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Amplitude and Frequency Modulation With an
On-Chip Graphene-Based Plasmonic
Terahertz Nanogenerator

Justin Crabb ¥, Xavier Cantos-Roman

and Josep M. Jornet

Abstract—Terahertz communication is envisioned as a key tech-
nology not only for the next generation of macro-scale networks
(e.g., 6G), but also for transformative networking applications
at the nanoscale (e.g., wireless nanosensor networks and wireless
networks on chip). In this paper, an on-chip THz nano-generator
with amplitude and frequency modulation capabilities is presented.
The proposed device uses and leverages the tunability of the
Dyakonov-Shur instability for the growth and modulation of plas-
monic oscillations in the two-dimensional electron gas channel of
a graphene-based high-electron-mobility transistor. An in-house
developed finite-element-methods platform, which self-consistently
solves the hydrodynamic model and Maxwell’s equations, is utilized
to provide extensive numerical results demonstrating the device’s
functionality along with ultra-wide bandwidth and high modula-
tion index capabilities.

Index Terms—Graphene transistor, Dyakonov-Shur instability,
THz modulation, plasmonics.

1. INTRODUCTION

S TODAY'’S cutting-edge technology pushes forward, we

see an increased demand for faster connectivity between
a growing number of users. This implies higher data rates in the
Tera-bits-per-second (Tbps) range, requiring drastically higher
bandwidths that can be achieved in the terahertz (THz) domain
(0.1-10 THz) of the electromagnetic (EM) spectrum. Appli-
cations that would benefit from such high-data-rate wireless
networks, to name a few, include wireless network-on-chip
(WNoC) [1], the Internet of Nano-Things [2], and wireless
nanosensor networks [3]. For example, the benefits of using THz
WNoCs is the reduced propagation delay which is practically
zero at the chip-scale compared to wired interconnects [4],
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the flexibility and reconfigurability of logical topology with-
out physical modification, and, consequently, improved latency,
throughput, and energy consumption [5].

Currently there are three main approaches for THz signal
generation, namely, electronic, photonic, and plasmonic. In the
electronic approach, recently reviewed in [6], silicon- and III-V
semiconductor-based devices such as resonant tunneling diodes
(RTDs) [7] and heterojunction bipolar transistor-based feedback
oscillators [8] are used. These structures commonly require cryo-
genic temperatures for high frequency operation, suffer parasitic
capacitances and resistances, and resonate at a fixed frequency.
Since this frequency is often below the THz threshold, additional
step-up devices include chains of frequency-multipliers [9] such
as Schottky diodes, often suffering major power degradation and
low conversion efficiencies. These electronic devices operate
in the lower-THz region. Alternatively, the photonic approach
utilizes optical and optoelectronic devices to step down to THz
frequencies, with a large variety of designs having a wide range
of operating principles [10], [11]. Some examples are Quan-
tum Cascade Lasers (QCLs) [12], [13], heterodyne/photomixing
structures [14], and laser-driven sources [15]. However, these
designs are often bulky, possess low efficiency and output power,
require cryogenic temperatures, and offer minimal tunability.

Many of today’s advances in operations with THz signals
are based on the plasmonic approach [16], [17], [18], [19],
[20], [21], [22], [23], [24] due to its promise of compact THz
devices with room temperature operation, high tunability, and
low power consumption. In this approach, charge density waves
(plasmons) of THz frequency are excited in the two-dimensional
(2D) electron channel of semiconductor- or graphene-based high
electron mobility field-effect transistors (FET), and are used for
THz EM signal generation, amplification, and detection. The
FET’s channel serves as a resonant plasmonic cavity, supporting
sustained plasmonic oscillations in the THz range [18], [19], and
is tunable by external voltage and/or current sources.

Various FET designs have been proposed for on-chip THz
devices, retaining the plasmonic oscillations within the 2D
channel [20]. The plasmonic nature of the FET THz oscillator
allows its confinement within the channel, miniaturizing the THz
generator to a few microns, compared to passive THz antennas
on the order of hundreds of microns. The THz EM signal is
generated when sustained plasma oscillations are maintained
in the FET plasmonic cavity. As shown in the seminal work
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by Dyakonov and Shur [25], it becomes possible if certain
asymmetric boundary conditions are imposed at the opposite
ends of the plasmonic cavity — the so-called Dyakonov-Shur
(DS) regime. The FETs in the DS regime are fed by outside
circuitry, supplying an energy necessary for sustained plasma
resonance in the channel and radiated THz EM wave. Numerical
investigations of THz emission from the high electron mobility
transistors (HEMTs) in [21], [22], [23], [26] show that hundreds
of nanowatts of radiated power are possible. A III-V semicon-
ductor based HEMT in the DS regime is numerically modeled
in [23], and a graphene HEMT in the DS regime is considered
in [26]. Further improvement in the THz FET operation is
connected with micro patterning the gate. The periodic grating
gate [24], [27], [28], [29] inserts additional periodicity into
the gated resonant cavities along the channel and enhance the
efficiency of the device by strengthening the coupling between
the plasmonic oscillations and the EM field. The grating gates
can also serve as antennas, converting plasmonic oscillations
into THz EM radiation.

In addition to THz EM signal generation, modulation is
required for the integration of information in signal commu-
nications. Currently there are two main approaches for the
modulation of THz signals. The first involves pulse-based
THz signals, e.g., time-spread on-off keying (TS-OOK) where
femtosecond-long pulses represent symbols [30]. The second
approach uses carrier wave modulation. Various device config-
urations and techniques for THz carrier-wave modulation have
been investigated and developed [31]. This includes amplitude
modulators [32] that are usually limited to a few hundred MHz,
and phase modulators [33] that can be readily incorporated into
plasmonic devices. Recent progress in THz amplitude and phase
modulation is mostly based on the use of externally controlled
reflection/transmission of the incident THz EM wave in lay-
ered structures with various tunable metasurfaces [34], [35].
Modulation depths up to 87% with 0.7 THz bandwidth were
reported [34]. Recent review of the THz modulators with tunable
metasurfaces can be found in [36]. Some progress in the THz
frequency modulators had also been reported [37] but it remains
extremely limited, removing an important additional degree of
freedom from today’s THz communication systems. Moreover,
the majority of available devices for THz modulation are not
integrated on chip with other elements of the THz transmitter,
and they require an external THz EM source. Recently the RTD-
based on-chip THz transmitters with modulating capabilities
have been reported [38]. They demonstrate the room temperature
operation with modulation frequency up to few tens of GHz
and the carrier frequency in the sub-THz range [39] though the
RTD-based emitters with the fundamental frequencies as high
as 2 THz have been reported [38].

In this paper, we present a tunable plasmonic THz nano-
generator based on a graphene HEMT with amplitude and
frequency modulation (AM & FM) capabilities, offering ultra-
high AM and FM bandwidth at room temperature operation.
The advantage of using graphene as a 2D electron channel in
HEMT is due to its extremely high electron mobility at room
temperature [40], [41], as well as excellent optical and electrical
tuning capabilities. The device is numerically modeled in our
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in-house developed multiphysics simulation platform allowing
simultaneous self-consistent solution of the hydrodynamic and
Maxwell’s equations, describing the device operation [26]. The
simple design allows the integration of the modulator into the
THz generator via direct tuning of the device parameters. We
report our theoretical results showing bandwidths up to several
hundred GHz and modulation depths exceeding 40%.

Our very early studies of this problem had been presented in
the proceedings of the ACM NanoCom 2021 conference [42].
Here, in continuation of this work, we discuss in detail the
physical effects leading to amplitude and frequency modulation
and determine theoretical limits of the modulation bandwidths
confirmed by the direct numerical experiment. Also, we present
the modulation results and metrics directly as a function of the
transistor tuning input signals, such as the source-drain current
and the gate voltage. We then use common binary shift keying
modulation schemes to demonstrate device performance for
practical applications.

The device applications are envisioned in WNoCs, where
today’s proposed schemes mostly include graphene nano-
antennas [43], requiring a signal generator and modulator in
addition to the micron-scale components. Replacing the system
components with our single proposed device allows a more
compact device architecture. Furthermore, the compact size of
the device when compared to larger THz antennas with external
sources makes it attractive for use in nanomachines, such as
nanosensor networks.

The remainder of this paper is organized as follows. In Sec-
tion II we discuss the device architecture, and its principles of
operation for THz signal generation and modulation. Section III
overviews the multiphysics simulation platform used to model
the device. The simulation results are presented in Section IV,
where we demonstrate successful amplitude and frequency mod-
ulation and analyze the device performance metrics. Finally, we
present our conclusions in Section V.

II. MODULATOR DEVICE STRUCTURE AND
PRINCIPLES OF OPERATION

In this section the basic design of the graphene-based plas-
monic HEMT is presented, and the working principles of the
generator and the modulator are discussed.

A. Device Structure

The proposed HEMT device is shown in Fig. 1 and consists
of a graphene channel sitting atop a dielectric substrate. The
graphene channel is separated from the metal gate with a di-
electric barrier, while the metal source and drain contacts lie on
either side of the channel. The gate voltage V;; applied between
the source and the gate contacts defines the 2D electron density
np in the graphene layer, and the bias current /5 between the
source and drain contacts defines the electron drift velocity vg in
the graphene channel with electron flow density in the channel
Jo = novo. In our numerical simulations we choose geometri-
cal parameters commonly used in the graphene HEMTSs with
the channel length L = 1 um, the dielectric barrier thickness
d = 20 nm, and the substrate thickness [ = 400 nm. We used the
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Fig. 1. Schematic of the proposed graphene transistor structure.

electric permittivity of the dielectric material e = 3.8, and also
assumed that all HEMT contacts have a very large conductivity,
making them practically ideal metal contacts at THz frequencies.

B. Dyakonov-Shur Instability

In 1993, Dyakonov and Shur theoretically demonstrated [25]
that electron plasma instability is developed in the plasmonic
cavity formed in the 2D electron channel of the high-mobility
FET biased by the DC current, provided that the asymmetric
boundary conditions are imposed at the opposite ends of the
cavity. In particular, when electron flow is directed from the
source to the drain, the AC impedance between the gate and the
drain (Z,4) must be larger than the same impedance between the
gate and source (Zg,): Zgq > Z4,. Given the capacitive nature
of these impedances, the asymmetric conditions can be realized
experimentally by depleting the electron channel near the drain
in the FET saturation regime [44] or by asymmetric positioning
of the gate with respect to the source and drain contacts [45].
In the ideal limit of Z,3 = 0 and Z,4 = oo, these boundary
conditions are equivalent to the conditions n(z = 0,¢) = ng and
j(z = L,t) = jo, where functions n(z,t) and j(x,t) describe
spatio-temporal evolution of the electron density n and electron
flow density j in the channel with the source and drain contacts
positioned at x = 0 and x = L respectively, see Fig. 1.

As shown in [25], under these conditions, random fluctuations
of the electron or current density traveling downstream increase
in amplitude after reflection from the drain contact whereas
the same fluctuation traveling upstream does not change its
amplitude after reflection from the source contact. As a result
of multiple reflections, the amplitude of plasma fluctuations in-
creases exponentially with characteristic time determined by the
electron transit time through the channel L /vg. This exponential
growth is impeded by the damping effect due to random electron
scattering described by the electron momentum relaxation time
7.1f L/vg > 7, the instability is developed in the uniform elec-
tron plasma. For graphene structures, the instability increment
~ is determined as [26], [46]

e (D

Growth of plasma fluctuations is accompanied by increasing
heating and radiation losses. When the energy supplied by the
external circuit is balanced by the losses, the electron system in
the channel stabilizes in some stationary state. Numerical studies
of graphene transistors in the DS regime [26], [47] demonstrated
that the instability endpoint represents a coherent (nonchaotic)
anharmonic oscillator with the electron density and plasmonic
current periodically changing in time with fundamental fre-
quency

v
fo= %, @)
where
2 2
vy e*y/nodvr
frng —_— _— 3
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is the plasma wave velocity in the gated 2D graphene channel
and vF = 1.5 x 10% m s™! is the Fermi velocity in graphene.
This frequency coincides with the frequency of the quarter-
wavelength standing wave in the plasmonic cavity. Sustained
plasma oscillations in the graphene channel fed by the DC bias
current emit EM waves at THz frequencies, thus the graphene
HEMT in the DS regime represents the nano-generator of THz
EM radiation. Simple estimates of the total emitted power made
within 2D radiation model in [26] yield the power values on the
order of tens of nanowatts. To enhance the radiation from the
device, an antenna structure is needed. For example, graphene-
based nano-antennas have been proposed in the literature [48],
[49], [50], [51]. However, attaching the antenna structure to our
device may significantly modify the DS boundary conditions
reducing or even destroying the plasma instability. An alternative
approach is to use the THz nano-generator as a feeding point of a
half free-space wavelength metallic patch antenna by placing the
graphene HEMT near or within the antenna resonant cavity [52].
The design of the resonant cavity and the placement of the
feeding point within or near the cavity to maximize the radiation
of the resulting structure is part of the ongoing work, and the
results will be published elsewhere [53].

C. Integrated Modulator

The THz EM signal generated by the asymmetric graphene
HEMT in the DS regime has constant frequency determined by
(2) and (3) and constant amplitude. The addition of a temporal
variance in the applied gate voltage or DC bias current results
in a change of frequency or amplitude of the generated signal.
This additional degree of freedom incorporates information into
the signal, adding easy on-chip modulation capabilities to the
THz nano-generator. This integrated generator/modulator sys-
tem operating at room temperature with modulation capabilities
limited only by the quality of the graphene 2D channel compares
favorably with today’s cutting-edge THz plasmonic modulators.

Amplitude modulation can be realized by varying the DC bias
current passing through the transistor channel. This procedure
changes the equilibrium drift velocity vy and the instability
increment «y given by (1). An increased (decreased) instability
increment leads to the stabilization of the plasma oscillations
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with larger (smaller) amplitude, resulting in amplitude modula-
tion of the THz EM signal.

Frequency modulation can be achieved by varying the gate
voltage V,, connected to the equilibrium electron density ng in
the channel as

eng = C(Vys — Vin), “)

where e is the elementary charge, C' = <3 is the gate-to-channel
capacitance per unit area, and Vj;, is the transistor threshold
voltage. Varying the electron density ng changes the carrier
frequency in (2) and (3), providing frequency modulation of the
THz EM signal. Thus, applying even simple waveforms to the
voltage and/or current sources can result in complex modulation
schemes.

In Section III we consider tuning the equilibrium pa-
rameters via simple modulation schemes: ng(t) = no(1+
Ay, sin 2w f,,t) and jo(t) = jo(1 + A,y sin 27 font), where f,,
is the modulation frequency and A,, is the modulation am-
plitude. The simple waveform is then replaced with a binary
sequence to demonstrate the device performance when using
binary amplitude-shift keying and binary frequency-shift key-
ing modulation schemes. We numerically analyze the results
of applying these waveforms to our device, demonstrating the
potential for ultra-broadband wireless communications.

III. MULTI-PHYSICS MODELING

While analytical formulas describe the DS instability in the
linear regime, robust numerical solver is required to simulate
the THz transistor performance in the radiating stationary state.
Analysis of this performance requires a self-consistent solution
of both the hydrodynamic equations and Maxwell’s equations.
The hydrodynamic equations model electron transport within
the transistor channel, and Maxwell’s equations describe the
EM field in the surrounding space. These two sets of equations
are used in our multi-physics simulation platform for accurate
modeling of the proposed THz nano-generator. Here we describe
the main building blocks of our numerical platform.

In the numerical simulations we restrict our consideration to
the 2D spatial model, assuming that all variables are changing
in the z-z plane only where the z-axis is chosen in the source-
to-drain direction, and the z-axis is perpendicular to the 2D
channel plane. Thus, the system is assumed to be uniform in
the y-direction. The gridspace is set in the z-z plane with spatial
increments dz and dz satisfying the Debye criterion [22] and the
time increment dt limited by the Nyquist theorem: dt < dx/2¢,
where c is the speed of light.

A. Hydrodynamic Equations

The hydrodynamic equations describing 2D electron transport
in graphene are the equation of continuity and the Euler equation.
The continuity equation connecting the electron density n(z, t)
and the particle flow density j(z, t) represents the conservation
of the number of particles,

on dj

% o &)
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whereas the Euler equation describes the dynamics of the elec-
tron fluid. The non-linear Euler equation for the 2D electron
fluid in graphene applicable at arbitrary values of the flow
density j was derived in [26] and can be written in terms of
n and j as

2— ﬂZ(JCvt) a](xat)
2 ot

dj(z,t)
ox

+ UF/B(J:7 t)

on(z,t)

+ s (1-28%,1))
2 ’ ox

5/4
. op (1 B BQ(x,t)) \/meEz(xﬂf)

Vh
. ; 5/4
X () —nl= ) 0 - P@)"
T n(x,t) ’
(6)
where 3(z,t) = Uﬁ Ef(’;)t) and E,. (z, t) is the induced AC electric

field in the graphene channel. This equation includes the effects
of random electron scattering in the relaxation time approxima-
tion. The “hydrodynamic block™ of the numerical platform has
two variables: the electron density n and the particle flow density
J. The continuity equation is used to update the value of n and
the Euler equation to update the value of j in each iteration.

B. Maxwell’s Equations

The value of E,(x,t) in (6) is found from the system of
Maxwell’s equations
OH

VXE:_NOWv

VxH=—e(j—j0)d(2)Xx+ eeoaa—lf, (7
where £ = E, X+ E.z and H = H,§ are the electric and
magnetic components of the THz EM field induced by the
electric current with density —e(j — jo) in the 2D graphene
channel. A modified version of the finite-difference time-domain
method [54] allows the implementation of all equations into a
unified numerical computation platform which permits the over-
lap of the hydrodynamic and EM parameters for the conjunction
of the two solvers when two sets of equations are looped for
self-consistency. The numerical solver is run on MATLAB as
commercial tools do not allow the simultaneous time-domain
simulation of both solvers using the FDTD method. Further
details of the numerical method can be found in [23]

IV. NUMERICAL RESULTS

In this section we present the results of our numerical sim-
ulations demonstrating the modulation capabilities of the pro-
posed THz nanogenerator. This generator without modulation
was considered in [26]. In Figure 2, we present the spatial
distribution of the electric field component of the THz EM field
radiated by the graphene HEMT shown in Fig. 1 assuming the
electron density 3.8 x 10'6 m~2 in the channel and the DC bias
current density 23 A cm ™', These results were obtained based

Authorized licensed use limited to: Fondren Library Rice University. Downloaded on January 03,2023 at 03:17:18 UTC from IEEE Xplore. Restrictions apply.



CRABB et al.: AMPLITUDE AND FREQUENCY MODULATION WITH AN ON-CHIP GRAPHENE-BASED PLASMONIC TERAHERTZ NANOGENERATOR 543

Z [pm]

(=) =1
E[V/m] &
Z [um]

o
o

1
OM i
0 0.5 1

X [pm]

0 0.5 1
X [pm]

(@) (b)

Fig. 2.  Spatial distribution of the electric field components E;, (a) and E, (b)
of the THz EM radiation generated by the graphene transistor structure in the
DS instability regime.
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Fig. 3. Power radiated from the device P as a function of applied DC current

density Jo at constant electron density ng = 3.8 x 1016 m~2.

on the approach developed in [26]. In the current 2D version
of our simulation platform, we can solve the hydrodynamic and
Maxwell’s equations in two dimensions only, and therefore only
FE, and E, components are shown in Fig. 2. The same limitations
allow us to find the radiated EM power P in the x — z plane
only, and the device with modulation considered in this section
is thus demonstrated with the 2D power density P. The total
3D power can be roughly estimated by multiplying the power
P by the width of the device in the y-direction. However, this
estimate can only be viewed as the lower bound for the emitted
EM power because the width of the considered graphene HEMT
is much smaller than the wavelength of the THz EM radiation
in free space. In this case, the dipole-like radiation is expected
with the total power proportional to at least the squared device
width.

A. Amplitude Modulation

Amplitude modulation of the THz EM signal can be achieved
by varying the DC bias current density Jy = ejo because the
signal amplitude depends on .Jy as discussed in Section II. This
conclusion is illustrated in Fig. 3 where we plot dependence of
the radiated power P of the THz EM signal on the current den-
sity Jo. All numerical simulations were performed at constant
electron density ng = 3.8 x 10'® m~2 and electron momentum
relaxation time 7 = 5 ps. The radiated power increases with Jy

as expected, yielding the responsivity defined as AA—jz around

35 uW AL
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W
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Fig. 4. Radiated power P (blue) as a function of time at bias current den-
sity Jo(t) = Jo(1 4 Apy sin 27 f,, t) (orange) with Jo = 23 A cm ™!, fay =
80 GHz, and Ap; = 30%.
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Fig. 5. Calculated responsivity of the AM signal as a function of modulation
frequency f,.

In Fig. 4 we present the results of our numerical simulations
of the temporal evolution of the same signal when the bias
current is modulated as Jo(t) = Jo(1 + Ay, sin 27 i, ). In this
simulation, we used Jy = 23 A cm ™', the modulation frequency
fm = 80 GHz, and the modulation amplitude A,, = 30%. The
carrier frequency f, defined in (2) and (3) is equal to 1.17 THz
for our set of transistor parameters. The results shown in Fig. 4
demonstrate the amplitude modulation of the THz EM signal
with responsivity around 6.75 zW A~!. We note that the stable
THz EM signal is set in the transistor after the transient time of
~50 ps, thus the modulator was turned on at 60 ps mark. This
transient time is determined by the inverse instability increment
1/~ and the amplitude of the stable THz signal. The same tran-
sient process causes the shift between the applied modulating
signal (orange line in Fig. 4) and the resulting modulated THz
EM signal (blue line in Fig. 4). However, the “shifting” time is
notably shorter than the transient time because of the smaller
change in the signal amplitude. Both the transient and the shift-
ing time can be shortened by increasing the bias current .Jy and
the instability increment. The finite “shifting” time effectively
reduces the responsivity of the device. This effect becomes more
pronounced at larger modulation frequencies. In Fig. 5 we plot
the responsivity calculated in the dynamic regime as a function
of the modulation frequency f,, illustrating this conclusion.

The finite shifting time limits the modulation bandwidth
and degrades the performance of the amplitude modulator by

Authorized licensed use limited to: Fondren Library Rice University. Downloaded on January 03,2023 at 03:17:18 UTC from IEEE Xplore. Restrictions apply.



544
30
130
25
Eal =
=15 =
S s
&0 ' ’ 20 =
i l “ i
’ ” T r Iif I .
o J.HM‘\H\H\\M.Hum.m\.muhMN Mt
90 100 110 120 130 140 150
Time [ps]
Fig. 6. Radiated power P (blue) as a function of time at bias current density

Jo(t) (orange) encoded with information bits M = [11010] with symbol period
Ts = 10ps.

reducing the modulation depth. The modulation bandwidth can
roughly be estimated as -y, and for our set of device parameters
is equal to ~100 GHz at Jy = 23 A cm™'. This is the sole
modulation frequency limit imposed by the physical processes
in the graphene HEMT, though it can be further reduced due
to frequency limitations in the external circuitry providing the
modulation signal. In Fig. 4, the modulation depth is about 40%
though the values exceeding 75% were obtained when f,,, is
decreased to 50 GHz and below. These values can be further
increased at larger A,,.

Figure 6 shows the amplitude modulated signal when the
sine wave (equivalent to [10101]) is replaced with information
bits M = [11010]. In this Figure, the applied current (orange
line) has a high value corresponding to bit ‘1’ and a low value
corresponding to bit ‘0’. The blue line shows the resulting THz
EM signal amplitude modulated with the bits M. Here the
information is encoded in the signal with a symbol period of
Ts = 10 ps. This period corresponds to a modulating frequency
of f,, = 100 GHz in our previous sine wave demonstration. The
modulation bandwidth and modulation depth were calculated as
100 GHz and 60%, respectively, with an amplitude deviation of
9nW pm~1.

B. Frequency Modulation

Frequency modulation is based on the dependence of the
carrier frequency f. on the electron density ng controlled by
the gate voltage V,, applied to the transistor structure, as
follows from (2)—(4). In Fig. 7, we show dependence of the
carrier frequency f. on the gate voltage V;, (blue dashed line
with asterisks) obtained by direct numerical simulation. In this
simulation, we assumed that a constant electron drift velocity
vo = 4 x 10° m s~! is maintained in the graphene channel by
applied constant source-drain voltage. For comparison, we also
show dependence of the fundamental plasma frequency fy on
the gate voltage found analytically from (2)—(4) (orange solid
line). The responsivity defined as AA‘ZGS , determined from the
plot in Fig. 7, gradually decreases with increasing electron
density changing from 200 GHz V! to 43.1 GHz V! when ng
increases from 1 x 10 m=2 to 5 x 10'® m~2, corresponding
to the gate voltage swing of 3.8 V.

The frequency spectrum of the generated FM modulated THz
EM signal with f,, = 180 GHz, A,, = 30%, and ng = 3.1 X
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Fig. 7. Carrier frequency dependence on the gate voltage Vs — Vi, found
from (2) and (3) (orange line) and by direct numerical simulations (blue dots)
at constant electron drift velocity vo = 4 x 10% m s~ 1.
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modulating gate voltage signal with fy; = 180 GHz and Ap; = 30%.

10*® m~2 is shown in Fig. 8. At this value of electron density, the
fundamental plasma frequency fo = 1.11 THz. In our numeri-
cal simulations presented in Fig. 8, we used the second harmonic
corresponding to the carrier frequency f. = 2fy = 2.22 THz.
The numerical results demonstrate a modulation bandwidth
of 360 GHz, and the responsivity around 105 GHz V~!. The
modulation depth given by the ratio of frequency deviance to
the carrier frequency is 8%.

In the case of frequency modulation, the value of the modula-
tion frequency is limited only by the inverse electron relaxation
time 1/7 (the Drude roll-off frequency) as long as the plasma
oscillations satisfy the ballistic limit condition: 27 f.7 > 1[55].
For 7 = 5 psused in our calculations, it gives theoretical limit for
the modulation frequency at 200 GHz, which can be reduced by
the high frequency limitations of the external circuitry. Further
analysis of the device operation shows successful FM capa-
bilities up to and including this Drude roll-off frequency and
substantial reduction in spectrum clarity above this limit.

Figure 9 shows the frequency modulated THz signal when the
sine wave is replaced with information bits A/ = [10010]. Here
the symbol period is Ts = 5ps and the amplitude is Ay =
30%. In this Figure, the frequency spectrum near the carrier
frequency is shown at several consecutive moments of time with
T’s increments. When the signal has a resonant frequency of f. =
2.34 THzitis encoded with bit ‘1,” and when the signal resonates
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Fig. 9. Frequency spectrum of the THz EM signal in the presence of the
modulating gate voltage signal encoded with information bits M = [10010]
with a symbol period T's = 5 ps.

at f. = 2.20 THz it is encoded with bit ‘0’. The modulation
bandwidth and modulation depth were calculated as 220 GHz
and 3%, respectively, with a frequency deviation of 70 GHz.

V. CONCLUSION

An efficient transmitter in the THz range is one of the key el-
ements of future high-data-rate wireless networks due to record
bandwidths achievable in the THz domain. Among different
approaches to the THz signal generation [6], [10], the one based
on using plasma oscillations in the 2D electron channel of the
graphene HEMT [16], [17], [18],[19], [20], [21],[22],[23], [24],
[25], [26], [27], [28], [29] has a number of advantages, such as
compact size allowing on-chip integration and room temperature
operation. These nanogenerators may be used in many “internet
of nano-things” applications like WNoCs, intrabody communi-
cations, and wireless nanosensor networks.

Transmission of information in the wireless network requires
modulation of the THz carrier signal. Here, we demonstrate
successful amplitude and frequency modulation of the THz
signal through numerical modeling of the plasmonic graphene
HEMT operating in the DS regime. Our simulations show that
the signal modulation can be easily achieved using the features
of the transistor design. In particular, modulation of the transistor
gate voltage with an information signal results in the frequency
modulation of the carrier signal. The same modulation of the DC
bias current through the transistor yields amplitude modulation
of the carrier signal. Modulation bandwidths up to 200 GHz with
modulation depths exceeding 75% dependent on the transistor
parameters were obtained in our numerical simulations. These
results show the possibility of development of the THz nanogen-
erator with integrated modulator suitable for the wide-ranging
applications in communication field.
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