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Abstract: Energy-efficient devices will play a key role in the continued performance scaling of
next-generation information and communications technology systems. Graphene has emerged
as a key optoelectronic material with unique energy-like properties. But to the best of our
knowledge, these advantages have not yet been fully exploited in optical modulators design. In
this work, we design and analyze an optical modulator which is composed of two graphene layers
and a ring resonator made with different amount of graphene. For performance analysis, the ring
resonator’s amount of graphene is varied from 25 to 100% with four discrete steps. The critical
coupling condition representing the OFF-state, and the 3-dB transmission level representing
the ON-state of the device are obtained. Numerical results show this new optical modulator
consumes as little energy as 4.6 fJ/bit whilst achieving a high-speed operation with a bandwidth
up to 42.6 GHz when employing surprisingly only 25% of graphene. The 42.6 GHz modulator
has a footprint as small as 22.1 µm2 with an active area of 1.68 µm2 only, the smallest active
area to date. Alternatively, the optical modulator achieves up to ∼88.5 GHz at the expense of
consuming 17.5 fJ/bit when using 100% of graphene. The proposed graphene-based modulator
proved to be a compact, energy-efficient, high-speed device, useful for a myriad of applications
including mobile fronthaul, telecom, and datacom.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Currently, there is a rapid deployment of deep optical fibre in many countries as a direct
result of the rollout of the fifth-generation mobile systems [1]. The deep fibre deployment
provides connectivity mainly between central offices and remote radio head antennas [2]. This
network segment, called mobile fronthaul, will be eventually based on millimeter wave spectrum
technologies supporting higher bandwidth and data rates whilst coping with challenging energy
consumption requirements [3]. This growing uptake of the mobile fronthaul based on optical
fibers is expected to enable a new range of emerging applications, not yet fully mature and
commercially available, which may further push energy consumption beyond unexpected levels.
The power consumption is becoming a concern in terms of energy costs and carbon dioxide
emissions. Therefore, energy-efficient information and communications technology (ICT) will
underlie a key role in performance progress scaling and also to limit increasing environmental
impacts. Continuous improvements in the energy efficiency and power consumption of ICT
equipment to significantly reduce carbon dioxide emissions by utilizing greener technologies has
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become of major importance [4–6]. Current technologies still face challenges not only to meet
energy-per-bit requirements, but also bandwidth, footprint and cost.

Graphene, a CMOS compatible technology with a single layer of carbon atoms, has many unique
characteristics. These include high thermal stability, tunable conductivity, and ultra-high carrier
mobility. Among several technologies regarded as greener, graphene has been successfully proven
relevant for ICT building blocks such as optical modulators [7,8]. A graphene-based modulator
was first demonstrated a decade ago [9]. Since then, several graphene-based modulators have
been proposed [10–31]. Optical modulators based on graphene have outperformed traditional
modulators in terms of the bandwidth, power consumption, and footprint. For example, several
works have addressed the performance of graphene-based modulators [9,14,22,24,28]. However,
they still have room for performance improvements, especially in the power consumption,
bandwidth, and footprint.

In this paper, we propose a new design based on the graphene’s amount of an optical modulator
and then analyze its power consumption. The new design reduces the power consumption of the
optical modulator below 5 fJ per bit. The modulator consists of two graphene layers, an alumina
layer, and a ring resonator. The latter is partially made with different amount of graphene. The
amount of graphene on the ring resonator is varied from 25% to 100% with four discrete steps
for analysis. For example, 25% graphene modulator means the ring resonator is only partially
covered with graphene. The chemical potential is obtained to the OFF-state as a key parameter
to yield distinct characteristics in the device’s behavior and operation. The critical coupling
condition representing the OFF-state, and the 3-dB transmission level representing the ON-state
are obtained for the analysis. The parameters of the modulator are extracted based on transmission
characteristics by using the finite element technique. Numerical results show the new graphene
modulator consumes as little energy as 4.6 fJ/bit whilst achieving high-speed operation with
bandwidth of 42.6 GHz. This modulator’s performance is a significant achievement as only 25%
of its ring resonator area is covered with graphene, providing a substantial cost reduction when
compared to traditional graphene modulators. Alternatively, the modulator operates at up to
∼88.5 GHz whilst still within femtojoule levels of power consumption (17.5 fJ/bit), but with
100% of graphene. Finally, the 42.6 GHz modulator has a footprint as small as 22.1 µm2 with an
active area of only 1.68 µm2. To the best of our knowledge, this is the smallest active area to date.
This renders graphene-based modulators to be energy-efficient, high-speed, compact and useful
for myriad of applications within ICT including mobile fronthaul, telecom, and datacom.

2. Graphene and its optical and electrical properties

The physical understanding of graphene’s optoelectronic properties are of great interest for ICT
applications. Graphene allows its electrons close to the k point to have zero effective mass by
presenting an energy curve of linear dispersion. This renders the material with high charge
mobility and extremely sensitive to its optical properties variations, which can be achieved with
small variations in the level of their chemical potential, whether achieved via chemical interaction
with other molecules or atoms, or via application of an external electric field, changing their
dielectric and optical absorption properties [7].

A- Graphene Optical Conductivity
Fermi level lies close to the Dirac point due to gapless band property of graphene. Hence,

maximum amount of the incident photon energy is absorbed by the valence band electron to
make inter-band transition and thus the optical transmission through the modulator decreases.
Accordingly, both inter-band and intra-band transition that determine the complex optical
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conductivity of graphene can be expressed by using the Kubo’s integral as follows [32]

σ(µ,ω, T , Γ)total =
je2(ω − j2Γ)
πℏ2[︄

1
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Where fd(ε, µ) = [e(ε−µ)/kBT + 1]−1 fd (ε,µ) represents the Fermi distribution of states with energy
ε, µ is the chemical potential in electron-volt, ω is the angular frequency, T is the absolute
temperature in Kelvin and Γ represents the scattering rate of charged particles. Accordingly,
it is possible to obtain by solving this integral the expression that gives us the permittivity
of the graphene sheet with thickness ∆ in terms of its real (σreal) and imaginary σim parts of
conductivity as

εrgraph = 1 −
σim
∆ω
+ j
σreal
∆ω

. (2)

B- Critical Coupling of the All-pass Resonator
Let us assume an all-pass resonator coupling to bus waveguide. Then, according to the critical

coupling theory [33], the scattering matrix that represents the coupling can be obtained as

(b1 b2 ) = (tk − k∗t∗ )(a1 a2 ), (3)

t, k, a1 and b1 represent the transmission, coupling, input and output coefficients respectively
and a2 = b2σ ejθ where θ represents the resonator phase. Given the circulation condition inside
the resonator, where α and θ represent the round trip loss coefficient and the phase shift angle,
respectively. Thus, the expression for the ratio of transmitted output and input power can be
calculated as follows

T =
|︁|︁|︁|︁b1
a1

|︁|︁|︁|︁2 = |b1 |
2 =
α2 + |t|2 − 2α |t|cos(θ)
1 + α2 |t|2 − 2α |t|cos(θ)

. (4)

Interestingly, this equation allows someone to address the variation in the transmission proprieties
due to both absorption and phase effects. Accordingly, when graphene is used as the active
material, its real and imaginary conductivity are related to the losses and phase shift.

3. Design and properties of the optical modulator

This section describes in detail the structure design and proprieties that ate common for the optical
modulator investigated in this work. Comsol Multiphysics 3.5a has been used for this numerical
analysis. Accordingly, the structure of the modulator, shown in Fig. 1, is based on a silicon (Si)
core bus waveguide of width W1 = 340 nm coupled to a ring-shaped silicon resonator whose
width is fixed as W2 = 600 nm in which both core silicon waveguides have the same thickness
hSi = 220 nm. Moreover, on top of the silicon core, the resonator is partially covered with three
thin layers. The first layer is composed of graphene and has thickness hg = 0.34 nm, the second
layer is composed of alumina with thickness ha = 7 nm, and finally the top layer is also made
of graphene with the same thickness hg = 0.34 nm. The entire structure is surrounded by silica
substrate. It is worth point out that this kind of double-layer structure has smaller formfactor than
single-layer designs, being favorable for further device footprint reduction [18]. Furthermore,
since the optical and electrical response of graphene is much faster than in doped silicon, it
reduces the bandwidth limitation related to the rise and relaxation lifetime of the free carrier
concentrations [9,13]. Lastly, there are two metal contacts on the top of the silica substrate with
each connected to a graphene layer, forming a capacitor. The two metal electrodes are placed
accordingly so as the losses become negligible but not too far from the waveguides in order
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to mitigate the contribution of sheet resistance as in [9,15,24]. The described device can be
fabricated, for example, with chemical vapor deposition grown graphene sandwiched between
silicon and silica substrate, followed by a photolithography and etching. For all simulations, a
quasi-TE fundamental mode is excited at the input port 1 as it provides a better confinement than
does the fundamental quasi-TM mode. It is worth mentioning that the values defined for W1
and W2 have been optimized in order to maximize their efficiency in terms of gap considering
the fabrication feasibility and to minimize bending losses for resonators with external radius of
2.08 µm whilst still preserving a fundamental mode resonant structure. Judicious design and
optimization of these parameters might enable unique advantages within graphene proprieties,
giving rise to overall performance improvements. The analysis and results for this optimization
procedure are shown in Fig. 2(a), b. In this fashion, from the dispersion curves of the resonant
wavelength for the first and second order radial modes plotted in Fig. 2(a), we can establish the
cut-off width W2 = 600 nm, for which the first order radial mode interacts weakly with the inner
sidewalls whereas the second order mode is completely suppressed. This effect can be clearly
seen for the cross-sectional mode profile considering the electrical field provided in Fig. 2(a)
for different resonator widths. Regarding the W1 optimization, our simulations show that for a
waveguide width smaller than 340 nm is possible to reach a wider gap for the critical coupling
tunning which is less sensitive to fabrication errors (see Fig. 2(b)). It is worth to pointing
out that the waveguide supports single mode operations even for widths smaller than 340 nm.
Furthermore, it is noteworthy that the effect of free charges transfers from the graphene layer to
the silicon waveguide due to the direct contact between both surfaces, is neglected. The latter is
due to the coefficient value of the TE mode (−8.72× 104 dB/µm/mW) [34], which is one order of
magnitude lower than does the bending losses of the resonator, considering low coupled power
of 0.5 mW and an external radius of 2.08 µm. It should be further noted that the loss related
to the ring’s curvature as well as the graphene optical absorption are taken into account for the
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Fig. 1. (a) Front-view of a graphene ring-resonator coupled with a bus waveguide (width
W1); (b) Cross-sectional view of the modulator. W2 is ring waveguide width, Rext is the ring
external radius, and hg and ha are the thickness of graphene and alumina layers, respectively.
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device’s optimization by considering gap values satisfying the modulator’s critical coupling
condition. Moreover, the graphene’s permittivity is obtained via the Kubo’s formula [32], by
substituting the results of its conductivity (for T = 300 K and Γ = 0.43 meV) into (2). Finally, we
use the experimental values obtained from [35–37] for the refractive indexes of silicon, silica and
alumina.
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Fig. 2. (a) Dispersion curves of resonance wavelength of the first (blue line) and second
(red line) order radial modes as a function of the resonator width (W2); (b) OFF state gap as
a function of the bus waveguide width (W1).

4. Performance analysis of the graphene-based optical modulator

This section discusses the chemical potential properties of the modulator, simulation methodology,
and the optimization of the resonator. Once we have defined the main features, the analysis
of the functionality and behavior of the modulator including the ON- and OFF-states can be
addressed in the next step. It is worth mentioning that 3D simulations are carried out with the
help of an approximation methodology as the direct computational cost with all layers included
would be prohibitive. Accordingly, without loss of generality and accuracy, the homogenization
approximation of the transverse structure of the waveguide is defined as follows: both layers
of graphene and the layer of alumina are replaced for device’s benchmark purposes only by a
homogeneous waveguide with index of refraction nhomog given by as

nhomog. = nSi + α(µ, λ) + jβ(µ, λ), (5)

and
nef fgraphene = nef fhomog. (6)

where α and β are the real and imaginary parts of the silicon refractive index being a function
of the wavelength and chemical potential. nSi is the silicon refractive index, and nef fhomog
and nef fgraphene are the effective refractive index of the homogeneous and graphene-assisted
waveguides, respectively. Accordingly, (5) and (6) render a homogeneous waveguide instead of
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a classical heterogeneous waveguide with different index of refraction values. For the method
proposed here, the error estimation is stipulated in terms of both, variation of the real and
imaginary part of the refractive index. The estimated error for both refractive indexes is ∼0.05%
only. This means that the method accounts for the graphene’s behavior based on variation of
phase and losses (i.e., by considering the real and imaginary parts, ∆neff) for ON- and OFF-states.
It is worth pointing out that the proposed homogeneous approximation renders the key advantage
of being computationally faster and more efficient model for performance benchmarking of the
graphene-based device.

Next, we analyze the chemical potential properties of the modulator considering different
quantities of graphene. A schematic illustration of the waveguide homogenization technique is
depicted in detail in Fig. 3(a). The variation of the real and imaginary part of index versus the
chemical potential for a wavelength of 1.5344 µm is plotted in Fig. 3(b). Let us to consider the
modulator (amplitude and phase modulation), then, the chemical potential for its OFF-state is
0.444 eV. The latter represents the highest value obtained from the optimal variation range of
the graphene’s real and imaginary conductivity (see Fig. 3(b)). It is worth mentioning that the
analysis considers that both graphene layers are simultaneously at the same chemical potential.
Moreover, the initial doping of both graphene layers is taken into account, which is near −0.125 eV
associated along with n= 1.1× 1012 cm2 [38]. Then, the applied gate voltage of 2.05 V leads to a
slightly asymmetric chemical potential in both graphene layers, which means that one layer is at
−0.459 eV and the other layer is at 0.4285 eV. This corresponds to a deviation of the 0.444 eV
in both layers in a way that one layer has a higher doping level (increase by ∼ 1.1× 1012 cm2)
whereas the second layer has a lower doping level (decrease by ∼ 1.1× 1012 cm2). Accordingly,
this proportional loss compensation makes the asymmetry effect negligible as in [24,38], and
consequently both layers have the same chemical potential. Remarkably, this allows to maximize
both the modulator optical absorption’s and phase variation ratio which is beneficial to reduce the
modulator’s power consumption. For the sake of conciseness, the dependence of the chemical
potentials as a function of the applied gate voltage, taking into account the natural doping level
of graphene represented by a given offset potential, can be depicted as

µc = ℏvf

√︄
π

(︃
e
(︃
ε0εr,diel.

hdiel.

)︃
(V + V0)

)︃
. (7)

Where vf stands for fermi velocity, ℏ for modified Planck constant, V is the gate voltage and V0 is
the voltage offset caused by graphene’s natural doping, and e is electron charge, and

(︂
ε0εr,diel.

hdiel.

)︂
is

the capacitance per unit area. It is noteworthy that the applied voltage induces a p-type in one
and n-type in the other graphene layer i.e., representing the same chemical potential level.

The ON-state of the modulator is obtained for a level of chemical potential in which the
insertion loss of −3 dB is considered. The same resonance wavelength is used as for the OFF-state.
Then, this analysis is carried out many times by varying the ring’s amount of graphene from
25% to 100% within four discrete steps (25%, 50%, 75%, and 100%) while considering the ring
external radius of 2.08 µm. At the resonance wavelength of 1,534.4 nm and the external radius
of 2.08 um and graphene and alumina layers of 0.34 nm and 7 nm, respectively, the maximum
modulation depth of 27 dB is demonstrated. The experimental characterization of the proposed
device along with its validation will be addressed as future work. The unloaded quality (Q)
factor of the microring resonator is 13.820, which is obtained considering the optical bandwidth
in its critical coupling condition (gap= 295 nm). Moreover, the Q factor values are 4213.1,
2488.2, 1743.8, and 1310.4 for 25%, 50%, 75% and 100% graphene. These values are calculated
based on our simulations. Next, we carry out the analysis of the graphene modulator properties,
including the losses. It is noteworthy to mention that the total losses of the device are related to
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Fig. 3. (a) Schematic representation of the homogenization approximation technique for
the resonator waveguide; (b) Real (orange) and imaginary (blue) part of the effective index
for the graphene modulator with W2 = 600 nm, hSi = 220 nm, hg = 0.34 nm, ha = 7 nm, and
λ= 1,534.4 nm. Inset: first derivative of real (green) and imaginary (black) part of the
refractive index considering a chemical potential (µchem) interval between 0.4 - 0.48 eV.

the bandwidth BW when the critical coupling (α= t). The BW is given by [39]

BW−3dB(nm) =
(1 − α2)λ2

0
2π2Rngα

, (8)

where ng, R, and λ0, are the group index, mean radius, and resonance wavelength of the resonator
for the propagated mode. The results obtained for the aforementioned analysis are listed in Table 1.
It is considered the same criterion of insertion loss for the ON-state (−3 dB) and identical external
radius for different amounts of graphene’s ring percentage. Next the numerical simulations for
different configurations of the modulator are performed. By using the values obtained for the
chemical potential for each graphene amount, the power consumption per bit (Joules/bit) as [13],
in which ρon>ρoff ,

EJ/bit =
1
2
(Q2

ON − Q2
OFF)

2C
=

1
4
(ρ2ON − ρ2OFF)e2 hdiel. S

ε0εr
, (9)

where QON and QOFF represent the amount of charge that correspond to the on and OFF state,
respectively, C is the modulator’s capacitance, ρon and ρoff are the carrier concentrations
for the graphene’s chemical potential equivalent to the ON and OFF states, e is the electron
charge, hdielectric is the dielectric thickness, ε0 and εr are the vacuum and relative permittivity,
respectively, and S represents the capacitor’s area, which corresponds to the area on the top
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surface of the resonator. Afterwards, we measured the −3 dB bandwidth. It is also possible to
define the figure-of-merit (FOM) [40] of the modulator as follows

FOM =
FWHM(GHz)

[Power Comsumption(E/bit) X Area(um2)]
, (10)

where FWHM is the full width at half-maximum pulse in the frequency domain, E is the energy
required for switching, and Power Consumption and Area are the power-per-bit consumption
and full area of the device, respectively. Having a FOM provides an expression representing
the device efficiency i.e., gauging its performance. This is very useful for its optimization and
predicting the expected behavior of its design for a given configuration.

Table 1. Simulation Parameters

Graphene (%) Total Loss
OFF-State
dB/µm)

OFF-State
Gap (nm)

Chemical
Potential
OFF (eV)

Chemical
Potential
ON (eV)

25 −0.0089 205 0.444 0.4095

50 −0.0150 170 0.444 0.4115

75 −0.0214 145 0.444 0.4115

100 −0.0245 125 0.444 0.4115

5. Simulation results

The performance of the new graphene ring resonator coupled with a bus waveguide is now
analyzed for four distinct amounts of graphene 25%, 50%, 75%, and 100%. The aim is to obtain
the device maximum efficiency in terms of power consumption per bit. It becomes helpful to
recall the resonator’s configuration before proceeding with the modulator’s analysis itself. The
modulator has a radius with dimension of 2.08 µm covered with a graphene and alumina layer of
0.34 nm and 7 nm, respectively. For the first configuration, the value of the chemical potential for
its OFF state equals to 0.444 eV was chosen to maximize the optical absorption’s variation ratio.
In this case, the ON state was obtained for a level of chemical potential equivalent to an insertion
loss of −3 dB. It is worth pointing out that, without any loss of generality or accuracy, the device
structure can be considered as two graphene layers having the same chemical potential due to
the gate voltage level utilized, which takes the chemical potential to be equally distributed in
both graphene layers [24,38,41–43]. Once the relevant device parameters have been adequately
described, the performance can be discussed.

Initially, we carry out the analysis of the graphene modulator properties considering the
transmission parameter (S21). The transmission parameter versus the wavelength by considering
both, OFF- and ON-states and the four percentages of graphene is plotted in Fig. 4. This figure
schematically shows the power transferred from port 1 to port 2 that is given by the S21 parameter
as part of the tuning procedure of the modulator in its OFF (red curve) and ON (blue curve)
states. The adjustment of the critical coupling is carried out according to the gap variation
between the bus and the resonator. One can observe that both curves (red and blue) have a minor
displacement of the propagation wavelength towards higher values which is due insignificant
phase variation in comparison to the propagation wavelength. This happens due to the device’s
coupling propagation region being much smaller than the beat length. On one hand, the real
part of the graphene’s dielectric constant is responsible for the phase variation of the resonator
that changes the confined mode resonance condition. On the other hand, the imaginary part of
the dielectric constant is responsible for changing the resonator loss coefficient which, in turn,
changes the power transmitted from port 1 to port 2, since it ‘shifts’ the bus resonator from its
critical coupling condition. As the consequence, one can note a displacement of the resonance
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valley and transmission value. Finally, the extinction ratios are −34.27 dB, −39.13 dB, 51.52 dB,
and 32.26 dB for 25%, 50%, 75% and 100% graphene, respectively. Next, it is investigated
the chemical potential ON-OFF variation as a function of the percentage of graphene’s ring
percentage. The results are plotted in Fig. 5(a) (orange). These results give important evidences
on how much graphene should be used.

1.5335 1.534 1.5345 1.535 1.5355
Wavelength ( m)

-40
-35
-30
-25
-20
-15
-10

-3
0

No
rm

al
iz

ed
 S

21
 (d

B)

(a) 25% Graphene

c ON=0.4095 eV
c OFF=0.444 eV

1.533 1.534 1.535 1.536
Wavelength ( m)

-40

-30

-20

-10
-3
0

N
or

m
al

iz
ed

 S
21

(d
B

)

(b) 50% Graphene

c ON=0.4115 eV
c OFF=0.444 eV

1.534 1.535 1.536
Wavelength ( m)

-55

-40

-20

-30

N
or

m
al

iz
ed

 S
21

 (d
B

)

(c) 75% Graphene

c ON=0.4115 eV
c OFF=0.444 eV

1.533 1.534 1.535 1.536 1.537
Wavelength ( m)

-40

-30

-20

-10

-3
0

No
rm

al
iz

ed
 S

21
 (d

B)

(d) 100% Graphene

c ON=0.4115 eV

c OFF=0.444 eV

Fig. 4. The modulator’s transmission curves versus the wavelength considering both OFF
(red) and ON (blue) states and different percentages of graphene. (a) 25% graphene, (b)
50% graphene, (c) 75% graphene, and (d) 100% graphene.

As can be observed, the modulator shows decrease in the chemical potential ON-OFF variation
as a function of the graphene ring percentage. The device must be able to perform high-speed
switching. Thus, bandwidth characteristics supported by the modulator will be investigated. The
−3 dB bandwidth as a function of the levels of graphene’s ring percentage is plotted in Fig. 5(b)
(blue). Results show that the bandwidth increases significantly with the graphene ring percentage.
This occurs due to increases of graphene-related losses as the graphene percentage is increased.
Consequently, the modulator can offer ultra-high switching properties if higher percentages of
graphene are used. Table 2 summarizes the main modulator parameters (ON- and OFF-states,
total losses, ON and OFF chemical potentials) as well as its figures-of-merit (bandwidth, power
consumption per bit, trade-off benchmark) considering four discrete amount of graphene (25, 50,
75 and 100%). The value of fRC = 110 GHz, regardless of the device’s active area. Nonetheless,
the value of R and C change with the given active area. For example, for an active area of 1.68
um2 (25% of graphene) R= 71.54 Ω and C= 20.26 fF, for 3.36 um2 (50% graphene) R= 35.77 Ω
and C= 40.52 fF, for 5.04 um2 (75% graphene) R= 23.84 Ω and C= 60.78 fF, and for 6.72 um2

(100% graphene) R= 17.88 Ω and C= 81.04 fF, respectively. The modulator’s contact resistance
is 100 Ω.µm considering nickel as the contact electrode. Notice that for 50% of graphene the
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Fig. 5. Modulator’s performance. (a) power consumption per bit (blue) and chemical
potential ON-OFF variation (orange); (b) −3 dB bandwidth (blue) and trade-off performance
efficiency (orange) as function of the graphene’s ring percentage.

Table 2. Comparison of the modulator performance for
different percentage of graphene

Graphene (%) 25 50 75 100

µoff (eV) 0.444 0.444 0.444 0.444

µon (eV) 0.4095 0.4115 0.4115 0.4115

fopt (GHz) 46.3 78.3 111.8 148.8

fRC (GHz) 110 110 110 110

f3dB (GHz) 42.67 63.81 78.41 88.45

E/bit (fJ/bit) 4.6 8.75 13.1 17.5

Loss (dB/µm) −0.0089 −0.015 −0.0214 0.0285

FOM3dB (GHz/(fJ x µm2) 0.4184 0.3302 0.2704 0.2287
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modulator offers a large bandwidth (78.3 GHz) with power consumption below 10 fJ per bit. For
25% of graphene, the modulator has an active area of 1.68 µm2 whereas with 100% graphene, the
modulator occupies 6.72 µm2. This means an effective 4-fold reduction of the modulator active
area. With the size, there is also a substantial cost reduction. High-quality graphene is still very
expensive. Hence, the amount of graphene used in the design has a direct impact on the device’s
final cost. Accordingly, the 25% graphene modulator might be 4-fold cheaper than the 100%
graphene modulator regarding the graphene.

Table 3. Comparison on performance metrics of graphene-based modulators

Modulator
Type

Ref f3dB
(GHz)

Footprint
(µm2)

Energy
Consumption

(fJ/bit)

FOM
(GHz/fJbit×um2)

Active
area

(um2)

Multi-layer
Graphene

[44] 3.6 96 10 3.75× 10−3 96

Double-layer
Graphene

[45] 7.5 117.8 188 3.39× 10−4 82.1

Double-layer
Graphene

[24] 10 20 2000 2.5× 10−5 20

Graphene-
based
WG

[18] 34 55 4.26 1.14× 10−1 55

Graphene-
based
Ring

[22] 285.5 8.9 33.6 9.6× 10−1 3.5

25%
Graphene-

based
Ring

This work 42.6 22.1 4.6 4.18× 10−1 1.68

100%
Graphene-

based
Ring

This work 88.45 22.1 17.5 2.23× 10−1 6.72

Lastly, the performance efficiency of the modulator as a function of the graphene’s ring
percentage is investigated. These results are shown in Fig. 5(b) (orange). It is also essential
to evaluate the trade-off between the bandwidth and the power consumption and the device’s
footprint since such parameters have opposite contributions to the overall modulator performance.
Notice that the overall performance deteriorates by increasing the ring’s graphene percentage.
In this case, the reduction of the active resonator area through the increases of the graphene in
ring widening percentage implies a significant reduction in the device efficiency. This occurs
because the large bandwidth obtained by the increasing graphene ring effect is compensated by
the deleterious effect that of the high-power consumption per bit. This suggests that if the main
goal of the device optimization is to minimize its overall power consumption, is worthwhile to
limit the amount of graphene to one-quarter of the whole resonator but doing so the bandwidth is
reduced. If this approach is implemented, such a device can be built to fit an extremely small
area of 22.1 µm2 and still offering a wide bandwidth of 42.6 GHz with very low levels of power
consumption just as 4.6 fJ/bit. The performance in terms of modulation depth and bandwidth
can be boosted if the entire resonator area is covered with graphene. In such a case, the device
achieves 88.45 GHz at 17.5 fJ/bit.

Table 3 compares the main previously reported works in terms of performance and key features
such as bandwidth, footprint, power consumption, FOM, and active area. The goal of the
analysis carried out here is to investigate the impact of graphene’s variation on the device’s
design including the power consumption whilst keeping a reasonable modulation bandwidth and
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footprint. Some previous devices have shown different performance and they suffer from either
larger active area, footprint, or power consumption. It can be seen that our newly proposed device
has the smallest active area. Also, the latter achieves excellent levels of power consumption (4.6
fJ/bit) and bandwidth (42.6 GHz) specially when bearing in mind that this device has only 25%
of its ring covered with graphene whilst the others use 100%.

6. Conclusions

In this paper, we report a comprehensive analysis of an optical modulator composed of graphene.
The ring resonator based-modulator has 2 layers of graphene. For power consumption analysis,
the percentage of graphene was varied from 25% to 100% with 4 discrete steps of 25%. The
device design and operation principle have been presented and explained. The values of the
critical coupling condition (OFF-state) and 3-dB transmission (ON-state) are obtained. In
addition, the main parameters of the graphene modulator are extracted based on transmission
characteristics by using the finite element technique. Numerical results show the modulator
consumes as low as 4.6 fJ/bit operating at 42.6 GHz with 25% of graphene. Alternatively, the
modulator can operate at 88.45 GHz at the expense of consuming more energy per bit (17.5 fJ/bit)
with 100% of graphene. The newly proposed 42.6 GHz modulator uses only 25% of the graphene
when compared to currently reported graphene modulators for the ring resonator design. This
means a significant reduction in the overall cost of the device i.e., the 25% graphene modulator is
4-fold cheaper than the 100% graphene modulator. The footprint and active area limits of the
42.6 GHz modulator as 22.1 µm2 and 1.68 µm2, respectively. To the best of our knowledge, this
is the smallest active area to date. The modulator has an extremally compact footprint and the
smallest active area, due to the reduced ring area with using 25% of graphene. The leverage of
graphene as a green technology may become more substantial during the upcoming decade for
ICT solutions, including mobile fronthaul, telecom, and datacom.
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