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Terahertz Graphene-Based Reconfigurable Patch Antenna
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Abstract—The radiation properties of a copper-patch antenna designed for resonating at the frequency
of 0.7 THz, which is used in aerospace applications, is presented. These properties are then compared to
those of a graphene-patch antenna presenting the same dimensions. We show how the use of graphene, as
a tunable material, allows to dynamically modify the frequency of operation of the antenna as well as its
radiation pattern. Our results show that the return loss peak reaches —29 dB, at the operating frequency,
which is almost twice the value obtained with the copper patch. This increase in the return loss peak is
also accompanied by an improvement in the gain of the antenna from 5.73 dB in the case of the copper
patch to 7.16 dB in the case of graphene. We focus our interest on how the reconfigurable radiation
properties of the graphene-patch antenna are directly related to the graphene surface conductivity.

1. INTRODUCTION

Electromagnetic waves are the most powerful tool to study the universe. This tool allows us to study
particles of size from infinitely large to infinitely small. The wide spectrum of the electromagnetic
spectrum makes it possible to carry out numerous applications such as the study of galaxies in astronomy,
also the study of nuclear physics. Among different wavelength ranges of the electromagnetic spectrum,
the scientific community is studying the terahertz frequencies very intensely [1-4]. For about twenty
years, the terahertz (THz) frequency range has become more readily available with the development
of ultra-fast lasers capable of generating pulses lasting a few tens of femtoseconds [5]. Previously,
these THz frequencies were only accessible by synchrotrons [6], free-electron lasers [7] and molecular
gas lasers [8]. The THz frequencies are between the frequencies 100 GHz and 10000 GHz, and they
are located between infrared waves and microwaves. To better define the frequency range THz,
the duration of an electromagnetic cycle at 1 THz is 1ps; the wavelength is 300 um; the energy is
4.1 meV; the temperature is 48°K. The reasons that the scientific community is intensifying research
into the development of generation techniques, detection techniques and, of course, THz applications
are that THz waves have unique characteristics for probing matter since they can penetrate non-metallic
materials such as plastics, paper, wood, gases, textiles as well as organic materials. These materials
are transparent to the THz waves since they are devoid of free loads. On the other hand, these waves
of low energies are called non-ionizing (Unlike X-rays) and do not damage the samples. Also, many
molecules have distinct imprints in the THz spectrum. In fact, many molecules such as water, DNA,
drugs or TNT absorb the THz waves because the rotational and vibrational energy of these molecules
corresponds to the energy of a THz photon [9]. Among applications using THz waves, we can mention
applications in security [10], imaging [11], and biomedical applications [12].

A reconfigurable antenna is an antenna of which at least one of the characteristics is modifiable
after its manufacture, by application of a command. There are many ways of classifying reconfigurable
antennas. This can be done, for example, depending on the physical property that makes them
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reconfigurable (modification of current lines, modification of dielectric/diamagnetic properties of
antenna elements, geometrical deformation), depending on the type of reconfigurable components used
(diodes, Transistors, MEMS...) or depending on their geometrical structure (type of reconfigurable
structure, a priori geometry of the antenna...). The reconfiguration of the antenna can be achieved
by various approaches. Some techniques have recourse to localized active components which make it
possible to modify quasi-punctual lines of current or impedance [13], and some rely on mechanical
alteration of the structure constituting the antenna [14], while others use substrates with tunable
characteristics [15]. Some approaches rely on the reconfigurability of the power supply networks [16]
or properly excite the antenna arrays [17]. With the progress of microelectronics, the use of actuated
switches electrically and varactors has offered new means to obtain reconfigurable structures. Indeed,
inserted into the structure of the antenna, they make it possible to modify its effective electrical length,
to modify the size and/or the shape of the radiating element, to make short circuits or slots which can
be switched, to add spurious elements, and this in a controlled manner. Its modifications are carried
out discretely (switching) or continuously (tunability). However, the use of these components generates
considerable congestion and additional manufacturing costs.

Other approaches to modify the electromagnetic properties of an antenna without the use of
additional components include the use of “agile” or “intelligent” materials, whose dielectric properties
(permittivity and/or permeability) can be modified via an external control (effect of an electric and/or
magnetic field, respectively). They are mostly used as patch or substrate layer on which the antennas are
made. Among these materials, graphene [18] is the most remarkable. This material with exceptional
optical [19,20] and electronic properties [21] has the advantage of seeing these properties adjustable
thanks to the application of an external voltage [22-24].

In this paper, we study a rectangular graphene-microstrip-patch antenna. We compare the return
loss curves and the polar plot of far-field gain of a conventional cupper-patch antenna with those of a
graphene-patch antenna. Our results show how an applied external electric fields to the graphene patch
allow the control and the adjustment of the resonance frequency of the studied antenna. We focus our
interest on the resonating frequency of 0.7 THz which is used in aerospace applications.

2. THEORY

The studied microstrip antenna consists of a square radiating patch arranged on a dielectric substrate of
permittivity €, = 3. A perfect electric conductor (PEC) ground plane is placed below the substrate and
participates in the radiation of the patch through the propagation of the field. The patch is supposed
made of copper and fed by a copper excitation line as well. To determine the width W), of the patch
antenna (Figure 1), we use the following equation:

W, = ——— (1)
e
- Wp -
]
Lp a
b
.'WI_‘

Figure 1. Schematization of the studied microstrip patch antenna.
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where f, is the desired resonance frequency and c the light velocity. The bandwidth of the antenna
depends on the width of the patch W), and thus on the value of €,. To include the effect of fringing fields
acting outside of the radiating patch in our calculations, we calculate the effective dielectric constant
Erefr given by:

e+ 1 z—:r—l< 12*h>
" 2 2 W,
The length of the patch, Ly, is calculated from Equation (3):
Ly=Ley — (2% AL) (3)

where the effective length L.g is given by :
c

Ty (4)

Ly =
where AL is the fields overflow.
The length of the ground plane is calculated taking into account of the patch length L, according
to:
Lg=Lyp+ (6%h) (5)

where h is the substrate thickness.
The width of the ground plan and width of the feed line, W, and W/, respectively, are calculated
from the following equations in order to obtain a characteristic impedance of the order of 50 2:

Wy =Wy, + (6xh)

377 6
Wy = h -2 (6)
50,/2,
The obtained values are tabulated in Table 1. In our calculations, the resonant frequency of the antenna

is set to 0.7 THz. The thickness of the copper patch, as well as that of the microstrip, is 5 um. The
thickness of the substrate used is 10 pm.

Table 1. Dimensions of the studied microstrip patch antenna.

Design Parameters Dimensional Value (pum)
Length of the patch (L) 119.54
Width of the patch (W),,) 151.5
Inset feed position (b) 38.64
Width of the feed (Wy) 25.53
Notch gap (a) 10

Length of the ground and substrate 179.54
Width of the ground and substrate 211.5

3. RESULTS AND DISCUSSION

In Figure 2, we present the return loss characteristic of the microstrip patch antenna with the copper
patch.

As depicted in this figure, the use of copper as patch material as well as feed line material gives a
frequency of resonance at 0.68 THz with a return loss of only —15dB. The gain of the antenna shown
in Figures 3(a) and 3(b) is around 5.73 dB and is not a good gain, and we notice the presence of side
lobes of about —13.8dB.

A solution that makes the antenna resonate at 0.7 THz with a better gain is to modify its geometry.
It means that we need to widen the patch size, and thus we lose the miniaturization aspect of the antenna.
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Figure 2. Return loss of the copper-microstrip patch antenna.
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Figure 3. (a) 3D plot and (b) polar plot of far field Gain of copper-microstrip patch antenna at
frequency f = 0.7 THz (Main lobe magnitude = 5.63 dB, Main lobe direction = 0.0°, Angular width at
3dB = 82.1° and side lobe level = —13.9dB).

To solve the problem of miniaturization, we can replace the copper patch by intelligent materials that
have agile electromagnetic properties, so we use a graphene patch instead of the copper. With its
0.345nm thickness, the graphene is a 2D material. We have replaced the volumetric patch made of
copper which presents a thickness equal to 5 microns, by a planar patch with monoatomic thickness. In
such a patch, the current density J is directly proportional to the surface conductivity o as well as to
the electric field via the formula: . .

J=0ok (7)

The graphene surface conductivity is a function of the frequency of the exciting electromagnetic
wave, the temperature 7', the chemical potential Er and the diffusion rate I" of the carriers. This
conductivity is usually calculated using the Kubo formalism [25,26] and is associated with the effects
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of intra-band and inter-band transitions:

0 = Ointra + Ointer (8)
2 _
e‘kpT Ep Er
) = — 2In (1 kT 9
Ointra jﬁh2(w — ]F) |:k‘BT +2In < +e”s >:| ( )

Ointer =

e <2|EF| — (w—jl) ﬁ)
4dh 2|Ep|+ (w—30) A
where kp is the Boltzmann constant, f the reduced Planck constant, 7' the temperature, w the pulsation
of the electromagnetic wave, Fr the Fermi level, and ' the diffusion rate (independent of energy).
The term ojpter, based on a Fermi-Dirac distribution, allows taking the effects of temperature, doping
(displacement of the Fermi level with respect to the Dirac point) in addition to limits the transitions
according to the position of the Fermi level (Principle of exclusion of Pauli). This blocking of the

transitions is raised for energies of the excitation wave greater than both 2|Er| and kpT.

However, 0,1 depends essentially on the diffusion phenomena of the carriers in the graphene layer
and loses in contribution when the frequency of the excitation wave increases. Thus, the contributions
of these two terms, o and Tinser, depend on the range of frequencies considered. For the frequencies
smaller than 3 THz, which is our case, the contribution of the inter-band transitions to the conductivity
becomes negligible (Figure 4). Now focusing on the intraband transitions contribution, in Figure 5 we
present the variations of the complex intraband conductivity of graphene as a function of the Fermi
Er level at the working frequency 0.7 THz. The variations of the real and the imaginary parts of the
conductivity are linear and increase with Ep.

(10)
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Figure 4. Real part and imaginary part of the normalized complex surface conductivity of graphene
in the range 0-3 THz. The contribution of the inter-transitions to the conductivity can be neglected
compared to the intra-transitions one.

Figure 6 shows the return loss Si; for different values of the chemical potential Er which
corresponds to different values of the external applied electric field. From this figure, we can see a
reconfiguration in the frequency of the coefficient S1;. The resonant frequency can be tuned continuously
from 0.65 THz to 0.8 THz as Fermi level is shifted by the applied voltage gate.

The required resonating frequency of 0.7 THz is obtained for a Fermi level value of 0.76 eV as shown
in Figure 7. For this value of Er, the return loss peak reaches —29dB which is almost twice the value
obtained with the copper patch.

Also, the gain of the antenna (Figures 8(a) and 8(b)) is around 7.16 dB. This antenna presents a
strong gain thanks to the amplification of the current on the graphene patch induced by the very high
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Figure 5. Variation of the real and imaginary parts of the complex conductivity of graphene (intraband
contribution) versus Fermi level value Ep. The variation is linear and increases with Ep.
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Figure 6. Graphene-microstrip patch antenna return loss adjustment vs Fermi level value Ep.
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Figure 7. Comparison between the return loss of the copper-microstrip patch antenna and the return
loss of the graphene-microstrip patch antenna. For the graphene patch, the return loss peak reaches
—29dB which is almost twice the value obtained with the copper patch.
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Figure 8. (a) 3D plot and (b) polar plot of far field gain of graphene-microstrip patch antenna at
frequency f = 0.7 THz (Main lobe magnitude = 7.11 dB, Main lobe direction = 0.0°, Angular width at
3dB = 85.8° and side lobe level = —16.8dB).

mobility of the electrons in the graphene. This amplification is also reflected by the attenuation of the
secondary lobes which reach —16.8 dB.

4. CONCLUSION

The comparison of the radiation properties of a patch antenna where the patch is made either of Copper
or Graphene show that the surface conductivity of graphene allows a reconfiguration of the radiating
proprieties. We show that the adjustment of the Fermi level of graphene, with the application of an
external electrical field, to the value of 0.76 eV allows obtaining a return loss value twice that of copper
at 0.7 THz which is the frequency of interest in aerospace applications. This increase in the return loss
peak is also accompanied by an improvement in the gain of the antenna.
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