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Abstract

Graphene-enabled nano antennas constitute a novel paradigm which is a current trend of research among designers.
Graphene-based nano-antennas with nanometer in size have shown to radiate electromagnetic waves at the terahertz (THz)
frequency band. Proposed research activity is an attempt of Terahertz Nano dipole antenna design through the Finite
Difference Time Domain (FDTD) based numerical simulation software, i.e. CST. Graphene material as adipole antenna has
been explored to get a radiation performance. Before hand absorption, reflection and transmission characteristics of the
grapheme layer has been explored. Designed antenna is analyzed in terms of the reflection coefficient, and radiation pattern
etc. An attempt has been done for resonance study of graphene based nano dipole antennas, in that patch antenna length
parameteris changed and performance is observed. The impact of most crucial parameter, i.e., chemical potential on the
grapheme radiation performance has been analyzed in terms of reflection coefficient. Proposed antenna may be suitable for
wireless nano communication applications.

Keywords: Terahertz antennas, computer simulation technology, microstrip dipole antenna, reflection coefficient, radiation
pattern

1. Introduction

As per the current trend, researchers have been attempting hard to design and develop the antennas in
RF and microwave frequency band for various applications. But looking in to the need of future
applications having required enormous bandwidth and data speed, they are shifting focus towards
untouched frequency band i.e. terahertz (THz). Terahertz (THz) band covering frequency range of the
order of 0.1THz to 10 THz is being utilized in many field such as spectroscopy, high-resolution radar,
imaging and sensing and detection etc.[1] Recently the RF researchers and designers have shifted their
focus to explore the THz band for the possibility of wireless nano communications applications.
However yet challenging given the large propagation losses, lack of mature devices and circuits for
terahertz operation as well as dirth of advanced electronic and photonic materials. Therefore there is
need of a new material and devices at terahertz frequency. In search of efficient solutions to these
problems, graphene appears as an excellent candidate for the implementation of new devices like
antennas etc. Due to its unique thermal, mechanical and electrical properties at terahertz (THz)
frequencies [2], graphene has attracted huge interests among researchers and designers. Because of
ability to support transverse magnetic surface plasmonic polariton (SPP) modes as well as gapless
energy spectrum, researchers are putting attempt to design, and develop the grapheme based nano
antennas [3-4]. Since antenna is a critical component for wireless communication application, therefore
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effective design and development of nano antennas is a core issue among the researchers in the terahertz
frequency band applications.

2. Literature review

Very few researchers have attempted antenna designs using grapheme material. Graphene may
replacement of copper in antenna design due to low loss, light weight, low corrosive behavior, cheaper,
less energy consuming, higher efficiency and reduced CO2 emission through it. In this connection,
graphene-based Yagi-Uda antenna with reconfigurable radiation patterns and circularly polarized
graphene based transmit array in terahertz frequency band has been already suggested in [2-3].
Fabrication and characterization of near-field communication (NFC) devices based on highly flexible,
carbon-based antennas composed of stacked graphene multilayers has been presented by authors in [4].
The simulation results of [5] demonstrated that the designed structure can provide excellent properties in
terms of dual wide-band performance, frequency-reconfiguration by applying different voltages on the
graphene. The effect of the temperature and relaxation time on the antenna performance, and use of
graphene for reconfigurable, miniaturized, and efficient terahertz (THz) antennas and associated feeding
networks development have been investigated in [6]. Also an attempt has been done to identify current
research trends and mid- and long-term challenges and prospects. Authors presented graphene-based
CNT nano-antennas, ordinary dipole, fractalized dipole, spiral, bow-tie and log-periodic configurations,
miniaturized and tunable antennas, plasmonic graphene antennas in the terahertz band for
electromagnetic nano communications in [7-10]. The graphene based antennas showed significant
improvements for most parameters of antenna than that of the conventional antenna. In [11], the
performance of a graphene-based nano-patch antenna in transmission and reception has been analyzed
numerically. The resonance frequency of the nano-antenna is calculated as a function of its length and
width, both analytically and by simulation. Work done by authors in [12-13], provides a brief overview
of terahertz antenna issues from large scale reflectors to multipixel imaging systems, as well as special
type of tunable feeding point slot antenna with butterfly type slot. A novel and well-performed design of
terahertz horn antenna with microstrip feed and several configurations of antennas based on graphene is
presented by the authors [14-15]. In [16], a method has been proposed to design microstrip antennas at
terahertz (THz) frequencies which improved the antenna gain, bandwidth and fabrication tolerance. The
measured and the simulation results were in good agreement. Two configurations of smart graphene
antennas has been reported through the work [17], in which either the radiation pattern of the antenna or
the backscattering of the periodic metallic arrays is controlled by DC biases. The combination of
metallic structures and graphene, which has gate-voltage dependent optical properties, is emerging as a
possible platform for electrically controlled plasmonic devices. In [18],control of antennas using
graphene as an electrically tunable load in the nanoscale antenna gap is demonstrated. Through the
experiments, electrical tuning of graphene-loaded antennas over a broad wavelength range of 650 nm in
the mid-infrared (MIR) region was demonstrated. An equivalent circuit model was proposed to analyze
the tuning behavior of graphene-loaded antenna pairs and an analytical expression was derived for the
tuning range of resonant wavelength.

From the above brief review report, it is very clear that grapheme based terahertz antenna design
is in infant stage among researchers and very little work has been reported sofar.

3. Problem formulation

In usual practice of rectangular patch antenna design, RF researchers have been using numerous
substrate with dielectric constant ranging from2.2<e:>12 to achieve good performance of antenna.
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Copper patch with some prespecified shape was being etched on the dielectric substrate having specific
height. The lower side of the dielectric sheet is having the polish of copper layer and acting as a ground
plane, which serves to get the broadside radiation pattern through antenna. In order to excite the antenna
(copper microstrip patch), suitable feeding arrangement can be applied like coaxial feed, inset feed or
aperture coupled feed. The typical structure of the microstrip patch antenna can be understood with
following Figure 1. In the proposed nano dipole antenna, we have employed graphene material layer in
place of copper and designed and performance of the antenna was tested using numerical simulator. The
graphene based terahertz nano dipole antennas are shown in the Figurel (b). Before hand, we have
attempted to characterize the graphene for its conductivity, reflection, transmission as well as absorption
behavior with respect to terahertz frequency range.

Copper patch Graphene
L, \
A—
. 7w,
Dielectric layer >
THz source G

Ground plane
RF source

(a) (b)
Figure 1: (a) Typical RF microstrip antenna (b) Proposed terahertz dipole antenna

3.1.Graphene modeling

The graphene monolayer is a two-dimensional material composed of carbon atoms bonded in hexagonal
structures. It can be represented by an infinite sheet with surface conductivity, which can be modeled via
Kubo formula [11]. It consists of an intraband contribution and an interband contribution as shown in
Equation (1) and Equation (2)
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Where j is the imaginary unit. The electron charge, e =1.60217657x10" C; The reduced Plank
constant, & = 6.62606957x107*/J1 eV/s; Permittivity, &y = 8.85418781762x107'2 F/m; The Boltzmann’s
constant, Kz= 1.3806488 x10* m”*kg s' K'!; The temperature, 7= 300 K; The chemical potential, u. =
0 eV to 1 eV; The operating angular frequency, o (= 2nxf) Hz; Scattering rate, I, = 1/27 (represents its
loss mechanism) and, The relaxation time, 7 = 0.1 ps. The value of 7 in previous literature ranges
between 107! and 107'*. In our work, we have utilized T = 1 x 10 '?sec. The two terms of the surface
conductivity are calculated using Equation (1) and Equation (2). The first term (intraband term)
dominates the value of total conductivity in the range of frequency below 5 THz, whereas the second
term (interband term) has no significant effect on the total surface conductivity within this band. Impact
of changing graphene chemical potential u. on the surface conductivity is big prospectus for terahertz
antenna design (Figure 1 (b)). It depends on the carrier density, which can be controlled by gate voltage,
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electric bias field, or chemical doping. Increasing ucleads to the increase in graphene surface
conductivity, which shifts antenna resonances to higher frequencies. The shifting of antenna resonance,
due to changing u. enhances flexibility for the design of tuneable antennas, especially within the THz
band. The variation of u. enables the resonant frequency tunability feature. The value of the chemical
potential can be electrically controlled by varying the bias voltage (gate voltage, V) on the graphene
layer. Graphene presents excellent conditions for the propagation of Surface Plasmon Polaritons (SPP),
waves guided along a metal-dielectric interface which are generated by an incident high-frequency
radiation.

3.2 Graphene characterization

Graphene is a one of the most important elements being explored for engineering applications by the
researchers since it is discovered in 2004. It is one atom 0.3 nanometer thick layer of carbon atoms
having covalent bond with 3 other carbon atoms, and is arranged in a honeycomb (hexagonal) lattice 2 —
D structure. It is having some remarkable thermal, electrical, chemical and mechanical properties,
because of that it has got place in various engineering applications. At room temperature, graphene has a
thermal conductivity much higher than other carbon allotrope’s; it is one of the most important
properties for graphene based electronics. Mechanically graphene is a very light, strong and flexible
material, which is stronger than a diamond and steel. As per electronic properties, graphene deposited
silicon wafer is able to absorb more than 2.5 % of the light. Chemical properties for graphene are also
very unique. Chemically graphene has weekly attached atoms, which can act as acceptors for other
atoms maintaining a high conductivity, which leads to its applications in few electronics devices [19].

While from the perspective of frequency, the contrasting of the conductivities of different
chemical potential (u#) become smaller with frequency increasing. The 1-4 THz band shows larger
conductivity distinction than the higher frequencies and it might be good choice for some designing in
this frequency range. The conductivities of the graphene are owing to the carrier density, which is
controlled by the .. The conductivity for 4. = 0.01 eV is very small and close to zero due to low carrier
density. In this case, the graphene acts as a thin dielectric media, which can be treated as transparency
for EM wave. The conductivity of the graphene is large for large u. owing to larger carrier density, then,
the graphene supports surface plasmon-polaritons (SPPs), which would be used to confine the incident
EM wave absorption and lead to absorption.

Plane wave

————————
ni ns

Graphene layer

Fig. 2. A graphene sheet normally illuminated by a plane wave.
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Here, we consider a graphene sheet normally illuminated by a plane wave as shown in Fig. 2. The
graphene sheet is laid in the xoy-plane, while the z > 0 space is filled with medium 1 characterized by
erand u;, and the medium 2 in z < 0 space is g;and 2. Then, the reflection coefficient, the transmission
coefficient and the absorption are [20] as follow.

= 771_772_0-5‘20 (3)
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Where 1, =\/u,,&, and n,=./u, &, are the refraction coefficients of the medium 1 and medium 2,
respectively. The Zo= 120n Ohm is the free-space impedance. Also
s

y=—= (6)
T

§'+i§”: (G's +io! vs)% (7)
1
For the special case 7 = n2 =150 =1, where 7, = /4,6,  is the refraction coefficient of the air.In that

case, the reflection coefficient, the transmission coefficient and the absorption coefficient; 7, # and 4 of
Equations 3, 4 and 5 respectively can be written as

—o Z
= s“~0 (8)
2+0,Z,
2
=0 )
2+o0.Z,
4
A= 10)
2+&) +¢
40' 7
Ord= s 0 11
2+0' 2, +(c". Z,)
+o s 0 + (O- K O)
1000 0.8
——— Real Intra condct. 0..01 ev
800 — Imng Intra.condct.0.01 ev. 0.7
——— Real Intr Condet. 0.2 ev 0.6 mu.c=0ev
600 Luu_. Intra-condet:-0.2 ey _ 05 4 \\ mr-e=0:3-ev
;Ca_ Real Intra Condet. 0.5 ev B - \\ -
4400 |- Imag: Intra condet: 0:5 e 3 04 7Y% \\ mu_e=0 5V
oy Real Intra Condt. 1 ev = 03 1 .
£ 200 — Imag. Intra condct. lev g 02 \\ mi_c=0;7eV
;é 0 f— — 0"1' \\ ——mu_c=1eV
S 200 025 05 075 125 15 175 0 Kﬁ“‘hﬁ——— —
400 Frequency (THz) 0.1 2, 8
-600 Frequency (THz)
(a) (b)

51



Arti Shrivastava et al. / International Journal of Engineering Sciences 2021 14(2) 47-55

1.2 0.6

. —0eV
0.8 e 0.4 \ 0.3 eV
—Qev . 0.5V
0.6 — -
/ eV g 03 — 0.7 eV
5eV I
0.4 = leV
—0.7eV 0.2

0.2 \
Y 0.1

Transmission

Absorption
o
W
=

0 \
0 2 4 6 8 © ‘
) 0 2 4 6 8
Frequency (THz) Frequency (THz)
() (d)

Fig.3. Grapheme (a) intra band conductivity (real and imaginary part w. r. tu.)
(b) reflection(c) transmission (d) absorption coefficient plot.

From Fig. 3 (a), the conductivity gy of the graphene 1s zero tor u. = U.Ul eV, then transmission
coefficient # = 1, the reflection coefficient » = 0, and the absorption 4 = 0 (Egs. (8) - (9)). In this case,
the graphene sheet is transparent to the electromagnetic wave. Also from same Equation, (Egs. (8) - (9)),
a large conductivity oy (due to large u.) results in large reflection coefficient, » and small transmission
coefficient, #. From Eq. (10), the absorbance would be very small as the imaginary part o is larger
than the real part gimqg, as also indicated in Fig. 3. Therefore, the graphene operates as semi-conductor
with large u..To verify the above discussion, the reflectance, transmission and absorption of the
graphene sheet in terms of the chemical potential (u.) are calculated and plotted in Fig. 3 (b), 3 (c) and 3
(d), respectively. As the conductivity of the graphene increased with u. increasing (Fig. 2 (a)), the
graphene acts more like a metal, so that a larger reflectance is obtained with higher u. as demonstrated
in Fig. 2(b). Correspondingly, the transmission decreased with u. increasing as shown in Fig. 2(c). It is
also found that, the uc = 0 eV of the graphene sheet leads to a reflectance almost equals 0 and a
transmission almost equals 1 in the 1-2 THz band, which verify the aforementioned conjecture that the
graphene with uc. = 0 eV acts as a very thin dielectric media. However, for the non-zero u., the
reflectance is increased while the transmission is decreased with u. increasing. The absorptions
presented in Fig. 2 (d) are also sufficient very small for all the u. values to enhance plasmonic
resonances.

4. Results and discussion

The proposed terahertz nano dipole antenna has been designed and simulated using CST Microwave
Studio 2017. Before hand the intraband and interband conductivity has been plotted for terahertz
frequency range with different chemical potential as shown in Figure 3 (a). From the Figure 3(a), it can
be easily observed that intraband conductivity (I term) dominates the value of total conductivity in the
range of frequency below 5 THz, whereas the interband conductivity (II term) has no significant effect
on the total surface conductivity within this band. Nano dipole has been excited using discrete port
having 1300 ohm input impedance values. The reflection coefficient performance plot for chemical
potential 0.12 eV is shown in the Figure 4, where resonance condition is achieved for 1.08 THz
frequency. Directivity of the proposed nano dipole is nearly 2 dBi as shown in Figure 5 (from 2-d and 3-
d far field plots).From the E and H —field (2-d) polar plot, same value of directivity can be observed. The
numerical values of the grapheme and nano dipole antenna parameters are listed in Table 1.

52



Arti Shrivastava et al. / International Journal of Engineering Sciences 2021 14(2) 47-55

Table 1: Parameters of grapheme nano dipole antenna

S.N. | Parameters Values

1 Graphene thickness 0.35 nm
2 Graphene chemical potential, u. | 0.12 eV

3 Temperature, T 300K

4 Relaxation time, 7 1 ps

5 Feed gap, G 2000nm
6 Feed impedance 2000 Q

7 Dipole length, L, 25000 nm
8 Dipole width, W, 10000 nm

I A=

0 1 2 3 4

Frequency (THz)

1 T

(a) (b)
Figure 5: (a) 2-d, E and H plane pattern (b) 3-d, far field radiation pattern of nano dipole

5. Conclusion

Graphene-based nano-antenna has been explored which can work for terahertz frequency range and may
be useful for nanosystems to transmit and receive information. In this work, we proposed a low profile
model of a graphene-based nano-dipole antenna, and performance is estimated by means of simulation.
Modeling starts with analyzing the conductivity of graphene numerically. Also graphene
characterization has been done through its transmission, reflection and absorption coeffcient.
Electromagnetic CST Microwave Studio simulator 2017 has been used for this purpose. The design uses
a discrete feed source in order to obtain proper impedance matching between the nanodipole and the
feed. The proposed antenna is resonant at a frequency of 1.05 THz with corresponding return reflection
coefficient of the order of -28 dB. The designed antenna has the satisfactory level of directivity of the
order of 2dBi at the resonant frequency.
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