support the propagation of SPP waves and because of which, the
working frequency of Graphene nanoantenna remains in the THz
band.

The schematic of the Graphene nanoantenna is shown in Fig. 2.
The performance of Graphene nanoantenna is enhanced by
dynamically adjusting the Graphene conductivity using electric
field effect. The performance enhancement of the Graphene
nanoantenna is in terms of high directivity, low reflection, stable
impedance, high miniaturization and frequency reconfiguration
[20].

Graphene

]

Ground plane

Figure 2: Schematic of Graphene nanoantenna

In order to understand the reconfiguration performance of
Graphene nanoantenna at THz, one needs to know the
conductivity property of Graphene. In the THz frequency regime,
the intraband conductivity is the dominant contribution and shows
the dependence on chemical potential u.. This indicates that the
tunability of Graphene conductivity can be achieved by adjusting
the chemical potential of Graphene. The application of an external
voltage at Graphene controls the chemical potential. In Graphene
nanoantenna over SiO,/Si substrate, the SiO, layer provides a
convenient way to control dynamically the Graphene conductivity
by applying an external gate voltage V, between the Graphene and
the silicon layer [20]. This electric field effect by means of
external gate voltage at the Graphene layer controls the
electromagnetic properties of Graphene.

A closed-form equation for chemical potential u. and the gate
voltage V, is approximated as [41]

Zuly ®

=hv
M. r o

where C,, is the electrostatic gate capacitance, and v, is the Fermi
velocity. The applied voltage V, between the silicon and the
Graphene layer controls the carrier concentration n = C,V,/e [42].
More charge is induced on the surface of Graphene when applied
external voltage increases, which in turn raises the chemical
potential. The value of the gate voltage, carrier concentration,
electric field, and chemical potential for Graphene nanoantenna is
listed in Table 2.

The frequency reconfigurable behavior of the Graphene
nanoantenna is achievable by varying the chemical potential in the
range. The resonant frequency is reconfigured in a wide frequency
range from 2.5 to 5.0 THz via the increase of chemical potential
from 0.3 eV to 0.6 eV by the application of gate voltage 7.6 - 30.6
V. Furthermore, the increased mobility of the Graphene impacts
on antenna performance. But, the decrease in the mobility of
Graphene does not affect the resonant frequency, whereas return
loss improves with increased mobility. Furthermore, it leads to the
increase of the antenna radiation efficiency.

Table 2: The Performance enhancement of Graphene nanoantenna

Ve N E He Jr D
V) | (em? (MV/em) | (V) | (THz) | (dBi)
7.6 | 6.7x10 | 3.06 0.3 2.5 2.99
13.6 | 12x102 | 5.44 0.4 3.4 4.12
212 | 18.8x10" | 8.5 0.5 42 4.58
30.6 | 27x10% | 122 0.6 5.0 5.56

Graphene nanoantenna achieves a significant performance in
the radiation pattern. The directivity increases and the back
radiation decreases with the increase of Graphene chemical
potential. Hence, the chemical potential of Graphene impacts the
resonant frequency and radiation characteristics of the Graphene



nanoantenna in the THz band. The directivity enhancement and
frequency reconfiguration of the Graphene nanoantenna based on
the chemical potential of Graphene is listed in Table. 2. Another
significant performance of the Graphene nanoantenna is its stable
impedance behavior upon reconfiguration. The Impedance value
remains constant at all reconfigurable frequencies.
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Figure 3: (a) Schematic of bilayer Graphene nanoantenna and its
(b) dual-band reconfiguration.

The concept of the single-layer Graphene antenna can be extended
to the bilayer Graphene antenna for dual-band operation. Bilayer
Graphene nanoantenna provides easily dual-band reconfiguration
and constant impedance characteristics upon reconfiguration at
THz [27]. In bilayer Graphene nanoantenna, a two coupled
Graphene layer is separated by a spacer, as shown in Fig. 3(a).
The intermediate spacer provides a convenient way to control the
conductivity of both the upper and lower Graphene layer using the
electric field effect. The dual-band frequency reconfiguration
performance of bilayer Graphene nanoantenna is shown in Fig.
3(b). The monolayer and bilayer Graphene provides frequency
reconfigurability around one frequency and dual frequencies
respectively, in the Graphene nanoantenna. The nanoantennas
using monolayer and bilayer Graphene have the potential to be
used for THz communication systems.

6 Graphene THz Hypersurface for Smart
wireless Environment

THz communications are susceptible to acute path loss effects,
owed to the standard power dissipation within space and
molecular absorption [43]. Moreover, the Doppler Effect becomes
more acute in such bands, resulting in problematic
communications even at pedestrian speeds [43]. Thus, to attain its
high promise for astounding data transfer rates, the THz band is
likely to require the collaboration of the user device with a smart
propagation environment.

Recently, Hypersurface has been proposed as a smart
environment that can sense wavefronts emitted by user devices
and manipulate their propagation. The environment routes emitted
waves from the user devices to their end-destinations, fulfilling
custom performance objectives such as shortest-distance
propagation, interference minimization, eavesdropping
cancellation and Doppler Effect mitigation (by ensuring that last
bounce of the propagation is perpendicular to the trajectory of a
mobile user) [44], [45]. The user-side Graphene nanoantennas and
environment-side Hypersurfaces can build a promising smart THz

environment. HSF empowered THz wireless
environment can optimize the propagation factor between THz

wireless

wireless devices.
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Figure 4: (a) Schematic of the Graphene MSF, (b) Amplitude and
phase of reflection coefficient at normal incidence, and (c)
Reflection at oblique incidence.

The strong optical response and plasmonic properties of
Graphene enable novel metasurface at THz [46]. Owing to its
tunable characteristics, Graphene is a promising candidate for
THz HSF. The Graphene HSF structure is composed of an array
of Graphene elements deposited on the silicon substrate and
backed by a ground plane, as shown in Fig. 4(a). Fig. 4(b) shows
the reflection amplitude and phase of Graphene HSF. Graphene
THz HSF provides around 75% efficiency of reflection at normal
angle of incidence at 1 THz, and this has the capability of 360°
reflection phase variation. Reflection efficiency of Graphene HSF
can further be increased by controlling the properties of Graphene.
Graphene HSF shows around 65 to 75% of reflection efficiency
under oblique angle incidences from 0° to 50°, as shown in Fig.
4(c). The perfect absorption and frequency reconfiguration is also
easily achieved in Graphene THz HSF [46]. It reveals that
Graphene HSF has the potential to be used for the smart THz
wireless environment.

7 Conclusions

THz nanoantennas play a significant role in achieving better
performance in THz wireless communications. This paper firstly
discussed the suitable materials for the nanoantenna design at
THz. Then it discussed the performance enhancements offered by
nanoantennas.

In this paper, the performance of metal copper, carbon nanotube
(CNT), and Graphene nanoantennas are compared in order to find
the best material for nanoantenna at THz. Material properties and
its electromagnetic behavior at THz are analyzed to justify the of
THz nanoantenna performance. A critical comparison of the



performance of copper, carbon nanotube, and Graphene shows
that the Graphene nanoantennas have better performance in terms
of directivity and miniaturization. Further, this paper presented the
performance enhancement of Graphene nanoantenna in terms of
high miniaturization, high directivity, low reflection, low back
lobe radiation, frequency reconfiguration, and stable impedance
by controlling the graphene surface conductivity. The
performances of Graphene nanoantenna make it a promising
candidate for THz communication. This paper finally discussed
THz Hypersurfaces using Graphene meta-atoms. The user-side
Graphene antennas and environment-side Hypersurfaces can build
a promising smart THz wireless environment.
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