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Abstract—In this work, a novel time domain Transmission Line Matrix (TLM) algorithm with
Symmetrical Condensed Node (SCN) is developed to model electromagnetic (EM) wave propagation
through a single graphene layer in Terahertz (THz) spectrum. The intraband conductivity of graphene
(assumed to follow the Drude model) is implemented in TLM method by using the Auxiliary Differential
Equation (ADE) of conduction current density. The validity and stability of the obtained results
demonstrate the effectiveness and precision of this new modeling technique named ADE-(SCN)TLM,
and prove that this method is a powerful tool that can be used to model and simulate complex devices
based on graphene sheet for terahertz applications (e.g., Electronics, optoelectronic, etc.)

1. INTRODUCTION

Graphene, a single layer of graphite, discovered in 2004 [1], is one of the few 2D materials that is stable
at room temperature (i.e., 300 K) and has unique properties due to its carbon atoms sp? hybridization.
Among these properties, we cite high electrical conductivity, high current density, very high electron
mobility, low optical absorption, high thermal conductivity, mechanical flexibility, etc. [2]. Graphene
is described by several analytical complex surface conductivity models obtained by using quantum
mechanics equations. Because of its unique electronic band structure, graphene’s electrons act as
massless relativistic particles (massless Dirac fermion) [3].

In order to simulate wave interaction with graphene sheet and investigate its electromagnetic
property, Maxwell equations must be solved. For only a few case problems, Maxwell’s equations have
analytical solutions, and numerical solutions by using numerical methods are inevitable.

To analyze electromagnetic wave interactions on graphene sheet, numerical methods model
graphene sheet layer as a thin surface with frequency dependent and dispersive conductivity, among
these computational electromagnetic methods (CEMs), we have time domain numerical methods based
on volumetric discretization as finite difference method (FDTD) and transmission line matrix method
(TLM).

In the literature, two approaches are used for EM modeling of graphene layer by using the FDTD
method, in the first approach, graphene layer can be seen as a thin layer with assumed non-zero
thickness [4,5], and in the second approach it is considered with practically zero thickness (i.e., as
a Surface Boundary Condition [SBC]) [6-9].

In several publications, wave propagation through a dispersive medium has been computed using
the SCN-TLM method [10] by introducing several frequency dependence models (e.g., Drude model,
Lorentz model, Debye model, Condon model, Cole-cole model, Davidson-cole model), with different
approaches as the Shift-Operator (SO) formulation [11], Piecewise Linear Recursive Convolution
(PLRC) approach [12], Runge-Kutta Exponential Time Differencing (RKETD) technique [13], Auxiliary
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Differential Equations (ADE) technique [14,15], and Piecewise Linear Current Density Recursive
Convolution (PLCDRC) formulation [16].

In this article, for the first time, TLM method is used to model and simulate the electromagnetic
behaviour of 2D materials generally and graphene sheet specially, and an ADE technique incorporating
the intraband conductivity is implemented to numerically model graphene sheet in which voltage
sources are added on each TLM node. Our method is validated by numerical simulations for Terahertz
applications, and the results are compared with the theoretical ones.

The present article is organized as follows. Section 2 introduces the electronic model of graphene
sheet. Formulations and equations are presented in Section 3. Section 4 reports the numerical results
and discussions. Finally a conclusion is given in Section 5.

2. ELECTRONIC MODEL OF GRAPHENE SHEET

A single graphene layer is modeled as a thin complex conducting surface. The analytical expression for
the surface conductivity of graphene layer can be obtained based on the Kubo formalism in an integral
form [17], as follows:
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where —e is the electron charge, w the angular frequency of the incident wave, I' the scattering rate,
hi = h/2m the reduced Plank constant, € the energy of a single-electron state, fq(e) = 1/[e(e=re)/FBT 1 1]
the Femi-Dirac distribution function, kp the Boltzmann constant, T the temperature, and p. the
chemical potential known also as the Fermi level Er that can be controlled by chemical doping or
electrostatic bias field Ejy.

The first term and second term of surface conductivity in Eq. (1) are due to intraband contribution
and interband contribution, respectively:

0s(w) = " (w) + o () (2)

when 2|.| > hw, the intraband conductivity dominates; on the other hand, if 2|u.| < hw the interband
conductivity becomes dominated [4,7-9]. In this work, the chemical potential is taken as |u.| < 1€V,
and the terahertz frequency regime is considered. Therefore, the interband term can be neglected, and
only the intraband conductivity will be considered and approximated by a Drude model expression,
which leads to:

(3)

where 7 = 1/2T" is known as the phenomenological electron relaxation time, and o is the conductivity
of frequency independent [Direct current (DC)] and can be defined as:
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Instead of surface conductivity defined in Eq. (3), the volumetric conductivity of a thin graphene layer
with thickness h can be evaluated by the following expression as in [18-22]:

O.:éntra (w)

oy(w) = E (5)

The volumetric conductivity in Eq. (5) can be implemented in the ADE-TLM formulation and will be
used in the next section.
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3. FORMULATIONS AND EQUATIONS

Considering an isotropic graphene sheet medium, the Maxwell-Ampere equation in time domain related
to the conduction current density can be presented as:

V x H(t) = 3(t) + € 83@ (6)
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where ¢ is the dielectric constant of free space, E the electric field vector, H the magnetic field vector,
and J the conduction current density vector.
The constitutive relation in frequency domain related J and E in the graphene sheet medium is
defined as:
I(w) = 0(w)B(w) (7)

Suppose that graphene layer is located in the zy plane, excited by a normally incident plane wave,
polarized along u-direction, Eq. (6) and Eq. (7) can be rewritten as:

OB(t) _ 1 [—Ju(t) + (V x H(t))u] (8)
ot €0
and
Ju(w) = oy (w)Ey(w) (9)

where u € {z,y}.
By substituting Eq. (5) into Eq. (9), we arrive at:

oo/h
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where g, = 7.
Then
(1+ jwr)Ju(w) = 00, Eu(w) (11)
Converting Eq. (11) from frequency domain to time domain, and for the case of harmonic fields
(jw = %), we have:
0Jy(t
Ju(t)+ 7 gt( ) _ 00, Eu(t) (12)
By applying the time domain central difference approximation scheme at step n, we can obtain:
1 1 1
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After some operations, the expression of J7*1:
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where o = g:;ﬁi, and 8 = %.
Finally, the update equation for conduction current density J,, component is derived:
Tt =(a=1)Jy + it + BE] (17)

For the electric field component E, update equation, the central difference approximation of Maxwell
Ampere Eq. (8) centered at step n + % can be written as:

Entt — En 1 nid nd
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The conduction current density component .J, at step n + % can be approximated by:
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By substituting Eq. (17) in Eq. (20) we get:
ntd oy + 07 + BEY

Jy 7= 5 (21)
And we substitute Eq. (21) into Eq. (19) to obtain:
B = By = S [l + ) + B + 29 < 2
Then the updated equation for the electric field component F, can be obtained as follows:
ElTt = E] - O;fot (Jop+ 07" - ifot E} + fot ¥ x H]L (23)

In order to get the set of specific equation to the TLM formalism, the analogy between total electric
voltage V,, on transmission line and electric field component of EM wave has been established at the
center of the node for a uniform (SCN)TLM mesh as follows [23]:

Va
E,=-% 24
Al (24)
where Al is the TLM mesh width.
The update equation of J, component from Eq. (17) can be write as:
J = (a—1)J" + a7+ Aﬁl Vi (25)
And the update equation of total electric voltage V, from Eq. (23) becomes:
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According to the same methodology as in the ADE-(SCN)TLM approach [14, 15], we get the normalized
admittance of the open circuit capacitive stub added to the standard SCN-TLM node and the update
equation for voltage source which model electrical dispersive behavior of graphene sheet.

We can define the normalized admittance in w direction for the node, and it can be expressed as:

Yocuw =0 with we {z,y} (27)
The voltage source update equation in u direction at the center of the node is found to be:
2aAtAl 268At
Vit = v, - 288 ey ey - Py (25)
b b 60 60
which can be written in the form:
VI = V2 + Q[+ 1y + RV (29)
_ _ 2aAtAl _ 2BAt
whereQ——o‘? and R = — <

By the application of electric field continuity and electric charge conservation laws [23] to the
standard SCN-TLM characterized by 12 ports, with additional ports of voltage source injected in port
13 or 14, the expression of the final total voltages V,, update equation in the center of the node becomes:

1 . . . . +1 1
Vit = Vit =5 Vs + Ve + Vig + Vizn]™ + 7 [Misad™ (30)
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From the above, the implementation process of the ADE-(SCN)TLM is given as:
1) J2* component is obtained from Eq. (25);
2) V4! component is calculated from Eq. (29);

3) Em*! component is computed from Eq. (24) and Eq. (30);

4) Finally, scattering process and connecting process are determined by employing the scattering
matrix, and the connexion matrix, respectively, as in [13].

where
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4. NUMERICAL RESULTS AND DISCUSSIONS

To investigate the effectiveness and validity of the ADE-TLM method proposed above for an isotropic
graphene sheet medium with the external electrostatic Ey biasing field in the direction of propagation
along z-axis, the interaction of an electromagnetic wave in normal incidence with a graphene slab is
simulated. The network is subdivided into (1 x 1 x 300)At, with the mesh width Al = h = Az = Ay =
Az = Apin/20 as in [24,25], Al = 1.5 um, where Ap;, is the minimum wavelength corresponding to the
highest frequency of interest fi,ax = 10 THz. The graphene slab occupies the cell number 150, while the
rest of computational domain is vacuum. Two observation points are located from one cell on each side
of the graphene sheet to calculate the electric fields. Absorbant Boundary Condition (ABC) of 1 cell
at both ends of the z-direction is used to truncate the domain. A periodic boundary condition (PBC)
is used along the z and y directions to simulate an infinite graphene sheet. The physical parameters of
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Figure 1. Snapshot of the total normalized electric field obtained by the proposed method, propagates
in vacuum and strikes graphene slab in different time steps, (a) propagation of incident E, at time step
350, (b) propagation of transmitted and reflected E, at time step 470, (c) propagation of transmitted
and reflected E, at time step 482, (d) propagation of transmitted and reflected E, at time step 500,
(e) propagation of transmitted and reflected E, at time step 550, (f) propagation of transmitted and
reflected E, at time step 700.
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graphene in the structure are as follows: 7 = 0.3 ps, T'= 300K, and . = 0.7eV. The structure is excited
by normally incident Gaussian pulse plane wave: E¢(t) = e~ lt=tol?/ 72, with duration 7 = 50At, and
delay tg = 57, polarized along z-direction generated in the cell number 40. The simulation is performed
for 2000 iterations corresponding to a total time of 5 ps.

The evolution of the Gaussian pulse using the ADE-TLM approche is depicted in Fig. 1(a) which
illustrates the propagation of incident electric pulse after 350 iterations in the vacuum with only FE,
component. After penetration in the graphene slab, both E, components reflected and transmitted
appear as shown in (b) 470" snapshot, (c) 482" snapshot, (d) 500" snapshot, (e) 550" snapshot, and
(f) 700" snapshot. Since the incident Gaussian wave is polarized in the x direction, the transmitted
and reflected waves are also polarized in the same direction. It can be seen that there is no instability
observed during the whole time period.

The transmission (7) and reflection (I') coefficients are significant parameters in the propagation
characteristics of EM fields. By applying the Fast Fourier Transform (FFT) to calculate the electric fields
on both observation points, the magnitudes and phases of 7" and I' are derived numerically as illustrated
in Fig. 2 and compared to the exact solution calculated by T = 2/(2 + o) and T' = T — 1 [17, 26],
where 79 = 12072 is the intrinsic impedance of free space. It is found that the computed results and
the analytic solutions are in good agreement.
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Figure 2. Transmission and reflection coefficients (a) magnitude, (b) phase.

To study the effect of chemical potential on the behavior wave propagation through graphene sheet,
the parameters of graphene sheet remain unchanged as in the previous simulation while varying the
chemical potential p.(Ep) in the direction of propagation from 0.1eV to 0.9eV. Fig. 3 demonstrates the
transmission coefficients versus frequency for different electrostatic fields. The transmission coefficients
start from different minimum values at the same frequency, and the bandwidth increases with the
increase of the biased electrostatic field. This tunable parameter can be used to control the bandwidth
precisely. It can also be seen that all the calculated lines and analytical ones match well.
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Figure 3. Transmission coefficient versus frequency for different biased electrostatic fields.
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5. CONCLUSION

In this article, we propose a new TLM algorithm to model and simulate EM wave propagation in a
graphene sheet, which is based on Symmetrical Condensed Node (SCN), Auxiliary Differential Equation
(ADE) technique, and the introduction of voltage source which model electrical dispersive properties
of the medium. Validation of the method is achieved through numerical examples. The obtained
results have been compared with the analytical solutions and prove that the proposed method is stable
and has an excellent accuracy. The transmission coefficients can be controlled by changing the biased
electrostatic field and can be used to model and simulate graphene-based complex devices such as filter,
reflector, antenna, and sensor, for frequencies below the THz frequency regime [27].
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