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Abstract: In the present work, the radiation properties of a graphene plasmonic patch antenna are
investigated and enhanced in terms of efficiency, utilizing circuit-matching techniques. Initially, the
reflection coefficient of graphene surface waves due to discontinuities is studied, while the power
flow towards free-space is numerically extracted. This analysis indicates that the radiated power is
increased for higher values of the chemical potential, although the surface wave is weakly confined
and prone to degradation due to interference. For this reason, a graphene sheet that supports strongly
confined surface waves is terminated via a matching layer, in order to enhance the radiating power.
In particular, the matching layer consists of an appropriately selected larger chemical potential
value, in order to minimize the reflection coefficient and boost the radiation performance. The
numerical investigation of this setup validates the upgraded performance, since the radiating power
is significantly increased. Then, a realistic setup that includes a graphene patch antenna is examined
numerically, proving the augmentation of the radiation efficiency when the matching layer is utilized.
Finally, the latter is designed with a graded increment in the chemical potential, and the computational
analysis highlights the significant enhancement of the graphene plasmonic antenna gain towards the
desired direction. Consequently, a more reliable framework for wireless communications between
plasmonic devices at THz frequencies is established, which corresponds to the practical significance
of the proposed methodology for improved radiation efficiency. All numerical results are extracted
by means of an efficient modification of the Finite-Difference Time-Domain (FDTD) scheme, which
models graphene accurately.

Keywords: chemical potential; effective index; FDTD; reflection coefficient; surface waves

1. Introduction

Wireless communications at nanoscale have recently become a rapidly emerging field
due to their promising features in various applications, including the biomedical, envi-
ronmental, and industrial sectors [1–4]. A crucial factor for reliable communications in a
nano-network is the optimized design of the radiating elements, i.e. the nano-antennas.
Although classic metallic antennas demonstrate excellent behavior at microwave and
millimeter-wave frequencies, their efficiency is drastically degraded as the spectrum ap-
proaches the far-infrared region [5,6]. Specifically, the conductivity of metals is considerably
decreased and the subsequent thermal losses are producing high energy consumption
rates, which can be partially compensated only via more complex implementations of
cumbersome realizations. Therefore, alternative materials need to be considered.

To this aim, the popular two-dimensional carbon allotrope, namely graphene, is a
serious candidate to substitute conventional conductors due to its exotic properties [7–9].
From an electromagnetic point of view, it features finite conductivity despite its negligible
thickness, and, as a result, various interesting phenomena are enabled. One of the latter
pertains to the graphene’s ability to support transverse magnetic (TM) surface plasmon
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polariton (SPP) waves [10–12] of strong confinement and decreased wavelength, compared
to propagation in free space. This enables the miniaturization of devices operating at
frequencies from the far-infrared spectrum and beyond. The propagation features above
the graphene surface are affected by its conductivity that depends on certain controllable
parameters, such as the selected substrate and the applied gate voltage. Consequently, it is
feasible to achieve a short wavelength of the surface wave, keeping at the same time the
attenuation at low levels.

In this framework, various advanced implementations have been proposed until
today, such as a wide class of absorbers [13–16], plasmonic filters [17,18], polarizers [19,20],
and modulators [21,22]. Moreover, several fundamental graphene plasmonic antennas
have been designed throughout the past years [23–27]. However, the major disadvantage
of the radiating plasmonic realizations is the degraded radiation efficiency, due to the
considerable mismatch between the surface wave and the free-space propagation constants,
where the radiating power is guided. To this end, a number of implementations have
been considered either focusing at lower frequencies [28,29], where the wavelength is
approaching that of free space, or restoring the dimensions using advanced materials [30].

The purpose of the present work is to examine the radiated power from graphene
discontinuities, in order to design a proper setup that increases the radiation efficiency
of graphene plasmonic antennas. Initially, the surface wave propagation characteristics
are investigated theoretically, to highlight their mismatch with respect to the free-space
propagation. Specifically, as the radiated power from the advantageous strongly-confined
surface waves is considerably degraded, a termination via a matching component is
proposed. The latter is composed of graphene with increased chemical potential, in order
to support surface waves of lower effective index, thus ensuring improved radiation
capability into free space. This implementation can be considered beneficial, since the
graphene input impedance is approaching the one of photomixers [31], favoring the surface
wave coupling. At the same time, the radiated power is also increased. As a result, the
next step is to design a realistic setup that is analyzed numerically by means of an accurate
Finite-Difference Time-Domain (FDTD) method, which models graphene as an equivalent
surface conductivity [32] in an optimized manner [33]. The extracted results validate the
enhanced radiation efficiency, while an extra setup featuring graded chemical potential is
proposed for further optimization.

2. Materials and Methods
2.1. Surface Conductivity

Graphene is considered a truly two-dimensional material and is sufficiently charac-
terized by its surface conductivity σ(ω, µc, Γ, T), where ω is the radian frequency, µc the
chemical potential controlled either by chemical doping or by an applied gate voltage,
Γ a phenomenological scattering rate assumed to be independent of energy, and T the
temperature. Graphene’s conductivity is evaluated by the following compact expression
resulting from the Kubo formula [34],

σ(ω, µc, Γ, T) =
je2(ω − j2Γ)

πh̄2 ×

 1
(ω − j2Γ)2

∞∫
0

ε

(
∂ fd(ε)

∂ε
− ∂ fd(−ε)

∂ε

)
dε

−
∞∫

0

fd(−ε)− fd(ε)

(ω − j2Γ)2 − 4(ε/h̄)2 dε

, (1)

with −e being the electron charge, h̄ the reduced Planck’s constant, and fd(ε) = (e(ε−µc)/kBT +
1)−1 the Fermi-Dirac distribution. The second term in (1), indicating the interband contribu-
tions, is negligible compared to the dominant first term, due to the intraband contributions at
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the frequencies of our interest. Consequently, the second term can be safely ignored. Now, the
expression of graphene’s conductivity is significantly simplified and, thus, calculated via

σintra(ω, µc, Γ, T) = −j
e2kBT

πh̄2(ω − j2Γ)

[
µc

kBT
+ 2 ln(e−µc/kBT + 1)

]
. (2)

2.2. Surface Wave Propagation Properties

It is well known that graphene is capable of supporting strongly confined TM SPP
waves on its surface, mainly beyond the far-infrared spectrum, with propagation prop-
erties dependent on the surface conductivity. In the general case of an infinite graphene
layer located between two dielectrics with relative permittivities εr1 and εr2, the complex
propagation constant of the surface wave kρ is computed through [11]

εr1√
(kρ/k0)2 − εr1

+
εr2√

(kρ/k0)2 − εr2

= j
ση0

k0
, (3)

where k0 and η0 are the vacuum’s wavenumber and wave-impedance, respectively, and σ is
the graphene’s surface conductivity (2). Although the propagation properties of graphene
surface waves are determined via kρ, the more intuitive effective index neff is introduced,
estimated via

neff =
kρ

k0
. (4)

This term is important because it is a metric of the SPP wave characteristics compared
to the free-space one. Specifically, the real part of the effective index indicates the con-
finement of the surface wave, as well as the wavelength ratio between the SPP versus the
free-space waves, while the imaginary part corresponds to the propagation length. For
instance, the effective index is calculated via (3) and (4) for a popular setup that includes
graphene atop silicon-oxide substrate of εr = 3.3, considering various chemical potential
values at 1 THz. The result is depicted in Figure 1, and it is observed that the SPP wave-
length is almost 6 times shorter than the free-space wavelength, at the lowest chemical
potential values.
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Figure 1. Effective index of an surface plasmon polariton (SPP) wave, for graphene atop silicon-oxide
at 1 THz and various chemical potential values.

2.3. Reflection Due to Graphene Discontinuities

The behavior of the surface wave propagation due to discontinuities of graphene
constitutes an additional important aspect. In particular, graphene parameters (such as the
bias-controlled chemical potential) may vary, and a surface wave with different attributes is
supported. Moreover, a termination of the two-dimensional layer forces the surface wave
to be properly converted into a spherical one that propagates towards the free space. In
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either case, the investigation of the reflected and transmitted power is significant for the
design of optimally efficient graphene devices.

The first scenario is illustrated in Figure 2a and describes the transition of the surface
wave from a graphene layer with neff,1, to a different one with neff,2. In this case, Fresnel
equations are applicable, since both waves display similar behavior, namely evanescent
fields perpendicular to graphene surface. The reflection coefficient r for normal incidence
is calculated from:

r =
neff,1 − neff,2

neff,1 + neff,2
. (5)

However, Fresnel equations are not completely valid, when the reflection due to
graphene layer termination is examined (as in Figure 2b), since the strongly confined
surface wave must be converted into a spherical one. Here, (5) yields a qualitative result
for the reflection coefficient, rather than an exact result formula. Particularly, the reflection
coefficient is not calculated accurately, although the mismatch is indeed stronger for larger
effective index values of the graphene surface wave (namely, small values of chemical
potential).
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t
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d

(b)

Figure 2. Surface wave propagation on graphene towards (a) a layer with different properties and
(b) free-space.

The last observation initiates the proposed implementation, where a matching compo-
nent is included as a termination of the device, in order to enhance the radiation towards
free space. Thereby, a surface wave of increased effective index with advantageous propa-
gation attributes, namely strong confinement that minimizes interference, is terminated by
one with a decreased effective index, for optimal radiation. The termination component is
the same graphene layer as the conventional device, which is biased differently, in order
to achieve increased chemical potential and, as a result, a better matching with free space,
bearing in mind Figure 1. The equivalent setup is illustrated in Figure 2b, where µc,in is the
original graphene layer, and µc,out is the matching component of thickness d. It is worth
mentioning that the chemical potential µc,out is either constant or gradually increasing
through the formula

µc,out(x) = µc,in(αxn + 1). (6)

In the above equation, x is the distance from the initial edge to matching-layer edge, n is
the increment grade, and α is a constant factor, determined through the desired maximum
chemical potential value at graphene to free-space edge, by means of

α =
µc,out(d)− µc,in

µc,indn . (7)

Additionally, a realistic 3D setup is considered, namely a graphene antenna of total
length L and width w, as demonstrated in Figure 3. This apparatus consists of a microstrip
atop a silica (SiO2) substrate, while a dipole source is placed at its center. Although the
attributes of this setup are considerably more complicated, due to the propagation of
several surface wave modes, such as bulk and edge ones [35], it will be shown that the
fundamental aspects of graphene termination using matching component of thickness d
can enhance the antenna’s radiation efficiency. Finally, the graphene bias (Vg) electrodes
can be placed at the patch’s side, where the radiation is minimum, and, thus, their influence
should be negligible.
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Figure 3. The proposed graphene antenna with a matching component as termination.

3. Results and Discussion

The aforementioned analysis is validated numerically by means of a properly modified
FDTD technique that models graphene as an equivalent surface current density [33].
The results are separated in two categories, as discussed in the previous section. Specifically,
the simpler case of a propagating surface wave is considered initially, followed by the
numerical investigation concerning a graphene antenna. Note that graphene scattering rate
is set Γ = 0.33 meV at temperature T = 300 K for all numerical simulations. The scattering
rate value is a typical one for a good quality graphene layer, while T coincides with the
standard room temperature. Additionally, graphene surface conductivity is thermally
stable for moderate fluctuations around this temperature [36].

3.1. Surface Wave Reflection and Power Flow towards Free-Space

In this scenario, a planar graphene surface wave is considered atop a silica substrate of
εr = 3.3, as illustrated in Figure 2, and a TE version of the FDTD algorithm is implemented.
The computational domain is divided in 200 × 150 elementary square cells of edge dimen-
sion ∆ = 5µm, while the time-step is set to ∆t = 11 fs to secure the algorithm’s stability.
The analysis performed at 1 THz. Note that the cell size is selected almost 60 times smaller
than the free-space wavelength, due to the significantly decreased graphene surface-wave
wavelength. Finally, open boundaries are truncated via an effective 8-cell Perfectly Matched
Layer (PML).

First of all, the transition of a surface wave from a graphene layer with chemical
potential µc1 to another one with µc2 is investigated. The chemical potential alteration
results in a different effective index of the surface wave, as discussed in the previous section
and depicted in Figure 2a. The reflection coefficient is extracted via the numerical algorithm
at the point nearest to the edge, in order to minimize the effect of propagation losses, while
µc1 is set to 0.1 eV altering µc2. The results are sketched in Figure 4, where the match with
the Fresnel equation in (5) is evident, since the main attributes of the propagating surface
wave are retained.
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Figure 4. Reflection coefficient of a graphene surface wave due to chemical potential discontinuity.
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Nevertheless, the reflection coefficient for the transition of the surface wave towards
free space is not estimated accurately via (5), and a numerical computation should be
performed. The equivalent setup is depicted in Figure 2b for µc,in = µc,out, and Figure 5a
illustrates the extracted reflection coefficient. The latter is reduced as the graphene chemical
potential increases, due to the surface wave effective index reduction (Figure 1). In fact,
their relationship is almost linear. Additionally, the radiated power is measured as a
percentage of the delivered one to the graphene edge. Specifically, the power flow towards
free space is evaluated numerically, and compared to that of the incident surface wave
near the edge. The radiated power, demonstrated in Figure 5a, is approximately 5% for
the lowest chemical potential value, namely 0.1 eV, while it approaches 65% for 0.5 eV. It
is worth mentioning that the radiated power is also influenced by the distance between
the surface wave source and the graphene edge. This is illustrated in Figure 5b for three
different chemical potential values, proving that the efficiency is degraded for a source
location near the edge, while an descending oscillatory behavior is observed for µc = 0.1 eV.
For this reason, the setup that provides the maximum radiated power is selected, in order
to secure a fair comparison.
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Figure 5. (a) Surface wave reflection coefficient and power flow to free-space for graphene with
different chemical potentials. (b) Power flow to free-space versus surface wave source distance from
graphene edge.

It is now obvious that a graphene surface wave of low effective index is advantageous
for enhanced radiation. However, this wave is also weakly confined to the graphene surface,
leading to a degradation of the device performance due to interference. Consequently, a
strongly confined surface wave is required for the initial propagation, while a matching
component with enhanced radiation features is included for termination, as demonstrated
in Figure 2. In this setup, low values are selected for µc,in and higher ones for µc,out, in order
to achieve the appropriate effective index, according to Figure 1. The performance is tested
for µc,in = 0.1 eV and various µc,out values, as well as thicknesses d. Initially, the reflection
coefficient is calculated and sketched in Figure 6a, indicating that a thicker matching
component achieves better behavior. Moreover, the optimized solution is obtained for
approximately µc,out = 0.2 eV, due to the severe mismatch between the effective indices
of the surface waves for even higher values, as observed in Figure 4. Similar results
are extracted via the radiation power examination in Figure 6b, validating the enhanced
performance of the proposed setup. Specifically, the radiating power is augmented by
almost five times compared to the setup without a matching component, for µc,out = 0.19 eV
and d = 30µm. Note a slight shift of the extreme value as the thickness d is altered, which
is mainly due to the interference of the surface wave multiple reflections.
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Figure 6. Surface wave (a) reflection coefficient and (b) power flow to free-space for a graphene layer
of µc = 0.1 eV with matching component termination of different chemical potential.

Additionally, a graded increment of the chemical potential in the matching component
is utilized with a maximum value µc,out(d) = 0.5 eV. The results in Figure 7 reveal an im-
proved performance by approximately 2.8 times compared to the setup without matching
component, especially for a grading factor 0.8 and d = 30µm. However, this improvement
is not better than the constant µc,out value.
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Figure 7. Surface wave power flow to free space for a graphene layer of µc = 0.1 eV with matching
component termination of graded chemical potential increment.

3.2. Performance Enhancement of Graphene Antenna

The second scenario includes the graphene microstrip antenna of Figure 3, with
L = 100µm, w = 40µm and d = 20µm. The computational domain is divided in
200 × 200 × 200 elementary cubic cells of edge dimension ∆ = 10µm, while the time-step
is set to ∆t = 19 fs to secure the algorithm’s stability. The analysis is performed at 1 THz.
Note, again, that the cell size is almost 30 times lower than the free-space wavelength due
to the significantly decreased graphene surface wave wavelength. Finally, open boundaries
are truncated via an effective 8-cell Perfectly Matched Layer (PML).

The extracted results correspond to the radiation properties of the proposed antenna,
as described by the antenna efficiency and the radiation pattern. The former is illustrated
in Figure 8, and it displays the expected increase, especially for chemical potential values
of the matching component larger than 0.2 eV. Moreover, the normalized gain is evaluated
towards the desired direction, namely the xy-plane (where the matching component
is placed), indicating that the maximization is succeeded approximately at 0.2 eV. This
behavior is equivalent to that of the previous section, where the maximum radiated power is
also observed near the 0.2 eV value. It is worth it to mention that the inconsistency between
the efficiency and the gain in Figure 8 can be explained via the radiation mechanism
through the side edges of the patch, due to the increased reflection from µc,in towards µc,out.
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In addition, the maximization of the directivity for µc,out = 0.2 eV is validated by examining
the radiation pattern of the proposed antenna in Figure 9a. This is an expected outcome
since this specific chemical potential value offers increased radiating performance, while
the reflected wave at the µc,in − µc,out interface is at low levels. As the chemical potential
increases, the reflection coefficient at the interface is increased, resulting in degraded
attributes. Finally, it is worth it to mention that the main lobe of the radiation pattern is
towards the silica substrate.
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Figure 8. Radiation efficiency and normalized gain at the direction of desired propagation for
different chemical potential values of the matching component.
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Figure 9. Radiation pattern at xy−plane (a) for different chemical potential constant values of the
matching component and (b) including a step-like matching component.

Further investigation is conducted regarding the matching component by introducing
a smoother transition to the free-space, in particular a graded increment of the chemical
potential. The numerical analysis of this graphene antenna reveals that the gain, compared
to a constant value µc,out = 0.1 eV, is increased by 3.1 dB. This is larger than any value
in Figure 8. This observation is also clear in Figure 9b, where several radiation patterns
are sketched on the xy-plane. Obviously, the smooth-transition features that resemble
free-space propagation are enhancing the directivity of the antenna. This functionality is
not observed in the previous section, since the finite width of the graphene in Figure 3
alters the SPP propagation features, and both edge and bulk modes are supported.

Furthermore, the electric field on the xy-plane is computed, in order to examine the
physical aspects of radiation. In Figure 10, the corresponding amplitude is illustrated and
an initial observation pertains to the increased field concentration inside the substrate, due
to the higher relative permittivity value. This explains the generation of the two main
lobes towards 210◦ and 330◦. Additionally, the reflection due to the steep transition of SPP



Technologies 2021, 9, 4 9 of 11

wave from µc,in = 0.1 eV towards µc,out = 0.5 eV (Figure 10b) is visible, since the surface
wave is weak at the matching component region. For this reason, the radiation of this
device is realized, mainly, via the side edges and corners of the patch, as verified by the 3D
radiation pattern in Figure 11b. Here, four directive main lobes appear that correspond
to the concentration of the electric field at the patch corners. The radiation pattern for
the case µc,out = 0.1 eV in Figure 11a, also presents four lobes. Yet, their directivity is
considerably decreased. The most interesting radiation pattern is observed in Figure 11c,
for the antenna with a matching component of graded increment in the chemical potential.
Here, it is obvious that the radiation leakage through the patch’s corners is unavoidable.
Nevertheless, the main lobe is the one that corresponds to the desired direction, namely
the one that the matching component is placed. Consequently, the optimized transmission
of the SPP wave to free-space is accomplished.

(a) (b) (c)

0-10-20-30-40

dB

Figure 10. Distribution of the electric field amplitude at xy−plane for (a) µc,out = 0.1 eV, (b) µc,out =

0.5 eV, and (c) graded increment of matching component’s chemical potential.
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Figure 11. Three-dimensional radiation patterns of the proposed graphene antenna for (a) µc,out = 0.1 eV, (b) µc,out = 0.5 eV,
and (c) graded increment of matching component’s chemical potential.

4. Conclusions

The enhancement of a graphene plasmonic patch antenna’s radiation efficiency, with
the aid of matching components, has been discussed in this work. Initially, the propagation
characteristics of surface waves on graphene have been investigated, indicating that the
shorter ones are avoiding parasitic interferences efficiently. Yet, they present poor matching
to free-space waves. As a consequence, the entire concept is based on the incorporation of
a component that facilitates the transition from the short graphene SPP wavelength to free
space. To this end, graphene chemical potential is adjusted appropriately at the plasmonic
patch’s limit via the simple increment of the applied bias voltage. Numerical results
indicate that the radiating power can be maximized by smoothly varying the propagation
properties of the matching component. In this way, optimized transmission is achieved.
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Consequently, the wireless communication between plasmonic devices at THz regime is
more reliable, requiring decreased energy consumption.
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