
Abstract— To satisfy the necessity for elevated data 
transmission rates in 5G and beyond networks, terahertz band 
communication (0.1 - 10 THz) is envisaged as a crucial wireless 
technology. Two-dimensional graphene nanomaterial is being 
extensively integrated into the plasmonic antennas as it allows 
them to resonate in the terahertz wave spectrum. A graphene-
based hybrid terahertz plasmonic nano-scale antenna has been 
modeled to acquire a maximum gain and directivity of 8.1 dB and 
8.23 dBi, respectively, by varying the conductivity of graphene via 
gate bias voltage. Moreover, a combination of several tailored 
radiating layers of silver, SiO2 and graphene sheets is arranged in 
the proposed nanoantenna in such a way that the return loss (S11) 
of -26.595 dB and wider bandwidth of 1241.3 GHz are obtained. It 
is evident that the proposed graphene-based hybrid plasmonic 
nanoantenna could be considered an ideal candidate for terahertz 
communication owing to its excellent radiation characteristics. 

Index Terms— Dielectric grating, Graphene plasmonic, Surface 
plasmon polariton, THz frequency spectrum 

I. INTRODUCTION

UE to the ever-increasing number of next-generation
wirelessly connected devices requiring a data transmission 

rate of 10-100 Gbps [1], wireless communications in the 
terahertz (THz) band are becoming crucial which inevitably 
fulfills this speed demand. The low THz frequency spectrum 
(from 0.1 to 10 THz) lies in between the microwave and the 
mid-infrared bands. THz wave does not harm to the human 
body and change the chemical structures because of its low 
photon energy (e.g., 4 meV at 1 THz), low scattering, and non-
ionizing radiation. These waves can penetrate through 
materials, paper, cardboard, textiles, plastics, wood, ceramics, 
semiconductors and so on which are impervious to other parts 
of the electromagnetic spectrum. Although the THz band has 
several benefits, one of the shortcomings of this type of 
radiation is high path loss because of atmospheric molecular 
absorption. This hinders its application to some extent [2-6]. To 
further increase the communication distance between THz 
transmitter and receiver, generated radiation power should be 
effectively transmitted through directional antennas. 

Antennas in nanometer scale (nanoantenna) radiate in THz 
band efficiently having wider bandwidth (BW) and 
considerably high spatial resolution of around 1 mm. Therefore, 
numerous fields of application namely terabit-per-second 
(Tbps) secure wireless communication links [7], biology and 
medicine [8, 9], rotational, vibrational, and transitional 
characterization of materials [10], agriculture [11], security and 
inspection [12] and astronomy [13] are extensively 
incorporating these nanoantennas. Over the last couple of years, 
many researchers have successfully realized high-performance 
photo-conductive antennas [14], modulators, quantum cascade 

lasers working as feeding sources [15], optical down-
conversion systems, detectors operating at THz regime. 
Compact directional wide-band horn antenna [16], lens antenna 
[17] and other innovative antennas with gains around 55dB [18-
20] are already in use.

On the other hand, Yagi-Uda antenna [21], MEMS antenna 
[22], Fractal antenna [23], leaky wave antenna [24], log-
periodic antenna [25] and bow-tie antenna [26] have been 
studied for low THz band applications (e.g., wireless 
communication nanolink). A few limitations of these 
nanoantennas are as follows: relatively large antenna size (e.g., 
5500 × 5592 um2 [21], 90 × 80 um2 [22], and so on) and high 
frequency feeding source required to excite (e.g., continuous 
wave (CW) THz source [21], substrate integrated waveguide 
[24] and etc.).

To attain the transmission BW as high as 100 GHz, graphene-
based THz plasmonic antenna could be one of the promising 
alternatives [27, 28]. Graphene is an allotrope of carbon, whose 
atoms are arranged in a two-dimensional hexagonal lattice 
structure. It has amazing optical and mechanical properties, and 
electrical conductivity which allows the propagation of high-
frequency electrical signals. It possesses a mean free path of 
300-500 nm for ballistic carrier transport and the carrier
mobility in the range of 8000 - 10000 cm2V-1s-1. Because of this
extraordinarily high carrier mobility at THz frequencies,
graphene boosts the propagation of confined electromagnetic
Surface Plasmon Polariton (SPP) waves [29, 30]. At the edge
of a conductor and dielectric, the confined SPP waves are
produced. The exploration of new graphene-based THz
plasmonic nanoscale antennas is inevitable due to the intrinsic
tunability of graphene conductivity by electrostatic biasing and
the highly restricted wavelength of SPP waves. For modulation
& demodulation [31-36], signal generation & detection [37-39]
and nanoscale sensing [40] in THz regime, these type of
reconfigurable nanoantennas are frequently considered.

Most of the graphene-based THz antennas in the existing 
literatures [41-49] have some downsides: limited BW, gain and 
directivity. In [45], a graphene based miniaturized THz patch 
antenna operating in 5.39-5.61 THz resonant frequency range 
is proposed with a low BW of 218 GHz and a limited gain of 
3.9 dB, still it has a relatively high directivity of 5.429 dBi. As 
reported in [50], a gain of 5.986 dB and a peak directivity of 6.5 
dBi are achieved from an ultrawide-band (UWB) circular 
graphene patch antenna; however, a maximum BW of 504 GHz 
is stated. A graphene plasmonic antenna operating around 0.81 
THz with a minimum peak -directivity of 4.5 dBi is proposed 
in [51]. In [52], another graphene plasmonic nanoantenna with 
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a maximum BW of 2420 GHz (2.56 THz - 4.98 THz) is 
proposed which offers a moderate directivity of about 5.56 dBi. 

In this paper, a graphene-based hybrid plasmonic 
nanoantenna (GHPNA) has been proposed and analyzed for 
low THz band applications (0.1 - 10 THz). The modified layers 
of silver (Ag), graphene sheet with cylindrical air defects, and 
SiO2 grating forming an uneven waveguide-like structure have 
been chosen to design our proposed nanoantenna. Furthermore, 
the metamaterial-based subwavelength slots - on top of SiO2, 
Ag, and graphene perturbed layers - ensure excellent radiation 
characteristics. 

The subsequent sections of this paper have been arranged as 
follows. The properties of graphene in terms of surface plasmon 
polariton, plasmonic resonance, dispersion relation, 
conductivity, surface impedance, and power absorption have 
been presented in section II. In section III, the process of 
modeling the proposed hybrid nano-scale antenna has been 
covered. In the “Simulation and Results” section, the outcomes 
of our nanoantenna have been discussed and the comparison 
among reported graphene-based antennas with our proposed 
one has been incorporated. Lastly, conclusions of this research 
work have been drawn in “Conclusion”.  

II. PROPERTIES OF GRAPHENE 

A. Surface Plasmon Polariton, Plasmonic Resonance & 
Dispersion Relation of Graphene   

In free space, the dispersion relation of the supported 
transverse magnetic (TM) plasmons or the SPP wave vector 
(kSPP) of graphene sheet can be represented as [53-55] 

𝑘𝑆𝑃𝑃 = 𝑘0√1 − (
2

𝜂𝑒𝑓𝑓𝜎𝑔
)2 ≈

ħ𝜔2

2𝛼𝜇𝑐𝑐
 (1) 

𝜂𝑒𝑓𝑓 =  √1 −
4𝜇0

𝜀0 (𝜎𝑔)2 =
𝜆

𝜆𝑆𝑃𝑃
 (2) 

where the complex conductivity (𝜎𝑔) of graphene is a 
function of chemical potential (µc) and angular frequency is ω. 
𝑘0 and 𝜂𝑒𝑓𝑓 are the free-space wavenumber and effective 
intrinsic impedance of graphene sheet, respectively. The mode 
index or effective intrinsic impedance of graphene is related to 
both the free-space permeability (𝜇0) and the absolute 
permittivity (𝜀0) of graphene [56]. By changing the bias voltage 
across the graphene nodes, which in turn varies the chemical 
potential of it, the SPP wave vector of graphene sheet can be 
calculated. Again, it is obvious from the dispersion relationship 
of TM plasmons that 𝑘𝑆𝑃𝑃 varies as a second order function of 
the resonant frequency (fr) while the reduced plank’s constant 
(ħ), the fine structure constant (𝛼 =

𝑒2

ħ𝑐

1

4𝜋𝜀0
=

1

137
) [57], the 

charge of electrons (e) and the velocity of light in vacuum (c) 
remain unchanged. 
 

Lg = m
λ

2ηeff
= m

λSPP

2
= m 

π

kSPP
 (3) 

Using Eq. (3), the length of the graphene layers (𝐿𝑔) can be 
estimated considering the plasmonic resonances of SPP waves 
[58] where m is the resonant mode number, λ is the wavelength 
of the incident radiation through the discrete port, and 𝜆𝑆𝑃𝑃 is 
the wavelength of SPP waves. 
 

𝐿𝑔 = 𝑚 
2𝜋𝛼𝜇𝑐𝑐

ħ𝜔2  (4)  

𝑓𝑟 = √𝑚
𝛼𝜇𝑐𝑐

2𝜋𝐿𝑔ħ
 (5) 

Manipulating the SPP wave vector in Eq. (1) & (3) leads to 
the expression of 𝐿𝑔 in Eq. (4), which is inversely proportional 
to the resonant frequency (𝑓𝑟) exhibited in Eq. (5). Thus, the 
length of the graphene layers is increased for a lower 
application specific resonant frequency. 

B. Conductivity, Surface Impedance, Power Absorption of 
Graphene 

σg (ω,𝜇𝑐,Г,T) is an amalgamation of both inter-band and 
intra-band transitions as expressed in Eqs. (6), (7) & (8), which 
is in compliance with the Kubo formula [59]. KB and T are the 
Boltzmann constant and temperature at 300K, correspondingly. 

𝜎𝑔 = 𝜎𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑖𝑛𝑡𝑒𝑟  (6)  

𝜎𝑖𝑛𝑡𝑟𝑎(𝜔, 𝜇𝑐 , Г, 𝑇) = −𝑗 
𝑒2𝐾𝐵𝑇

𝜋ħ2(𝜔−𝑗Г)
 {

𝜇𝑐

𝐾𝐵𝑇
+ 2 ln  (𝑒

−
𝜇𝑐

𝐾𝐵𝑇 + 1)}

 (7) 
𝜎𝑖𝑛𝑡𝑒𝑟(𝜔, 𝜇𝑐, Г, 𝑇) =

−𝑗𝑒2

4𝜋ħ2  ln  (
2|𝜇𝑐|−(𝜔−𝑗Г)ħ

2|𝜇𝑐|+(𝜔−𝑗Г)ħ
) (8) 

The characteristic impedance of the supported transverse 
magnetic (TM) plasmons in the graphene sheet is determined as 
follows [53-55]: 

𝑍𝑔 = 𝑍𝐶 =  
1

𝜎𝑔
= 𝑅𝑔 + 𝑗𝑋𝑔 =  

𝑘𝑆𝑃𝑃

𝜔𝜀0𝜀𝑟(𝑒𝑓𝑓)
 (9) 

where Rg and Xg are the surface resistance and reactance of 
the graphene sheet, respectively; ε(r(eff)) is the effective dielectric 
constant of the surrounding media. The chemical potential (μc) 
and the electrostatic biasing gate voltage (Vg) are strongly 
intertwined to each other [60]: 

𝜇𝑐 =  𝐸𝑓 = ħ𝑣𝑓√
𝜋𝜀𝑜𝑥𝜀0𝑉𝑔

𝑒𝑡𝑜𝑥
= ħ𝑣𝑓√

𝜋𝐶𝑜𝑥𝑉𝑔

𝑒
≈ ħ𝑣𝑓√𝜋𝑁 (10) 

where 𝑣𝑓 is the velocity of electrons in Fermi energy level (≈

106 ms-1), 𝜀𝑜𝑥 is the permittivity of SiO2 layer, tox is the oxide 
thickness, 𝐶𝑜𝑥 (=𝜀𝑜𝑥𝜀0

𝑡𝑜𝑥
) is the electrostatic gate capacitance/area, 

and N (≈ 𝐶𝑜𝑥𝑉𝑔

𝑒
) is the carrier concentration [61]. Hence, more 

biasing voltage establishes more chemical potential of 
graphene. As graphene regains a uniform charge density upon 
applying a biasing voltage, the relaxation time (τ) is improved 
to at least 0.1 ps and τ is given by [62] 
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𝜏 ≈ 𝜇𝑐ħ√
𝜋𝑁

𝑒𝑣𝑓
 (11) 

C. Graphene Modeling 
The epsilon-near-zero effect of graphene becomes prominent 

once the electrostatic gate bias voltage is applied [64, 65], 
resulting in a noticeable absorbed power of graphene given by 
Eqs. (12) & (13). 
 

εg(ω, μ, Г, T, ∆) = 1 +
jσg 

ωε0∆
 (12)  

Pg =
Re(σg )E2

2
 (13) 

In order to reconfigure our graphene-based plasmonic device 
with the dielectric function (𝜀𝑔) having a thickness of Δ = 0.34 
nm [63], the chemical potential (𝜇𝑐) of 0.5 eV and the charge 
particle scattering rate (Г) of 0.00051423 eV have been 
selected. Our hybrid graphene nano structure is able to absorb 
a wide range of powers (𝑃𝑔) by adjusting the conductivity of 
graphene layer and the incident laser photon energy (E), which 
is indicated by Eq. (13) [64]. 

The connection among chemical potential, frequency and 
conductivity of graphene material has been extracted 
analytically with the help of Ansys Lumerical software, which 
uses the finite-difference time-domain method (FDTD). In Fig. 
1, a direct correlation of the real and imaginary parts of 𝜎𝑔 with 
respect to 𝜇𝑐 has been illustrated. 

 
Fig. 1. Change in real and imaginary parts of conductivity curves of graphene 
with respect to chemical potentials (𝜇𝑐) ranges from 0 eV to 1 eV for 𝜏 = 0.1 

ps at fr =8.4 THz and T = 300 K 
 

 
Fig. 2. Change in real, Re (𝜎𝑔), parts of conductivity curves of graphene as 

functions of frequency (1 THz – 10 THz) for (a) 𝜇𝑐 = 0.0 eV and (b) 𝜇𝑐 = 0.5 
eV at T = 300 K 

 

 
Fig. 3. Change in imaginary, Im (𝜎𝑔), parts of conductivity curves of graphene 
as functions of frequency (1 THz – 10 THz) for (a) 𝜇𝑐 = 0.0 eV and (b) 𝜇𝑐 = 

0.5 eV at T = 300 K 

The graphical representations of conductivity of graphene 
with respect to the THz frequency depicted in Fig. 2 and 3 are 
similar to the ones reported by Llatser, et.al [79]. At 𝜇𝑐 = 0.5 
eV, negative correlations of the real as well as imaginary parts 
of conductivity with reference to frequency (0.1 - 10 THz) are 
apparent as shown in Fig. 2 and 3. The real parts of graphene 
conductivity, Re (𝜎𝑔), nearly equal to zero at fr = 8.4 THz for 
𝜇𝑐 = 0 eV and 0.5eV, however Im (𝜎𝑔) > 50 μS and Im (𝜎𝑔) > 
150 μS for the respective chemical potentials. When 𝜇𝑐 <

ħ𝜔

2
, 

the maximum power absorption of graphene can be found 
where the imaginary part of the inter-band contribution 
dominates. Thus, for 𝜇𝑐 = 0 eV with no bias voltage, graphene 
acts as a transparent medium. Conversely, graphene behaves as 
an absorptive medium at 8.4THz for 𝜇𝑐 = 0.5 eV. 

III. DESIGN OF THE PROPOSED GRAPHENE-BASED 
NANOANTENNA STRUCTURES 

As demonstrated in Fig. 4, each layer of the proposed 
GHPNA is modeled in the finite element method (FEM) 
simulator called “CST Microwave Studio”. The ground plane 
of GHPNA is silver (Ag) and this nanoantenna is covered by a 
perturbed graphene structure (in the 2nd last stage). Ag has been 
preferred rather than gold layer because of the better surface 
plasmon polaritons (SPPs) excitation of silver at low-terahertz 
and optical regime. Moreover, Ag offers smaller charge particle 
scattering rate (Г) of 0.02eV, lower loss and lower fabrication 
cost, making it an ideal choice for our hybrid graphene 
nanoantenna [67, 68]. Therefore, Ag ground plane has been 
modeled as shown in Fig. 4 (a). A graphene sheet with air 
defects has been placed on top of the ground plane depicted in 
Fig. 4 (b). To mitigate the surface wave excitation loss in the 
thick dielectric grating (SiO2) with high permittivity, periodic 
hollow air defects in the graphene sheet with 200 nm thickness 
have been into account. Besides, the shock waves at the 
dielectric-graphene-silver interfaces in the low THz range have 
been minimized by selecting that porous graphene sheet [69, 
70]. The graphene sheet with air defects also suppresses the 
surface wave propagation, improving directivity, gain, BW, and 
other performance parameters of the antenna. The reduction of 
cross polarization and back-end fire radiation can also be 
detected from such structure [71, 72]. 
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Referring to Fig. 4 (c), the grating of SiO2 has been 
introduced in order to convert the SPPs into leaky waves with 
its irregular waveguide-like structure. For beamforming THz 
nanoantenna applications, dielectric gratings with periodic 
shapes are being extensively applied [73-76]. A group of four 
intermediate rectangular graphene patches has been 
incorporated to control the main lobe direction of radiation 
pattern and intensity of the nanoantenna as illustrated in Fig. 4 
(d). Every patch can be regulated by applying different gate 
biases, which varies the absorption power of the overall antenna 
structure. 

As depicted in Fig. 4 (e-g), eight directors composed of SiO2, 

Ag, and graphene materials have been designed to obtain a 
unidirectional radiation pattern along z-axis. Again, referring to 
the same figures, four rectangular sets of metamaterial-based 
subwavelength slots of variable lengths in four corners of the 
graphene patches have been formed as connecting nodes of one 
feedline and two directors. For inducing the electric and 
magnetic dipole moments [77] and ensuring a wider impedance 
BW [78], this periodic array of metamaterial slots has been 
added to the proposed nanoantenna. 

A discrete port with internal impedance of 50Ω has been 
chosen for our proposed nano-scale antenna to stimulate as 
shown in Fig. 4 (h), which is an alternative of either a Femto 
second laser or a quantum dot source [49]. To manage the 
radiation of the discrete port, each intermediate graphene patch 
has been separated by 100 nm from each one of them. The 
starting and ending points of the discrete port have been defined 
by choosing any two feed points (considered 1st and 4th feed 
points) of the top Ag layer. As depicted in Fig. 4(h), a red cone 
sitting in the center of the line and a blue line connecting two 
points indicate a discrete port source and a perfectly conducting 
electrical wire, respectively. 

  
Fig. 4. Customized layers of various materials (Ag, Graphene & SiO2) to 

observe the antenna resonance at 8.4THz. Discrete port is an illumination port, 
resembling Femto second laser or quantum dot source 

 
Fig. 5 (a). Top schematic view of the optimized GHPNA 

 
Fig. 5 (b). Side schematic view of the optimized GHPNA 

In order to tune the nanoantenna at 8.4 THz, parametric 
analysis has been conducted in CST Microwave Studio. In 
Table I and Fig. 5 (a, b), the optimized dimensions of several 
layers of the proposed nanoantenna have been given. Referring 
to Eq. 14, the total length (L) and width (W) of the radiating 
structure in the nanoantenna are chosen dynamically depending 
upon the operating frequency (fr) [66]: 

L, W ∝
1

fr
 (14) 

For our nanoantenna, each one of the overall length and 
width of the radiating segment has been optimized to be 2800 
nm and thickness of it to be 315nm for low THz applications 
(0.1-10 THz), e.g., wireless communication nanolinks. 

TABLE I.  OPTIMIZED DIMENSIONS OF THE PROPOSED GHPNA 

Structure Dimension Values 
(nm) 

Cylindrical Air Gap Periodicities in the Bottom 
Graphene 

S1 350 
S2 700 
S3 1050 

Air Gap Diameter in the Bottom Graphene a 180 
Bottom Graphene Thickness tAg(bottom) 200 

Dielectric Grating Lengths  Lg1 600 
Lg2 150 

Dielectric Thicknesses  tox1 45 
tox2 125 

Intermediate Graphene Length and Width Lg(int) 1350 
Wg(int) 1350 

Intermediate Graphene Thickness tg(int) 5 
Intermediate Graphene Gap  Gg(int) 100 

Top Perturbed Graphene Layer Thickness tg(top) 10 

Ag Ground Plane Length & Width LAg(bottom) 3600 
WAg(bottom) 3600 

Ag Ground Plane Thickness tAg(bottom) 200 
Midway Ag Layer Thickness  tAg(top) 40 

Radiating Structure (Graphene, SiO2, & Ag) 
Length and Width 

Lrad 2800 
Wrad 2800 

Director Gap GDir 400 
Feed Width Wfeed 565.69 
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IV. SIMULATION AND RESULTS 
Our proposed nanoantenna has been designed and simulated 

successfully with the help of CST Microwave Studio. CST 
employs finite integration technique (FIT) in order to perform 
the transient analysis. Hexahedral-type mesh with default 
automatic mesh adaptation is processed to refine the design in 
CST during transient analysis. 

Initially, a homogenous rectangular graphene patch and plain 
SiO2 layer have been selected in place of the optimized 
graphene sheet with air defects and dielectric grating, 
respectively. Intermediate rectangular graphene patches and top 
radiating structure have been kept. Since return loss (-20.181 
dB), gain (7.35 dB) and directivity (7.61 dBi) of such composite 
structure at 8.2 THz are not notable as compared to those of our 
proposed nano-scale antenna (Table II & III), the modified 
layers of graphene and SiO2 have been taken into account. In 
another case, only intermediate rectangular graphene patches 
and top radiating structure have been placed above Ag ground 
plane, leading to S11 of -21.904 dB and BW of 1053 GHz at 7.4 
THz. Again, the results are not up to the mark in contrast to ones 
we have for our proposed nanoantenna. Lastly, instead of both 
homogenous rectangular graphene patch and plain SiO2 layer, 
only dielectric layer has been positioned between intermediate 
rectangular graphene patches and Ag ground plane. For low 
THz applications (0.1 – 10THz), such structure is not 
appropriate as it resonates at 29.4 THz, referring to Table II. 
Fig. 6 illustrates the S11 parameters for these initial 
arrangements of layer(s) in our proposed GHPNA. In order to 
further improve the radiation characteristics of our 
nanoantenna, holistic optimization process (geometry & 
dimension) has been conducted (Fig. 5 and Table I). 

TABLE II.  RADIATION CHARACTERISTICS OF OUR PROPOSED 
NANOANTENNA POSSESSING SOME INITIAL STRUCTURES   

Primary Structures 
Operating 
Frequency 
(fr) (THz) 

S11 (dB) BW 
(GHz) 

Rectangular Homogenous 
Graphene Sheet 8.2 -20.181 1427 
Plain Dielectric 

Intermediate Graphene 
Patches Only 7.4 -21.904 1053 

Only Plain Dielectric  29.4 -23.652 761 
  

 
Fig. 6. Return losses (S11) for different arrangements 

 
Fig. 7. Return Loss (S11) of the proposed plasmonic antenna at 8.4THz 

For a frequency of interest, low return loss (S11 < - 10 dB) 
specifies the parts of nanoantenna are well matched. Fig. 7. 
depicts the return loss and -10 dB impedance BW of -26.595 
dB and 1.2413 THz, respectively, for our proposed plasmonic 
nanoantenna operating at 8.4 THz resonant frequency. In Fig. 8 
(a) and Fig. 8 (b), the electric field and magnetic field patterns 
are shown, respectively. From Fig. 8 (a), an intense E-field for 
a phase of 90° is observed not only at the directors connected 
with the 1st and 4th feedlines but also at the graphene patches. 
Conversely, the E-field in the Ag ground plane fades away. A 
high H-field for a phase of 180° is noticed at the 1st and 4th 
feedlines, which is identical to the E-field as illustrated in Fig. 
8 (b). Besides, the 2nd and 3rd corner-regions of the Ag ground 
plane parallel to the respective directors of the radiator 
experience strong magnetic field. Therefore, the radiation 
pattern of the resultant electromagnetic wave (EM wave) 
becomes unidirectional. 

Fig. 9 (a) shows 3D-far field directivity radiation pattern of 
the nanoantenna where maximum directivity of 8.23 dBi is 
obtained. Fig. 9 (b) illustrates E-plane as well as H-plane polar 
plots for co-polarization with directivity as outcome. At 8.4 
THz, the 3 dB angular widths or half power beamwidths 
(HPBW) for co-polarized E-Plane (𝜃𝐸) and H-Plane (𝜃𝐻) of the 
nanoantenna are 98.3° and 88.8°, respectively. The 2D and 3D 
radiation patterns for gain of the nanoantenna at 8.4 THz are 
depicted in Fig. 10 (a) and Fig. 10 (b). It is apparent that along 
the elevation plane, nanoantenna is radiating the EM wave with 
a maximum gain of 8.56 dB. From 2D radiation pattern, gain is 
around azimuth within theta of 0° to 60°. 

 
Fig. 8 (a). Plasmonic behavior of the proposed nanoantenna at 8.4 THz in 

terms of electric field 
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Fig. 8 (b). Plasmonic behavior of the proposed nanoantenna at 8.4 THz in 

terms of magnetic field 
 

 
Fig. 9 (a). 3D plot of Far field directivity radiation pattern of the nanoantenna 

operating at 8.4 THz 
 

 
Fig. 9 (b). Co-polarization of electric and magnetic fields of the proposed 

nanoantenna operating at 8.4 THz 
 

 
Fig. 10 (a). 2D radiation pattern for gain 

 

 
Fig. 10 (b). 3D radiation pattern for gain 

 

 
Fig. 11. Steered radiation pattern when applying gate potentials (0.2eV, 

0.5eV, and 1eV) at the graphene patches and associated top graphene layer of 
the merged radiating structure 

One of the important characteristics of our proposed GHPNA 
is its capability to steer the radiation beam dynamically from -
2◦ to 60◦, referring to Fig. 11 and Table III. Any one of the four 
intermediate graphene patches and associated top graphene 
layer of the merged radiating structure have been biased 
electrostatically such that they occupy μ1 = 0.5 eV and 
remaining others have μ2 = 0 eV as depicted in Fig. 11 (a-d). In 
Fig. 11 (a), once the main lobe direction has been changed to 
20◦, the directivity has decreased to 7.12 dBi. On the other hand, 
the directivities, e.g., 9.21 dBi, have been achieved although the 
steering angles have been less than 6◦ [Fig. 11 (b-d)]. Hence, an 
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inverse relationship between the main lobe direction and its 
magnitude has been observed. Indicating Fig. 11 (e, f), the 
chemical potential of upper-left graphene structure has been 
varied from 0.2 eV to 1 eV while maintaining others at 0 eV to 
get more steering angle. The graphene layers with minimum 
chemical potential (μ1 = 0.2 eV) behave as closely as 
transparent media. As a result, a low directivity (0.523 dBi) and 
a large steering angle (60◦) have been obtained from the 
composite radiating structure. The opposite radiation 
characteristics have been acquired for μ1 = 1 eV as accumulated 
in Table III.  

TABLE III.  RADIATION CHARACTERISTICS OF THE PROPOSED  GHPNA 
WHILE STEERING BEAM   

Condition Main Lobe 
Direction 

Main Lobe 
Magnitude 

(dBi) 

Angular 
Width 
(3dB) 

Side 
Lobe 
Level 
(dB) 

(a) Upper-Left 
Graphene 
Structure 
(0.5eV) & 

Others (0.0eV) 

20◦ 7.12 58.2◦ -8.7 

(b) Upper-Right 
Graphene 
Structure 
(0.5eV) & 

Others (0.0eV) 

-2◦ 8.85 74.9◦ -14 

(c) Bottom-Left 
Graphene 
Structure 
(0.5eV) & 

Others (0.0eV) 

5◦ 8.55 62.6◦ -15.3 

(d) Bottom-
Right Graphene 

Structure 
(0.5eV) & 

Others (0.0eV) 

3◦ 9.21 55.5◦ -15.1 

(e) Upper-Left 
Graphene 
Structure 
(0.2eV) & 

Others (0.0eV) 

60◦ 0.523 64.9◦ -0.8 

(f) Upper-Left 
Graphene 

Structure (1eV) 
& Others 
(0.0eV) 

-1◦ 7.2 33.6◦ -1.2 

 The notable features of the proposed GHPNA are compiled 
and comparison of our design with other graphene-based THz 
nanoantennas is carried out in Table IV. Our proposed 
graphene-based hybrid design has the capability of emitting the 
radiation pattern with the directivity and gain of 8.23 dBi and 
8.56 dB, correspondingly, which are greater as compared to the 
nanoantennas resonating at the low THz wave spectrum [41 - 
52]. The return loss of our proposed nano-scale THz antenna is 
-26.595 dB, which is lower than the graphene based triangular 
patch antenna [44] and the graphene microstrip patch ultrawide 
band antenna [50]. Besides, its BW is much wider in contrast to 
the reported graphene nanoantennas cited in literatures [43 - 45, 
47, 49, 50]. Apart from these, our proposed GHPNA has an area 
of 12.96 μm2, which is more compact than the reported THz 
nanoantennas. 

TABLE IV.  COMPARATIVE ANALYSIS AMONG PREVIOUSLY REPORTED 
THZ NANOANTENNAS WITH THE PROPOSED ONE 

Ref. 
Operating 
Frequency 
(fr) (THz) 

S11 (dB) 
at fr 

BW 
(GHz) 

Gain 
(dB) 

Directivity 
(dBi) 

[43] 2.6 - 27 145.4 2.8 Na 
[46] 6.43 - 48.75 Na 3.18 7.39 
[48] 13 - 27.57 Na 5.30 5.32 
[51] 0.81 -39 Na Na 4.5 
[52] 2.56-4.98 -33 2420 Na 5.56 
[45] 5.491 - 48.88 231.3 4.06 5.455 
[47] 7.32 - 50.78 371 6.34 7.899 
[49] 6.994 - 75.66 386 7.29 7.408 
[41] 0.750 - 35 Na 5.09 5.71 
[42] 2.59 - 35.183 Na 5.03 7.19 
[44] 2.7 - 13.66 90 6.59 6.91 
[50] 1.75-2.25 -26 504 5.99 6.5 

Proposed 
Antenna 8.4 -26.595 1241.3 8.56 8.23 

a. Not Mentioned in the Research Work 

V. CONCLUSION 
A graphene-based hybrid plasmonic nanoantenna resonating 

in THz band has been designed and simulated using a 
commercially available finite element method (FEM) simulator 
known as “CST Microwave Studio”. Providing suitable 
electrostatic gate bias voltage at every graphene patch and 
associated top graphene layer of the composite radiating 
structure has enabled the transverse magnetic SPP to resonate 
at THz frequencies. As a result, the radiation characteristics and 
beam direction have been altered from -2◦ to 60◦. The perturbed 
silver layers, graphene sheets with cylindrical air defects, 
dielectric grating and metamaterial-based subwavelength slots 
have been modeled. As a consequence, gain, bandwidth and 
directivity of 8.56 dB, 1241.3 GHz, and 8.23 dBi, respectively, 
have been obtained. No side lobes, acceptable back lobes, and 
return loss of -26.595 dB have been acquired at the resonant 
frequency of 8.4 THz. 
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