
1

Design and Operation of a Graphene-based
Plasmonic Nano-antenna Array for Communication

in the Terahertz Band
Arjun Singh, Student Member, IEEE, Michael Andrello III, Student Member, IEEE,

Ngwe Thawdar, Member, IEEE and Josep M. Jornet, Member, IEEE

Abstract—Terahertz (THz)-band (0.1 - 10 THz) communication
is envisioned as a key wireless technology to satisfy the need for
higher wireless data rates in denser networks. Several ongoing
approaches are being considered to overcome the grand challenge
of the THz band, i.e., the limited communication distance. Among
others, the use of new 2D nanomaterials such as graphene to
create novel plasmonic devices that operate directly in the THz
range and can be densely packed has been proposed. This paper
presents a novel THz plasmonic array architecture which lever-
ages the properties of graphene to greatly simplify its design and
operation. Each element of the plasmonic array is an independent
front-end, consisting of an on-chip plasmonic source, modulator
and antenna. The advantages of this array architecture over
conventional array architectures are discussed. The trade-offs in
the design of the front-end and the array are exhaustively studied
in transmission. The ability to perform continuous dynamic
beamforming is presented. A new tailored algorithm is developed
for beamforming weight selection. Extensive numerical results
are provided to demonstrate the functionality of the array for
dynamic beamforming and increased power output.

Index Terms—Terahertz communications; Graphene plasmon-
ics; Array architecture; Dynamic beamforming

I. INTRODUCTION

IN an attempt to simultaneously provide faster wireless data
rates to an ever increasing number of wirelessly connected

devices, enabling wireless communications in the terahertz
(THz) band has become a priority for several research groups
worldwide [1]–[5]. The huge transmission bandwidth (from
tens to hundreds of GHz) in the THz range (from 0.1 to
10 THz) can enable Terabit-per-second (Tbps) wireless links.
However, the advantage of the THz band comes at the cost
of very high propagation losses, which combined with the
low transmission power of THz sources, severely limit the
communication distance [6].
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To overcome this challenge, several new device tech-
nologies have been proposed [7]. On the one hand,
in an electronic approach, standard silicon complemen-
tary metal–oxide–semiconductor (CMOS), Silicon Germanium
BiCMOS and III-V semiconductor, high electron mobility
transistor (HEMT) and Schottky diode technologies are being
pushed to their limits to reach the 1 THz mark [8]–[10]. On
the other hand, in a photonics approach, quantum cascade
lasers, optical down-conversion systems and photo-conductive
antennas are being explored [11], [12].

In parallel to the development of higher power sources
at true THz frequencies, the generated power needs to be
efficiently radiated through directional antennas to increase the
communication distance. Taking advantage of the very small
wavelength of THz waves, compact directional horn and lens
antennas, commercially available [13], [14] as well as other
innovative antenna designs [15]–[17], all with gains of as much
as 55 dB, are readily available. Such directional antennas are
useful in static THz links (e.g., THz backhaul). However, in
a mobile network, dynamic beamforming antenna arrays are
required to dynamically steer the beam direction. For the time
being, smart antenna arrays with programmable elements for
dynamic beamforming have been demonstrated to work at up
to 140 GHz [18], but existing antenna arrays at true THz
frequencies do not support dynamic beamforming [19]–[21].

The challenges in reaching true THz frequencies and ex-
ploiting the available bandwidth motivate the exploration of
new, alternative technologies. The use of graphene-based plas-
monic devices which intrinsically operate in the THz range is
one such promising alternative. Graphene is a two-dimensional
carbon material that has excellent electrical conductivity,
making it very well suited for propagating extremely-high-
frequency electrical signals [22]. Moreover, graphene supports
the propagation of highly tunable Surface Plasmon Polariton
(SPP) waves directly at THz frequencies [23]. SPP waves
are highly confined electromagnetic (EM) waves generated at
the interface of a conductor and dielectric, with wavelengths
as much as several orders of magnitude smaller than those
of free-space EM waves at the same frequency. The highly
confined wavelength of SPP waves and intrinsic tunability
of graphene allow the development of novel graphene based
plasmonic devices for signal generation & detection [24], [25],
modulation & demodulation [26]–[28], and radiation [29],
[30], which operate at true THz frequencies. Nonetheless, the
limitation on power output of a single device and, therefore, on
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the possible communication distance, remains. This motivates
the development of innovative array architectures [31], [32].

In this paper, we propose a new beamforming antenna
array architecture for THz communications, which leverages
the unique properties of graphene. More specifically, in our
proposed architecture, every element is a complete THz front-
end and consists of an on-chip plasmonic THz signal source,
an on-chip plasmonic phase modulator and controller, and an
on-chip plasmonic nano-antenna. The tunability of graphene is
leveraged to dynamically change the amplitude and phase for
application of beamforming weights at each element. In light
of the beamforming capabilities demonstrated and, in partic-
ular, the interdependence of amplitude and phase selection,
we propose a new tailored weight selection algorithm. Our
results show that the proposed architecture can be used to
design highly dense antenna arrays that can provide complete
(i.e., simultaneous phase and amplitude) beamforming control
and potentially outperform conventional array architectures.

The remainder of the paper is organized as follows. In
Sec. II, we review the state of the art in THz antenna array and
graphene plasmonics technology and motivate our approach.
In Sec. III, we describe our proposed architecture, including
its building blocks and compare it to the conventional antenna
array architectures designed at lower frequencies. In Sec. IV,
we focus on the design of the single front-end, whereas their
control and integration in arrays is presented in Sec. V. In
Sec. VI, we numerically study the trade-offs and evaluate
the beamforming performance of our proposed array, through
Finite Difference Frequency Domain (FDFD) full wave nu-
merical simulations. We discuss the technical challenges and
opportunities in realizing our array architecture in Sec. VII.
We conclude our paper in Sec. VIII.

II. RELATED WORKS

There are several efforts aimed at the development of THz
devices to explore the THz band and realize ultra high speed
communication links.

A. THz Signal Sources

There are several approaches to generate THz signals. For
a complete review of the field, we refer the readers to [7].
Here, we briefly describe the options providing high-power
THz signals. Within the EM spectrum, the THz band lies
halfway between RF and optics. As a result, there are both
electronic and photonic approaches to generate THz signals.

Following an electronic approach, in [8], frequency os-
cillators at 109 GHz are utilized to design a frequency-
multiplied CMOS-based voltage controlled oscillator (VCO),
generating signals between 219 - 231 GHz. The peak output
power is 3 dBM, or 2 mW. In [33], a first of its kind of
power amplifier, utilizing an InP based high electron mobility
transistor (HEMT), is demonstrated to provide up to 9 dB
gain at 1.03 THz. A signal source at higher frequencies is
presented in [9], where a Schottky diode based frequency
multiplier is used to up-convert signals from a Ga/As based
source to generate signals at 1.2 THz, with a power output
of up to 2.5 µW. In [10], on-chip power combining is utilized

to generate THz signals at up to 1.6 THz, using a GaN based
HEMT amplifier module and a frequency multiplier chain. The
power output obtained at 1.6 THz is 0.7 mW.

In the photonic approach, the highest power generated is
through the use of quantum cascade lasers (QCLs). Such
devices can provide up to several mWs of power at frequencies
above 1 THz [34], but their performance quickly drops at room
temperature [12].

B. THz Antennas and Antenna Arrays

In addition to increasing the generated power directly
through newer sources, directional antennas can be utilized
to increase the communication distance. Conventional direc-
tional antennas, such as horn, lens, and Cassegrain reflector
antennas can be commercially found at frequencies of up to
1 THz [13], [14]. Moreover, taking advantage of the very
small wavelength of THz signals, several innovative antenna
designs have been proposed. For example, in [15], a wide-band
compact integrated antenna at 400 GHz with a bandwidth from
325-500 GHz is designed with multiple sub-reflectors, and a
gain of 30 dB. In [16], a dielectric lens is used to focus the
radiation from a leaky wave guide and an antenna resonant at
545 GHz with gain of up to 30 dB is demonstrated.

To further increase the gain compared to a single directional
antenna, arrays have been designed and developed at the THz
range. For example, in [19], a 2×2 array is designed through a
resonant micro-strip cavity antenna and demonstrated to have
a gain of 16 dB compared to a horn antenna at 0.85 THz.
The designed array has a large bandwidth, but is not designed
for dynamic beamforming. In [20], a silicon based lens an-
tenna is designed, and integrated into an array. The array is
demonstrated to work at 1.9 THz. The aperture efficiency of
the array is shown to be 85%. In [21] a chessboard antenna
array is presented that has a photonic source and a bow tie
antenna element. The array is shown to be able to improve
power efficiency and operate at up to 2 THz. However, the
array does not have dynamic beamforming capability, since the
design is primarily focused on increasing the power efficiency.

C. Graphene-based Tunable THz Devices

The aforementioned devices and methods successfully in-
crease the power efficiency at THz frequencies, but do not
provide dynamic beamforming capability as required in a
mobile network. Graphene is highly tunable and, thus, can
be leveraged for implementing devices that assist dynamic
beamforming. For example, this property is used in [35] in
the design of a patch antenna resonant at 4.3 THz, capable
of dynamic beam-tilting of up to 30° from broadside. The
element is designed by stacking a graphene based meta-
material in between the patch and substrate. The peak gain
is 6.6 dB and the main-lobe direction is dependent on the
graphene intrinsic properties. However, the lack of an ana-
lytical model to predict the actual tilting of the beam makes
its extension to a dynamically beamforming antenna array
impractical. In [36], a graphene based reconfigurable metasur-
face is designed for beamsteering capabilities. The proposed
structure has independently controlled and integrated graphene
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based unit cells. The numerical results illustrate high tunability
of the graphene cells, and a wide range (nearly 300°) of phase
control. In [37], the compact size and low-loss features of
graphene are considered in reducing the operating power and
system complexity of conventional phased array architectures.
Numerical analysis is performed to map the resultant phase
of the elements of the array as graphene is tuned. In [38], the
same method is used to propose an analog phase shifter with
a graphene switch.

The efforts at developing THz-band communication devices
have clearly achieved tremendous milestones. From the im-
provement of THz signal sources to the integration of antennas
into arrays, the problem of limited communication distance is
addressed in a non-trivial manner. The potential of exploiting
the intrinsic properties of graphene for developing tunable THz
devices is being explored as well. However, the establishment
of a complete array architecture for true THz frequencies with
dynamic beamforming is not fulfilled.

III. GRAPHENE BASED PLASMONIC NANO-ANTENNA
ARRAY ARCHITECTURE

Our proposed plasmonic array architecture is shown in
Fig. 1. This architecture leverages the unique properties of
graphene plasmonics to greatly simplify the array design.
Each element in the proposed architecture is a complete
THz front-end. At the transmitter, the plasmonic front-end
consists of an on-chip plasmonic source, an on-chip plasmonic
phase modulator and an on-chip plasmonic nano-antenna. The
front-end at the receiver is designed similarly, but with a
demodulator instead of the modulator. In this paper, we focus
on the transmitter, though the proposed principles can be
reciprocally applied to the receiver.

The source is designed to efficiently generate SPP waves
directly at THz frequencies. First proposed in [24], the source
is based on a HEMT built with a III-V semiconductor material
and enhanced with graphene. The working principle is based
on the Dyakonov-Shur instability [39], which predicts that a
sub-micrometric resonant cavity with asymmetric boundary
conditions can lead to THz emission. Compared to the previ-
ous works [40], [41], in our setup the THz emission is coupled
to the graphene layer and utilized to launch SPP waves that
propagate along the interface between graphene and air.

The generated SPP waves propagate on-chip towards the
plasmonic modulator. First proposed in [27], the modulator
consists of a graphene-based plasmonic waveguide. In this
setup, by changing the Fermi energy of the graphene layer (i.e.,
the highest energy level occupied by electrons in graphene),
for example, by means of electrostatic bias [42], the SPP
wave propagation speed is modified. Given the finite length
of the waveguide, a change in propagation speed leads to
a change in phase at the output for a fixed observation
time. Compared to other graphene-based modulators [26],
the SPP waves propagate along the graphene layer and not
through the graphene layer, leading to much stronger SPP
wave modulation.

The SPP waves propagate along the modulator towards the
plasmonic nano-antenna [29]. The antenna resembles a patch

antenna with graphene as the active element and is able to
convert the modulated SPP waves into free-space EM waves
for emission. The working principle of the plasmonic nano-
antenna is similar to that of a conventional patch antenna, i.e.,
it works as a broadside emitter on the basis of radiating slots.
Additionally, by changing the Fermi energy of the graphene
layer, the amplitude of the radiated fields can be controlled.

The proposed plasmonic array architecture differs from the
conventional architectures in several ways. Each plasmonic
front-end is powered by an independent source. The addition
of more front-ends in an array does not simply improve
the radiation direction efficiency, but the total output power
is increased as well. The plasmonic modulator can directly
manipulate the phase of SPP waves at THz frequencies without
the need of any additional hardware. The nano-antenna has
dimensions to resonate with the SPP wavelength λspp, and
thus is much smaller than a regular patch antenna at the same
frequency. The nano-antenna can also be tuned to provide
amplitude control as needed. In this plasmonic array, the
mutual coupling between the radiating elements depends on
the SPP wavelength λspp, and not the free-space wavelength,
λ0. Thus, these front-ends can be packed into a very dense
array. With no additional hardware, an independent power
source per element, complete beamforming capability and
an extremely small footprint, the plasmonic array fulfills the
requirements of a complete dynamic beamforming system.

IV. SINGLE PLASMONIC FRONT-END DESIGN

The front-end, illustrated in Fig. 2, forms the radiating
element of the plasmonic array. Its individual design and
performance directly impact the overall performance of the
array. The design of the single front-end depends on the
properties of SPP waves upon graphene. In this section, these
properties are discussed in detail and the individual design of
the components of the front-end are presented.

A. SPP Wave Propagation in Graphene

The properties of SPP waves on graphene are described by
their complex wave vector kspp. More specifically, the real
part of the wave vector <{kspp} determines the plasmonic
wavelength λspp, and the imaginary part of the wave vector
={kspp} determines the decay length DL:

λspp =
2π

<{kspp}
and (1)

DL =
1

2={kspp}
. (2)

The complex wave vector kspp is found by solving the disper-
sion equation:

−i
σg

ωε0
=
ε1 + ε2 coth(ksppd)

kspp
, (3)

where σg is the conductivity of graphene, ε1 is the relative
permittivity of the dielectric above graphene, ε2 is the relative
permittivity of the dielectric below graphene, and d is the
separation between graphene and the metallic ground plane.
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Fig. 1: Proposed graphene-based plasmonic nano-antenna array architecture.

(a) Top view (b) Side view

Fig. 2: The working principle and design of the THz front
end. The front end consists of a plasmonic source
(represented here with the feed point), a plasmonic

modulator and a plasmonic nano-antenna.: a) Top view; and
b) Side view.

From (3), it is seen that the wave vector is related to the
complex conductivity of graphene. This complex conductivity
is obtained by following the Kubo formalism [43] [44] and
can described by the following equations:

σg = σ
g
intra + σ

g
inter, (4)

σ
g
intra = i

2e2

π~2
kBT

ω + iτ−1 ln
(
2 cosh

(
EF

2kBT

))
, (5)

σ
g
inter =

e2

4~
(H(

ω

2
) + i

4ω
π

∫ ∞

0

G(ε) − G(ω/2)
ω2 − 4ε2 dε, (6)

and
G(a) =

sinh(~a/kBT)
cosh(EF/kBT) + cosh(~a/kBT)

, (7)

where ω is the angular frequency, ~ is the reduced Planck’s
constant, e is the electron charge, kB is the Boltzmann
constant, T is the temperature, EF refers to the Fermi energy of
the graphene sheet, and τ is the relaxation time of electrons in
graphene. As shown in [45], at room temperature in graphene
for THz frequencies, the main contribution is from the intra-
band conductivity σ

g
intra.

From (3) and (4) it follows that the Fermi energy of
graphene affects the conductivity, and in turn the wave vector.
Therefore, the properties of SPP waves are tuned by varying
the Fermi energy. The equations, however, are non-linear;
therefore a numerical analysis is necessary to determine the
exact relationship between the plasmonic wavelength and
Fermi energy for a sheet of graphene, where all other variables
are held constant.

B. Front-end Components

1) On-Chip Plasmonic THz Source: The design of the
plasmonic source requires a multi-physics analysis aimed at
self-consistently solving Maxwell’s Equations and the Hy-
drodynamic Model Equations [25]. Given its complexity, its
analysis is left outside the scope of this paper and, instead, we
utilize a signal port to assess the performance of the modulator
and nano-antenna.

2) On-chip Plasmonic Phase Modulator: The physical
length of the modulator is designed to minimize power dis-
sipation while maintaining complete phase control. The total
possible phase difference depends on both the physical length
L of the modulator, as well as the range of Fermi energies
considered applicable for tuning. This is seen in (8) below,
where, for a modulator of considered physical length L, the
phase difference Φ12 between two SPP waves with different
plasmonic wavelengths λspp1 at Fermi energy EF1 , and λspp2

at Fermi energy EF2 , is derived to be

Φ12 = 2π
L

λspp1

(
1 −

λspp1

λspp2

)
. (8)

On the one hand, increasing the length of the modulator
results in greater power dissipation along the modulator as
shown in Sec. VI, affecting the overall radiation efficiency of
the front-end. On the other hand, reducing the length of the
modulator clearly limits the achievable phase range (ideally,
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Fig. 3: Amplitude of the electric field at the output of the
modulator as a function of the Fermi energy of the

modulator EFmod.

from 0 to 2π radians). To meet these objectives, the modulator
is set with a physical length capable of incorporating an
alteration of one complete plasmonic wavelength, λspp. In
Fig. 3, the relation between the electric field amplitude at
the output of the modulator is shown as a function of the
Fermi energy of the modulator. The inner plots represent the
electric field distribution on the modulator for three relevant
values of the Fermi energy. It can be seen that, at different
Fermi energies (all within the range between 0.1 and 1.75 eV),
the corresponding output fields will exhibit a phase difference
exceeding 2π.

3) On-chip Plasmonic Nano-antenna: The plasmonic nano-
antenna is designed to be resonant at 1.025 THz, which cor-
responds to the first absorption-defined transmission window
above 1 THz [4]. The working principle of the antenna is
similar to the patch antenna, therefore the plasmonic antenna
also has broadside emission. For resonance, the length of the
antenna is half of the plasmonic wavelength λspp of the target
frequency. The width of the antenna is determined through nu-
merical evaluation for maximum radiation efficiency without
significantly altering the expected broadside radiation pattern.

C. Design Trade-offs

While the front-end elements have been discretely de-
scribed, because both the modulator and the antenna share
the same active element, i.e., a single graphene layer, they
cannot be independently studied. The effect of the modulator
on the radiation pattern of the combined front-end becomes
non-negligible when the nano-antenna radiates inefficiently.

The SPP wave confinement factor, cf , is one of the ele-
ments that plays a key role in the radiation efficiency of our
system [46]. While there are several rigorous definitions of the
confinement factor [47], an intuitive way to express it is:

cf =
λ0
λspp

, (9)

where λspp is the plasmonic wavelength and λ0 is the free-
space wavelength. From (3), λspp depends on the substrate
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Fig. 4: The interdependence of confinement factor, substrate
thickness and radiated power of the nano-antenna.

thickness d. Using a thinner substrate increases the confine-
ment factor, theoretically allowing the design of even smaller
antennas and denser arrays. As observed in [48], when the
antenna is designed at a very high confinement factor, its effi-
ciency is decreased and the radiation pattern of the modulator
becomes non-negligible. Comparing the structure of such a
purposely designed inefficient front-end with that of [49], it
is seen that the two structures exhibit certain symmetry. The
properties of such a structure, similar to those of the design
in [50], can be leveraged to design a front-end with a re-
configurable radiation pattern, dependent on the Fermi energy
of the modulator. However, the performance of the array in
terms of power output as well as the range of beamsteering
are compromised because, ultimately, this structure is not an
efficient radiator.

To demonstrate the effects of the confinement factor on
the radiation efficiency of the front-end, different resonant
antennas are considered for the corresponding plasmonic
wavelengths. The efficiency of each antenna is analysed using
FDFD full-wave simulations with COMSOL Multi-physics.
In Fig. 4, the relationship between confinement factor and
the radiated power of the front-end is shown. It is clearly
seen that as the confinement factor increases, the efficiency of
the front-end drops drastically. This relation is also expected
from the design constraints of patch antennas as given in [51].
The thickness of the substrate of a patch antenna is required
to be between 0.003λ0 and 0.05λ0, for increased radiation
efficiency. As explained in Sec. IV-B, the plasmonic antenna
has a similar working principle as that of the patch antenna; the
same constraints apply. As the confinement factor is increased,
the thickness of the substrate is decreased and directly affects
power output.

Considering this trade-off, the final dimensions of the front-
end are summarized in Table I. The intrinsic properties of
graphene, among them, the relaxation time, are modelled well
within demonstrated values from latest fabrication methods, as
in [52]–[54].
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TABLE I: Front-end Dimensions

Substrate thickness 2 µm
Substrate permittivity 4ε0
Antenna resonant Fermi energy 1.25 eV
Antenna length (0.5λspp) 34.7 µm
Antenna width (0.8λspp) 52.05 µm
Modulator length 34.7 µm
Modulator width 3.47 µm
Graphene relaxation time 0.5 ps
Confinement factor 4.2

V. PLASMONIC ARRAY DESIGN AND CONTROL

The THz front-end developed in Sec. IV forms the active
radiating element of the plasmonic array. The array is designed
to provide support in establishing pencil thin beams through
dynamic beamforming. In order to accomplish the task, the
relationship between the elements of the array and the methods
used to achieve it are discussed and presented here.

A. Spatial Arrangement of the Front-ends

In traditional array design, to negate the effects of mutual
coupling on array performance, at least one quarter free-space
wavelength λ0/4 spacing is kept between elements of the
array [51]. In practice, the spacing is usually λ0/2. A spacing
greater than λ0/2 results in the formation of undesired grating
lobes [51]. However, in the case of plasmonic arrays, it is
demonstrated in [55] that the effects of mutual coupling are
negligible when the spacing between the elements exceeds
the plasmonic wavelength, λspp. At the same time however,
a reduced inter element spacing reduces the beamforming
gain on the directivity, resulting in wider main-lobes [51].
Additionally, to achieve effective beamforming, the physical
aperture of the array is required to be at minimum equal to
λ0 [51].

Therefore, keeping computational restrictions in mind, the
plasmonic array is designed with a spatial geometry where
each element is separated by a distance λ0/2. This geometry
achieves the optimal setup for the requirements discussed
above. Thus, the performance of the array is not impacted
by the negative effects of mutual coupling and, therefore, not
discussed in the numerical analyses performed in Sec. VI.
At the same time, a larger array aperture is analysed without
stressing the computational limits of the FDFD solver.

B. Codebook Design

To steer a beam in the direction (θ0, φ0), the progressive
phase delay, Φrel , between the elements of the array needs to
be:

Φrel = −k0d(sinθ0cosφ0 + sinθ0sinφ0), (10)

where k0 is the free-space wave vector and d is the separation
between every element. Thus, dynamic beamforming requires
phase control. Further, to control the amplitude of the beam
(e.g., the relative power of the side-lobes), the amplitude of the
signal at each element needs to be modified. The maximum
output power of every element is governed by the source
(given the lack of power amplifiers at THz frequency), hence
amplitude control can only decrease the output power.

Fig. 5: Spatial geometry of the plasmonic array. The
elevation angle θ0 describes the deviation from the broadside
direction, while the azimuth angle φ0 describes the angle of

the beam with the x-axis.

The planar plasmonic array is shown in Fig. 5. The elevation
angle θ0 and the azimuth angle φ0 indicate the direction of
the resultant beam. The array is considered to be in the xy
plane, with the origin set in the leftmost corner of the array.
Thus, the element at position 0, 0 is the 0th element, and every
other element at the i, j position is required to be have a phase
difference as from (10), for the desired (θ0, φ0). Implementing
the desired phase difference and amplitude attenuation requires
the definition of a codebook C composed of complex weights
Wi, j , corresponding to the i, jth element. Wi, j is of the form
Ae jβ , where A represents the magnitude of the signal strength,
and β represents the relative phase. The application of the
derived codebook to the array results in beamforming. In the
plasmonic array, the codebook is applied by varying the Fermi
energy of the modulator, EFmodi, j , and the Fermi energy of
the antenna EFanti, j . Thus, the effective complex weight for a
particular element, Wi, j , is mapped to a particular modulator
and antenna Fermi energy of that element:

Wi,j 7→ EFmodi, j , EFanti, j . (11)

C. Independent Phase and Amplitude Control

One way to derive the codebook is to consider phase
and amplitude control independently. The effective complex-
valued weight Wi, j is then formed as:

={Wi, j} 7→ f (EFmodi, j ),<{Wi, j} 7→ f (EFanti, j ). (12)

As discussed in Sec. IV-B, phase control is achieved by the
modulator. Consequently, the imaginary component of the
weight that is affected in phase control is mapped to the Fermi
energy of the modulator. Since phase control is relative, the
effective weight for the element at the origin of the array is
Ae j0, and all other elements have an effective weight with
phase delay as required to satisfy (10). The effective weight
Ae j0 is naturally mapped to the Fermi energy of the modulator
where the electric field amplitude is at the first minimum,
obtained by following the relationship presented in Fig. 3.
When the electric field amplitude crosses to the next minimum
as the Fermi energy of the modulator is varied, a complete
wavelength is traversed. Thus, the resultant phase change is
of 2π radians. The particular Fermi energy of the modulator
which corresponds to this point of the electric field amplitude
then has the effective weight Ae j2π .
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Thus, any particular value for the Fermi energy of the
modulator between these two values represents an effective
weight between Ae j0 and Ae j2π . As the Fermi energy is con-
tinuously varied, the achievable phase delay is also continuous,
as opposed to common array architectures in which the phase
can only be changed in discrete steps [56].

Following this approach, Fig. 6(a) presents the derived rela-
tion between the relative phase, β of the complex weight at the
corresponding values of Fermi energy of the modulator EFmod.
It is seen that as EFmod is varied from 0.17 - 1.75 eV, the
effective weight varies from Ae j0 to Ae j2π . Thus, 100% phase
control is possible and the Fermi energy of the modulator can
be set so as to achieve any required phase delay.

Similarly, as explained in Sec. IV-B, to enable amplitude
control, the Fermi energy of the antenna is varied, affecting the
radiation efficiency of the antenna. The antenna is designed for
resonance, or peak performance, at a particular Fermi energy.
Adjusting the Fermi energy of the antenna away from the
resonant value makes amplitude control feasible.

In Fig. 6(b), the relation between the Fermi energy of the
antenna and the corresponding normalized signal strength of
the radiated signal is shown. It is seen that the normalized
signal strength is maximum for the resonant Fermi energy
value; increasing or decreasing the value of Fermi energy
decreases the signal strength. Since the real part of the complex
effective weight relates to the amplitude, the resonant Fermi
energy value therefore corresponds to the effective weight
S0e j0, where S0 = 1. Any other value of the Fermi energy of
the antenna represents an effective weight Se j0, where S ≤ 1.
More specifically, as EFant is varied across 0.3 - 2 eV, the range
of normalized signal strength varies from 0.38 ≤ S ≤ 1. The
total amplitude control possible is 62%.

As discussed in Sec. IV, the antenna is designed at a Fermi
energy of 1.25 eV, thus the normalized signal strength is 1
at that value of Fermi energy of the antenna. Decreasing the
Fermi energy of the antenna beyond 0.3 eV will continue to
attenuate the signal strength, however the radiation pattern of
the antenna is no longer broadside; the antenna effectively
stops radiating below this value of Fermi energy.

The independent control of the front-end for both phase
and amplitude control are thus directly dependent on the
Fermi energy of the modulator and the antenna, respectively.
Nevertheless, as discussed in Sec. IV-C, the modulator and
the antenna cannot be either independently designed nor,
consequently, operated. More specifically, varying the Fermi
energy of the modulator effects the signal strength output of
the front-end, and varying the Fermi energy of the antenna
effects the phase delay of the front-end.

Fig 7 represents the joint relationship between the Fermi
energies of the modulator and antenna on both the relative
phase and normalized signal strength. More specifically, it
is seen in Fig. 7(a), that for a constant value of the Fermi
energy of the modulator EFmod, the phase delay is effected
as the Fermi energy of the antenna EFant is varied. Similarly,
in Fig. 7(b), it is seen that for any particular Fermi energy of
the antenna EFant, the signal strength is not constant as the
Fermi energy of the modulator, EFmod is varied. The negative
impacts of this behavior on the beamforming capabilities of

the array will be numerically studied in Sec. VI.

D. Joint Phase and Amplitude Control

While the consideration of independent phase and amplitude
control exhibits its limitations, the incorporation of the joint re-
lationship in determining effective weights presents itself as a
challenge which increases the complexity of the beamforming
algorithm. More specifically, the computation of the weight
cannot be separated in two functions (12), but needs to be
considered as a single function with two control variables:

Wi, j 7→ f (EFmodi, j , EFanti, j ). (13)

Unfortunately, there is no equation to quantify this joint
effect. Instead, the weights need to be calculated through
exhaustive numerical simulations. For a given design, every
combination of the Fermi energies of the modulator and an-
tenna needs to be considered to derive the achievable complex
weights. An algorithm can then be developed to retrieve the
values of the Fermi energy of the modulator and the Fermi
energy of the antenna corresponding to the effective weights
needed for a given codebook, as required by array theory. The
precision of the algorithm is determined by the richness of the
data set; more data points increase the resolution.

The steps considered in such algorithm are shown below.
The particular combination of EFmod, EFant which generates
the desired effective weight, is searched for only once and
these values are then stored for future use.

Weight Computation Algorithm

Input: Intended Direction (θ0, φ0), Array Dimensions (NxM)
Output: Weights ⇒ As Modulator, Antenna Fermi energy.
W(0,0) = [EFmod0,0, E fant0,0 ] ⇐ reference weight at origin
W(1,0) = [EFmod1,0 , E fant1,0 ] ⇐ element weight at (1,0)
...

...
...

W(n,m) = [EFmodn,m E fantn,m ] ⇐ element weight at (n,m)
...

...
...

W(N,M) = [EFmodN ,M E fantN ,M ] ⇐ element weight at (N,M)
All possible effective weights are: Ae jβ

for All effective weights with β = 0° do
Choose W(0,0) with Max(A)⇒ [EFmod0,0, EFant0,0 ].

end for
βx, βy ⇐ relative phase delay required along x and y direction.

for m = 0 − M do

if mβy > Q(2π), where Q ≥ 1 then
req-delay-y = mβy −Q(2π) [account for periodicity]

else
req-delay-y= mβy

end if
Find W(0,m) = Ae jβ0,m such that
β0,m = m.req-delay-y

for n = 1 − N do
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Fig. 6: Demonstration of the tunability of the front-end: a) The relationship between the Fermi energy of the modulator
EFmod and the effective phase difference of the front-end; and b) The relationship between the Fermi energy of the antenna

EFant and the effective signal strength of the front-end.
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Fig. 7: Isometric view of the relationship between a) Phase delay at the front-end, and the Fermi energies of the modulator
EFmod and antenna EFant. b) Normalized signal strength at the front-end, and the Fermi energies of both the modulator

EFmod and antenna EFant.

if nβx > Q(2π), where Q ≥ 1 then
req-delay-x = nβx −Q(2π) [account for periodicity]

else
req-delay-x= nβx

end if

for All effective weights do
Find W(n,m) = Ae jβn,m such that
βn,m = m.req-delay-y + n.req-delay-x
Actual weight⇒ [EFmodn,m, EFantn,m ]
⇒ If none, choose W(n,m) with least discrepancy
in β
⇒ If multiple, choose W(n,m) with least power
discrepancy with W(0,m)

end for

For future ⇒
store input ⇒ (θ0, φ0), (N xM) and
store computed weight ⇒ [EFmodn,m, EFantn,m ]
Return the weight ⇒ [EFmodn,m, EFantn,m ]

end for
end for

VI. NUMERICAL PERFORMANCE ANALYSIS

In this section, we numerically investigate the performance
of a single front-end and an array of the same in terms of
phase and amplitude control and beamforming capabilities,
respectively. Considering the computational intensity of the
numerical simulations, we have restricted our analyses to a
linear array. In the lack of mutual coupling between elements,
a planar array can be analyzed as a combination of two linear
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arrays [51] and, thus, the results presented here are sufficient
to prove the principles and demonstrate the capabilities of the
proposed architecture.

A. Phase and Amplitude Control of A Single Front-end

All possible codebooks, C, attainable when we indepen-
dently consider phase and amplitude control are derived from
the individual phase and amplitude control relations presented
in Fig. 6. The codebook so derived can then have the effective
weights WIndependentcodebook , given by

WIndependentcodebook ∈ [0.38e j0, 1e j2π]. (14)

To obtain the range of effective weights possible when the
joint effect of the Fermi energies of the modulator and the
antenna is considered, an exhaustive data set with all combi-
nations of EFmod, EFant is generated. The effective weights are
analytically calculated for each combination and are displayed
in Fig. 8. Every point in Fig. 8 represents an effective weight
on the complex plane (radius r represents the signal strength
and angle θ represents the phase). Utilizing the data-set
presented in Fig. 8, all possible codebooks, C, attainable when
we consider phase and amplitude control jointly can then have
effective weights WJointcodebook , given by:

WJointcodebook ∈ [0.18e j0, 1e j2π]. (15)

As discussed in Sec. V, to design the codebook from the
joint data set, an algorithm is developed. A simple case to
demonstrate the effectiveness of the algorithm is to generate a
codebook that, when applied to the array, implements complete
phase control at a near constant signal amplitude. Thus, the
desired codebook to be generated from this algorithm is to be
near identical to a universal phased array codebook.

The effective weights as available that may be considered
for such a codebook are retrieved by the algorithm and are
presented in Fig. 9, again on the complex plane. It is seen that
the effective weights indeed meet the criteria for continuous
phase control, with the maximum discrepancies in signal
strengths of any two effective weights at less than a factor of
2. It is important to note that the digitization of the effective
weights and the empty regions seen in Fig. 9 are manifestations
of the step-size considered while obtaining the data-set. As
discussed in Sec. V, the step-size may be reduced for increased
precision, at a higher computational cost.

The algorithm is a twofold process: the determination of
the criterion for finding the weights, and the mapping of the
weights to the Fermi energy of the modulator and the antenna.
In the previous case, the progressive phase is determined
through (10), with a condition imposed on the maximum
amplitude discrepancy to be within a factor of 2. At the same
time, the criteria could be reversed to place greater emphasis
on matching the signal strengths of all the elements at the
cost of a greater deviation in the required phase and actual
phase. Similarly, the ability to perform continuous dynamic
control on the phase and amplitude could be exploited to
perform adaptive beamforming, whereby the radiated power
can be simultaneously directed in the intended direction and
truncated greatly in other undesirable directions. The method
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Fig. 8: A polar representation of all effective weights
WJointcodebook that are implementable in the joint consideration

of the codebook design.

of acquiring the weights in such scenarios are quite complex
and thus their analysis is left out of the scope of this work.

Nonetheless, the performance of the algorithm cannot be
considered optimal without a strict definition on the metric
of optimality, which may change as per the required scenario.
However, it is important to note that the data-set over which the
algorithm operates is independent of the criterion required for
selecting the weights. Thus, the data-set of phase and signal
strength for different modulator and antenna Fermi energies
is fixed for the array elements. Only an actual change in the
physical dimensions of the front-end (such as, for example,
physical length, operating frequency, substrate permittivity
or thickness) would require the repetition of the numerical
analysis for obtaining a new data-set. Therefore, the actual
process of the algorithm for scanning the weights and returning
them is near instantaneous.

B. Beamforming Capabilities

1) Codebook Design: To demonstrate the efficiency of the
algorithm and benchmark it to that of independent phase and
amplitude control, a 3×1 array is designed and its performance
is analysed. The codebook C to be implemented at the array
is intended to steer the beam at a direction of 30° from
the broadside (elevation angle of 90°), or where (θ0, φ0) =
(30°, 0°). From (10), the relative phase delay required between
the elements is 1.57 radians. The ideal effective weights
for a codebook so designed are then: W0,0 = 1e j.0,W0,1 =
1e j.π/2,W0,2 = 1e j.π . The codebook is implemented through
the derived Fermi energies of the modulator and the antenna.

Table II shows the three different codebooks obtained from
the cases considered, following the discussion from Sec. V.
The ideal codebook C0 (a direct implementation of the ef-
fective weights at the antenna input port, i.e, bypassing the
modulator) is also shown. The codebook C1 is derived by
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considering only phase control. The codebook C2 is derived
where both phase and amplitude control are considered, albeit
independently. The third codebook, C3 is obtained through
the algorithm, considering the joint relationship between phase
and amplitude control. Fig. 10(a) shows the far-field radiation
patterns of the array, corresponding to the four different
codebooks applied from Table II. When the codebook C0 is
applied, the far-field radiation pattern of a phased array as per
array theory is obtained. When the codebook C1 is applied,
it is seen that the main-lobe of the far-field pattern is indeed
pointed towards the intended direction, along with significant
side-lobe strength. The maximum discrepancy in the signal
strengths across the different elements is 4.1. The application
of codebook C2 corresponds to a far-field pattern where it is
seen that the side-lobe strength is effectively attenuated, but at
the cost of directional accuracy. The far-field radiation pattern
that corresponds to the application of the codebook C3 exhibits
the desired side-lobe attenuation and directional accuracy as
per the ideal case.

If the power output of the array in the main, intended
direction is of primary concern and is to be maximized, it
may be beneficial to perform only phase control as amplitude
control attenuates power output. However, when pencil thin
beams are important, the side-lobe strength must be minimized
and both phase and amplitude control are required. In such
cases it is necessary to consider the joint effect and proceed
with the complex algorithm to generate the codebook.

To highlight the important deviations of these three scenar-
ios, normalized versions of the far-field patterns are shown
in Fig. 10(b). The application of codebook C3, derived from
the algorithm allows superior capability in minimizing side-
lobe strength while maintaining directional accuracy; it is the
closest imitation of the ideal case. Thus, the consideration of
the joint weight definition (13) and the use of computational

resources for utilizing the algorithm are justified, as these
improve the performance of the array.

2) Dynamic Beamforming Ability: The plasmonic array is
designed to have continuous phase control. To examine the
limits on beamsteering, the performance of a designed 6 by 1
array is investigated. The codebook required is generated using
the algorithm. Since the array facilitates continuous phase
delay, any and all intended directions are theoretically possible.
However, as mentioned in Sec. IV, the antenna at the front-
end is designed as a broadside radiator. Therefore, the further
the intended direction of the beam deviates from broadside,
the more the limitation of the radiation pattern of the antenna
itself becomes visible [51].

Fig. 11 presents the resultant far-field radiation patterns
obtained from the implementation of 5 different code-
books, designed to steer a 6 × 1 array towards (θ0, φ0) =
(0°, 0°), (15°, 0°), (30°, 0°), (45°, 0°) and (60°, 0°). It is seen that
the array successfully steers across this broad range of angles,
with directional accuracy. There are slight inequalities in the
output power of the main-lobes between different directions, as
well as non-negligible sidelobes present for intended directions
of steering of (45°, 0°) and (60°, 0°). These occur both due
to the manifestations of the effect of Fermi energies of the
modulator and the antenna on signal strengths of the front-
ends, as well as the individual radiation pattern of the antenna
itself. Since the algorithm allows for a certain discrepancy in
the maximum strengths of the antenna elements, the theoretical
cancellations of the null points are not absolute. At the same
time however, the benefit of continuous beamforming support
from the design of the array allows for the possibility of
implementing adaptive beamforming algorithms. As discussed
in VI-A, these can be utilized, inter alia, to minimize the
sidelobe strengths in scenarios where these may be undesirable
or unacceptable.

C. Output Power

It is explained in Sec. III that every front-end, or element, in
the plasmonic array has an independent source. Therefore, as
the size of the designed array increases, the radiation efficiency
increases, both due to the addition of more signal sources as
well as directional beamforming.

In Fig. 12, the Effective Isotropic Radiated Power (EIRP)
of a linear array at different sizes is presented. Additionally,
the EIRP of a single front-end where the signal source has
the cumulative power of the total no. of array elements is also
plotted. Up to a 6×1 array size, the EIRP is obtained through
numerical analyses, after which a polynomial extrapolation
is performed to obtain the estimated EIRP of a larger array.
The same method is followed for the individually considered
front-end. As expected, it is seen that the EIRP of the array
outperforms the front-end, where the total input power is the
same.

For a 6×1 array designed following the guidelines presented
in this paper, the EIRP and footprint size are 4.5 mW and
0.056 mm2, respectively. Thus, the transmitted power density
of a 6 × 1 plasmonic array is 80.16 mW/mm2. Using a
polynomial approximation, a 32 × 1 array is estimated to
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TABLE II: The Derived Codebooks

Ideal Codebook Applied Phase at Front-end elements (rad)

W0,0 W1,0 W2,0
C0 1e j0 1e jπ/2 1e jπ

Derived Codebooks Fermi Energy of Stubs (eV)

EFmod0,0 EFant0,0 EFmod1,0 EFant1,0 EFmod2,0 EFant2,0

C1 0.16 1.25 0.23 1.25 0.35 1.25
C2 0.16 1.2 0.23 1.29 0.35 1.44
C3 0.17 1.29 0.24 1.44 0.37 1.01
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Fig. 10: a) Far-field radiation patterns obtained from the implementation of the four different codebooks in Table II, intended
to steer the beam towards (θ0, φ0) = (30°, 0°): C0 - Ideal weight, C1 - Phase control, C2 - Independently considered phase
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have an EIRP greater than 300 mW. The footprint of the
array would be 0.3 mm2, and the radiation efficiency would
be 1000 mW/mm2.
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VII. DISCUSSION

In this section, we discuss the key technical challenges
and the opportunities that are present in realizing the design
parameters of the plasmonic array architecture.

A. Challenges in Graphene Technology

To perform accurate control of the graphene-based modula-
tor and antenna as required to design the codebook, the use of
electrostatic bias places an upper restriction on the maximum
attainable Fermi energy. The restriction occurs when the
electric field required reaches values that can cause dielectric
breakdown of the substrate considered, as highlighted in [57].
However, the maximum value of the Fermi energy can be
increased for the same electric bias with a higher Fermi
velocity in graphene. As shown in [58], there are several
methods to engineer an increased Fermi velocity in graphene
through which the restriction on the maximum Fermi energy
can be substantially increased. Following such methods, the
maximum Fermi energy attainable can be pushed to facilitate
the range considered.

Additionally, the effect of power attenuation and the prop-
agation of plasmons along the graphene layer requires a
relaxation time greater than that which is achieved from the
most common fabrication methods. While the relaxation time
considered is certainly possible as highlighted in Sec. IV-C, it
requires sophisticated fabrication techniques. A compromise
on the quality of graphene fabrication results in a reduced
relaxation time [59], with greater power attenuation. Worse,
the plasmons may completely die out before traversing the
complete length of the front-end, resulting in the front-end
being in an “off" state.

B. Realization and Integration of Array Components

The independent integration of the source allows a non-
linear increase in the power output of the array architecture,
as demonstrated in Sec. VI. However, the independence of
each signal source also increases the challenge of proper
synchronization. On the one hand, the application of accurate
clock control at the transmission side can be used to solve this,
albeit at the cost of a more complex hardware setup. On the
other hand, the use of smart data synchronization methods
directly at the receiver end as in [60] may be considered,
for a simpler hardware design at the cost of more complex
computational methods.

Along with the benefit of individual control over every ele-
ment of the array for a multi-functional and vast codebook de-
sign, the trade-off is in the realization of local biasing schemes
for controlling the graphene patches of the antenna and the
modulator for every front end. While a fully functional array
design requires the highest level of control, a compromise is
possible by considering an array of sub-arrays, with each sub-
array controlled as one rather than every individual element.
Such schemes have been previously proposed as a way to
overcome the high cost, footprint and power consumption of
traditional array designs [61], [62]. The practical consideration
of the sub-array size, and the trade-off between beamforming
control and complexity is clearly a non-trivial task.

VIII. CONCLUSION

In this paper, we have proposed a plasmonic nano-antenna
array architecture and demonstrated that it supports dynamic
beamforming with full (phase and amplitude) weight control.
By considering the combined effect of the Fermi energy of
the modulator and of the antenna in the derivation of the
codebook, we have been able to successfully demonstrate
dynamic beamforming with accuracy. With the addition of an
independent signal source with each element and the ability to
define narrow directional beams, the power density of the array
increases non-linearly with its size. Due to the dependency of
the array design on the plasmonic wavelength, the array that
can be designed following this architecture can be compact,
with a strong EIRP and versatile beamforming capability. Our
future work is aimed at fabricating and experimentally testing
the performance of the array.
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