
Isam Eddine Lamri, Sarosh Ahmad*, Mohammed Farouk Nakmouche, Adnan Ghaffar,

Diaa E. Fawzy, A.M.M.A. Allam, Esraa Mousa Ali, Mariana Dalarsson and
Mohammad Alibakhshikenari*

Design and development of a graphene-based
reconfigurable patch antenna array for THz
applications
https://doi.org/10.1515/freq-2022-0051

Received March 4, 2022; accepted June 21, 2022;

published online July 11, 2022

Abstract:This paper presents a graphene-based antenna

array for terahertz (THz) applications. The suggested an-

tenna array has four radiating square shaped patches fed

by a coplanar waveguide (CPW) technique. The proposed

antenna array operates at the three frequencies with

operational bandwidths of 1.173–1.210 THz (at 1.19 THz),

1.270–1.320 THz (at 1.3 GHz), and 1.368–1.346 THz (at

1.4 GHz). The total area of the antenna array is reported as

1000×1000 µm2, printed on a Silicon substrate with a

thickness of 20 µm and a dielectric constant ofϵr= 11.9. To

enhance the structure’s performance and optimize the

feeding network, a parametric analysis was performed using

the FDTD technique. Furthermore, the key properties of the

proposed antenna array, such as resonance frequency, peak

gain, and radiation efficiency, may be changed by adjusting

the chemical potentials of the graphene in the antenna

array. The use of graphene’s chemical potential tuneability

yields exceptional results comparing to the recent research

outputs, with a peak gain and radiation efficiency of

10.45 dB and 70%, respectively. These results show the

performance of the suggested design for constructing

antenna arrays for use in THz applications.

Keywords:antenna array; graphene-based reconfigurable

antenna; terahertz wireless applications; triple-band.

1 Introduction

In recent years, antennas in the THz frequency ranges from

0.1 to 10 THz have been studied and developed for different

applications. The development of tiny devices capable of

transmitting and receiving data at low power with the

highest possible data rates and ultra-wide bandwidth is

required by new applications in thefield of terahertz

communication systems [1]. As a result, shifting carrier

frequencies to the terahertz band is a realistic alternative

for meeting the long-term needs of the next generation

of wireless communication systems [2]. However, as

compared to lower band systems, the terahertz band has

specific characteristics, including higher transmission

path loss and additional molecular losses owing to

absorption [3]. Many researches have been conducted to

address these issues, highly directional antennas being

recommended as a way to overcome losses and to increase

the link capacity. On the other hand, existing radio

frequencies (RF) and optical transceivers, have many

drawbacks, such as their size, design complexity, and

energy consumption. These constraints have prompted

researchers to investigate novel nanomaterials as the

foundation for next-generation electronics beyond silicon.

Graphene is one of the most promising alternatives [4].

Graphene exhibits good electrical conductivity, elec-

trical conductance controllability, and plasmon properties,
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if integrated in antennas, it shows better radiation prop-

erties than typical counterparts metal antennas. This is due

to its good conductivity and to the fact that its chemical

potential may be altered by applying bias voltage to its

surface conductivity, which in turns alters the value of

graphene’s surface impedance [5]. It is anticipated that

such a device might attain rates of up to terabits per sec-

ond. To function at nanoscales, traditional antennas would

need to operate at very high frequencies, making it an

impractical choice. However, graphene’s distinctive slower

electron mobility allows it to work at higher frequencies,

making it a viable candidate for a Nano-sized antennas

[6, 7]. As a consequence, graphene-based materials offer

some potential in the development of reconfigurable

antennas. Exploiting the electrical characteristics of

graphene material, a variety of adjustable graphene

antennas have been developed for various purposes in the

THz frequency region [7–21]. In 2012, thefirst research on

graphene in a microwave antenna was reported [6]. The

obtained results supported the theoretical models and

confirmed that a graphene-based Nano-patch antenna

with dimensions of a few micrometers resonates in the

terahertz region. Furthermore, the antenna resonance

frequencies were found to be dependent on the dimensions

of both the graphene patch and the dielectric substrate

constant. The radiation pattern was found to be extremely

comparable to that of an analogous metallic antenna [7].

Describes the design and numerical analysis of a recon-

figurable graphene antenna. The author developed a two

and a four-beam reconfigurable Yagi-Uda antenna with

graphene switches. In [9], Seyed Arash Naghdehforushha

and Gholamreza Moradi propose THz graphene-based

patch array antennas. The structure is based on two rect-

angular patch elements in which surface plasmon wave

(SPP) behavior is presented. In [10], a dual-band graphene

antenna array with parasitic-coupled feed, placed on a

Photonic-Band-Gap (PBG) dielectric substrate, and oper-

ating in the frequency band from 0.85 to 1.04 THz is

presented.

Graphene is a fascinating material that has gained a

lot of attention recently, especially after Andre Geim and

Konstantin Novoselov, who originally isolated Graphene

in 2004, were awarded the Nobel Prize in Physics in

2010. Graphene is a one-atom-thickfilm of hexagonally

organized carbon atoms. With a thickness of one atom, it

is the world’s thinnest material. Furthermore, graphene is

an excellent conductor of heat and electricity, as well as

having remarkable light absorption properties. Graphene

has a special structure that allows electrons toflow with

minimum resistance. This allows electricity to move

considerably faster than it would through metal, which

is utilized in existing antennas. Moreover, when the

electrons oscillate, they generate an electromagnetic

wave known as the surface plasmon polariton wave above

the graphene sheet. This would allow the antenna to

function at the lower end of the terahertz frequency band,

making it more efficient than conventional copper-based

antennas.

The length and width of graphene-based Nano-patch

antennas are expected to be in the micrometer range [22].

We would then ignore edge effects in this analysis and

apply the electrical conductivity model established for

infinite graphene sheets, as it has been experimentally

proved that edge effects on graphene conductivity only

arise in structures with dimensions much smaller than

100 nm [23]. The graphene’s conductivity, shown in

Figure 1, may be described by the Kubo formula [24], where

the total conductivity is the addition of two distinct

components, i.e.:

σtotal=σinter+σintra (1)

The interband contribution:

σinter≃
−je2

4πℏ
ln(
2|μc|−(ω−jΓ)ℏ

2|μc|+(ω−jΓ)ℏ
) (2)

The intraband contribution:

σintra=
−je2KBT

πℏ2(ω−j2Γ)
×(
μc
KBT
+2ln(e

−
μc
KBT+1)) (3)

Figure 1:Conductivity of graphene forμc= 0.16 eV,τ= 1 ps and

T= 300 K.
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where:

T: temperature

KB: Boltzmann constant

ℏ: reduced Plank’s constant

μc: chemical potential

e: electron charge

Γ: scattering rate

At lower THz frequencies, intraband conductivity domi-

nates whereas interband conductivity is insignificant [25].

Therefore,σtotalis due solely to the intraband contribution

described by Eq. (3). This equation clearly shows that

graphene’s intraband conductivity is significantly reliant

onμcandτ. Because the relaxation time (τ=1/Γ)is

determined by the graphene sample quality [26], the value

τ= 1 ps was chosen as an optimal value to sustain the

conductivity for the best performance of the graphene

patch antenna [25],μcis determined from the density of

charge carriers. We can only alterμcafter production by

using external DC bias. As a consequence,μcmay be

dynamically adjusted and the graphene-based antenna

becomes frequency reconfigurable by altering DC voltage,

which must be properly picked. Figure 2(a) and (b) reveal

the values of the intra-band conductivity real and imagi-

nary parts.

In this paper, a compact graphene-based antenna

array of 1000×1000 µm2size is proposed for THz appli-

cations. The structure, mounted on Silicon substrate with

relative permittivityɛr= 11.9 and tanδ= 0.00025, is fed by

a50ΩCPW-based microstrip line. The paper is organized

as follows. In Section 2, we provide the background infor-

mation of graphene material properties. In Section 3, we

presented the design of the graphene-based antenna array

design. The simulation results; including S-parameters,

radiation patterns, gain, radiation efficiency, and the

graphene tunability are discussed in Section 4. Finally, the

conclusions are given in Section 5.

2 Design of a graphene-based

patch antenna array

As illustrated in Figure 3, this study proposes a tri-band

graphene-based coplanar waveguide (CPW) antenna array

design for THz applications with a total substrate size of

1000×1000×20 µm3. The substrate material is Silicon with

a relative permittivity ofɛr= 11.9 and loss tangent of tan

δ= 0.00025. The antenna array is designed and simulated

Figure 2:The intraband conductivity of graphene forτ= 1 ps,

T= 300 K and differentμcvalues, (a) real part and (b) imaginary part.

Figure 3:The proposed graphene antenna array design.
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in the CST microwave studio suite. In order to get a high

antenna gain, the feeding network and the number of

individual antenna element used are critical. A multi-

element antenna array can achieve greater gain than a

single element, and an optimized feeding network can

enhance the gain. In general, the larger the number of

individual antenna elements used, the higher the gain.

The amplitude and phase of the current delivered to each

antenna element are governed by a feeding network con-

structed using transmission line theories. To achieve 50–Ω,

70-Ω, and 100-Ωantenna array input impedance at the

specified frequency bands, the feed line parameters (width

and length) are necessary. The parameters are determined

in order to match the feed to the resonant antenna element.

The optimized feeding network and radiating patches with

their dimensions are tabulated in Table 1.

3 Results and discussions

In this section, the designed antenna is analyzed and

discussed. Figure 4 shows the reflection coefficient versus

frequency of the proposed antenna array. Thefigure

clearly shows that the antenna provides three operating

bands: 1.173–1.210 THz, 1.270–1.320 THz, and 1.368–

1.346 THz, for which S11≤−10 dB and resonant fre-

quencies at 1.19 THz, 1.297 THz, and 1.397 THz. The gra-

phene material provides an excellent antenna

performance due its high conductivity which leads to

better antenna reflection. A maximum gain and a

maximum efficiency of 9.43 dB is achieved at 1.27 THz, as

showninFigure5,thishighgainvalueisobtainedby

utilizing antenna arrays. The gain of the proposed array

antenna will increase as the number of antenna array

elements increases, but this will not be endlessly due to

medium and surface wave losses. Comparing to the same

design based on copper instead of graphene, only two

bands were obtained with lower gain.

3.1 Surface current densities

To get better insight into the radiation mechanism of this

antenna, the surface current densities of the proposed

antenna array at the resonance frequencies are illus-

trated in Figure 6. It is observed from the graphs that the

current is intense at the patch edges, feeding network

edges, and at the central area of the ground, towards

the direction ofy-plane, which becomes more intense for

a higher frequency. Besides, different current distribu-

tions are found for each resonant frequency which in-

dicates the existence of different equivalent electrical

paths forcing the patch to resonate at different

frequencies.

Table:The optimized dimensions of the proposed graphene an-

tenna array.

Parameter Value

(µm)

Parameter Value

(µm)

Parameter Value

(µm)

L  Lg  L 

W  Wg  L 

Lp  L . W 

Wp  L  W 

W 

Figure 4:S11 of the proposed graphene antenna array. Figure 5:Gain of the proposed graphene antenna array.
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3.2 Equivalent circuit model

A circuit model for the tri-band four elements antenna

array fed by the coplanar waveguide (CPW) technique

is developed. Using the advanced design system (ADS)

software. The circuit model consists of nine inductors,

seven capacitors, six resistors, and four resistor-inductor-

capacitor (RLC) circuits connected in series with each other

as shown in Figure 7(a). The RLC amounts are listed in

Table 2. By varying the values of the resistors, the return

loss of the circuit model can be varied while by changing

the values of the capacitors and inductors, the S11 of the

antenna can be tuned. The reflection coefficient of the

circuit model is illustrated in Figure 7(b). It covers the

bandwidth from 1.16 THz to 1.22 THz (about 60 GHz)

centered at 1.19 THz, from 1.268 THz to 1.32 THz (about

52 GHz) centered at 1.297 THz, and from 1.355 THz to

1.365 THz (about 10 GHz) centered at 1.398 THz.

3.3 Radiation patterns

Figure 8 shows the radiation pattern of the antenna at

resonant frequencies in E- and H-planes. It was observed

that the radiation patterns of the graphene-based antenna

array are nearly bidirectional at the lowest resonant

frequency. However, at higherresonant frequencies, the

radiation patterns tend to be broadside. The far-field polar

plots of the E-plane show that the main lobe directions are

196°,180°,and185°. The achieved angular widths are

73.9°, 8.3°, 36.7°and the side lobe levels (SLL)

are−7.5 dB,−1.8 dB,−3.8 dB for 1.19 THz, 1.297 THz and

1.379 THz, respectively. The high dielectric constant of the

silicon substrate causes the most of the radiation to be

directed towards the substrate. This is a frequent issue

with antennas designed on high dielectric constant

substrates.

An antenna design goal can be to maximize the Co-

pol and decrease the cross-pol component in order to use

different polarizations for transmitting/receiving. From

Figure 9, it is clear that for all resonant frequencies,

this goal is achieved which guarantees the use of

different polarizations in the transmitting and receiving

modes.

3.4 The effect of varying chemical
potentialμc

The chemical potential of the graphene patch, or the level

in the distribution of electron energies where a quantum

state is fairly probable to be populated or vacant, is another

important statistic for evaluating the graphenne’s perfor-

mance. As shown in Eq. (3), the conductivity of graphene

Figure 6:Surface current densities of the proposed graphene

antenna array at resonant frequencies: (a) 1.19 THz, (b) 1.297 THz

and (c) 1.379 THz.
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can be adjusted by applied external electricfield through

DC bias, which modifies the charge density [24]. Eq. (4)

shows the relation the chemical potentialμcand the

applied bias [24].

2ϵbEb
e
=
2

πℏ2v2F
∫
∞

0

ϵ(fd(ϵ)−fd(ϵ+2μc))dϵ (4)

The variation of theμcwith the applied DC bias is

shown in Figure 10. For different values of electrostatic

bias,μccan be varied in the range [−1 eV; 1 eV]. The thinner

the graphene layer, the less voltage range is required for

the variation ofμcbetween these ranges [27], and Smaller

values of chemical potential result in a small absorption

cross-section, which limits graphene’s radiation efficiency,

whereas greater values give larger absorption cross-section

and lead to an enhancement of the radiation efficiency. In

this work,μcis taken in the range from 0.0 to 0.12 eV, for

which a so small and positive external DC voltage is

needed.

Figure 11(a)–(c) depict the effect of variation ofμcon

the frequency responses, gain, and radiation efficiency of

the proposed antenna array. The variation in the chemical

potential of graphene material leads to shift the frequency

response keeping the impedance bandwidth. The gain and

efficiency of the standard reference exhibit an important

improvement with increasingμc, compared toμc= 0 eV, the

array’s gain and efficiency are enhanced on the average by

about 1.3 dB and 10% forμc= 0.12 eV, respectively. The

values ofμcare kept smaller so that it can be achieved for a

low value of the externally applied DC voltage. Table 3

presents a comparison of the array performance for

different values ofμc.

This results of varying chemical potentialμcclearly

show that bias helps controlling antenna array effi-

ciency and gain but slightly modifies the resonant

frequencies.

Figure 7:(a) Equivalent circuit model, (b) S11

obtained from circuit model.

Table:Lumped element components values of the equivalent

circuit model.

Capacitors Values

(fF)

Inductors Values

(pH)

Resistors Values

(Ω)

Cin . Lin  R 

C  L . R 

C  L  Ra 

Ca . La  Rout .

Cout  Lb 
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Figure 8:2D radiation patterns of the proposed graphene antenna

array at resonant frequencies: (a) 1.19 THz, (b) 1.297 THz and (c)

1.379 THz.

Figure 9:Co and cross polarized components of the proposed

graphene antenna array at resonant frequencies: (a) 1.19 THz, (b)

1.297 THz and (c) 1.379 THz.
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3.5 Comparison with recent works

Table 4 compares the performance characteristics of the

proposed antenna array to those of other previously

reported THz antennas.

4 Conclusions

In this paper, one simple configuration is used to obtain

triple-band in a graphene-based antenna array. The FDTD

based CST software is engaged in simulating the antenna

array structure to obtain the S-parameter, gain, radiation

efficiency, surface current densities, and 2D radiation

pattern. The effect of different chemical potentials on the

performance of the antenna array is then studied to show

how they affect this antenna. It is observed that the per-

formance of the antenna array when applying external

voltage indicates good improvements in terms of gain and

radiation efficiency. The array’s gain and efficiency wit-

ness an improvement by 1.3 dB and 10% forμc=0.12eV,

respectively, compared toμc=0eV.Thecomparison

reveals that the suggested antenna array has better gain

and radiation efficiency to the references mentioned,

indicating that the proposed design is successful. It is

simpler and less expensive to adopt and implement in

practice for large scale manufacturing, making it a

potential choice for terahertz wireless applications.

Figure 10:The relation the chemical potentialμcand the applied

bias for different graphene patch thickness [27].

Figure 11:Antenna array's performance parameters: (a) S11

parameter, (b) gain, and (c) radiation efficiency with the variation

inμc.
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