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Abstract - In this paper, we present a novel approach to simulating the interaction between electromagnetic waves and a Debye
medium utilizing a Transmission Line Matrix (TLM) algorithm with the symmetrical condensed node (SCN-TLM) technique. The
proposed method utilizes the polarization current within the media and incorporates the auxiliary differential equation (ADE)
technique to handle scattering following the conventional discretization process. The averaged approximation is employed to utilize
the polarization current density J and the electric voltage. By reducing the number of operations required per iteration, the New ADE-
TLM method has successfully decreased the computational time compared to time convolution techniques. Despite this reduction
in computational time, the New ADE-TLM method maintains a numerical accuracy that is comparable to that of time convolution
techniques. The efficiency and precision of this approach are confirmed by the agreement between the results obtained and those
predicted by the analytic model.

Keywords: Auxiliary Differential Equation (ADE), Symmetrical Condensed Node (SCN), Transmission line matrix (TLM) approach,

Debye medium

1. INTRODUCTION

The Transmission Line Matrix (TLM) approach was
designed as a simple analogy between the principles of
electromagnetic wave propagation and those of elec-
trical currents and voltages in a network of continuous
transmission lines. This network, representing the dis-
cretization of the physical environment to be studied,
is formed by interconnected transmission lines, which
constitute the basic elements called nodes.

The TLM approach is immediately derived from Max-
well's equations using the centered derivative approxi-
mation [1], shares similarities with the finite difference
model. This suggests that the TLM approach offers a
similar level of accuracy and efficiency in representing
and solving electromagnetic problems, making it a vi-
able choice for modeling such systems.

For example, it has been shown that the equations
of the extended TLM node model can be transformed
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into the finite difference equations used by Brodwin
and Taflove [2, 3.

The TLM technique can be considered either as a
mathematical representation obtained from Maxwell's
equations using the finite difference approach or a
physical representation based on the Huygens prin-
ciple for modeling transmission line networks.

In recent years, several approaches based on the
FDTD model [4, 5] have been presented to analyze
problems related to the propagation of electromag-
netic wave fields in linear media [6, 7] and to predict
the gain, absorption, and scattering in a nonlinear me-
dium [8].

The technique, which depends on the auxiliary dif-
ferential equation (ADE-FDTD), has been effectively
used in modeling nonlinear media [9, 10].

The TLM approach effectively simulated the per-
formance of electromagnetic waves in nonlinear and
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linear media [11, 12], allowing the resolution of three-
dimensional problems as well as the treatment of in-
homogeneous, anisotropic and dispersive waves [13].

In recent years, we report a many TLM-based ap-
proaches for the analysis of a dispersive medium. We
find that : the use of equations characterizing the con-
ductive medium in terms of equivalent node sources
[14], the use of Constant Recursive Convolution (CRC)
[15], which was later improved to the Current Density
Recursive Convolution (CDRC-TLM) technique [16], and
the Piecewise Linear Current Density Recursive Convo-
lution (PLCDRC-TLM) technique [17] ,which are applied
to magnetized plasma, the application of the Z-trans-
form approach [18] to characterize the electric proper-
ties of the dispersive media, and the other technique
includes the JE-TLM with voltage sources [19] which is
applied to model isotropic plasma.

The auxiliary differential equation (ADE-TLM) ap-
proach is employed to simulate the chiral media [20],
this is achieved by utilizing the ADE approximation,
and employed to model Cole-Cole media [21].

In this paper, we propose the new ADE-TLM algo-
rithm in terms of polarization current density and the
constitutive relations between the voltage V and the
polarization current density J, which are presented in
[22], to simulate the propagation of EM wave in the De-
bye medium. Therefore, we will discuss the formulation
of this technique in detail.

The New ADE-TLM algorithm is based on the SCN-
TLM by using 12 principal ports to model the free space
and modeling the properties of the Debye medium by
using 3 additional ports as voltage sources.

In contrast, the derivation of our new ADE-TLM al-
gorithm, which utilizes the centered derivative approx-
imation, is simpler in comparison to the derivation of
the ADE-TLM algorithm discussed in [23].

When comparing the ADE schemes to the RC and
PLRC schemes [16, 17], it is found that the ADE schemes
require a smaller number of variables to be stored and
involve fewer arithmetic operations. As a result, the
ADE schemes significantly reduce the computational
complexity involved in the calculations, making them
a more efficient option. Also, the derivation of our pro-
posed method is simpler compared to the derivation
of the JE-TLM method [19]. However, it typically leads
to enhanced accuracy.

This new ADE-TLM method is examined and vali-
dated by calculations of the reflection coefficient of a
Gaussian pulse incident at the air-water interface. An
excellent agreement has been found between the new
proposed ADE-TLM calculation and the analytical solu-
tions for the reflection coefficient.

The present paper is organized in the following sec-
tions: In Section 2, we present the theoretical formu-
lations and equations related to the Debye model. In
Section 3, we introduce the derivation of the New ADE-
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TLM algorithm, which is used for calculating sources.
The efficiency and validity of this algorithm are dem-
onstrated in the frequency domain, and the results are
detailed in Section 4. In conclusion, section 5 presents
our final remarks.

2. FORMULATIONS AND EQUATIONS

In the Debye medium, the polarization current den-
sity is described by Maxwell equations as follows:

VxH:gosya—E+J (1)
Ot
OH
VxE=- 2
Ho—— o (2)

Where H represents the magnetic field strength, E
defines the electric field strength, g, is the permittiv-
ity of vacuum, ¢_ is the relative permittivity at infinite
frequency, u, is the magnetic permeability of vacuum,

and 7= ZJ defines the polarization current density
with murtlple poles, where ] represents the polarization
current density and p is the number of poles.

In the frequency domain, we express the relative per-
mittivity of the Debye media as [24]:

gw)y=¢,+(g,-¢ )Z 3)

1+ja)r

T is the relaxation time for the p, pole, the ampli-
tude for each pole is: As =E-€, Where g is the static

permittivity. With [24]: ZG

p=1

In the frequency domain, the polarization current
density caused by one pole is given as [25, 26]:

- Ja) -
J =( -e)xG, x| ——— |xE (4
V4 (s ) P 0[1+ijpJ ()

An efficient means to obtain ]p from Eq. (4) is to first
multiply both sides of this equation by (I#+wt). This
gives:

J,+jwr,J, =(g —&,)xgxG,jwE  (5)

We obtain by applying the inverse Fourier transform

to each term in equation (5):

OF
— _ G .
=(&,—¢&,)x¢g X i (6)

3. ADE-TLM ALGORITHM

We obtain by using the finite difference time in Eq. (6)
at time step n+1:

Jn+l +Jn Jn+l _Jn E,.H,l 7E,,
P P P P -
[ > j+2’p[ v j—(es gw)xeoxGP[ e 7)
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The updated equation is:

EVH—I _En
n+l n
Jp —ade+bd[Tj (8)
With the coefficients:

2rp — At

a, =——

2rp + At
9

2(g,—&,)x&xG, x At
27, + At

b, =

The time discretization centered at step n + 1/2 of Eq.
(1) gives:

1

1
+ﬂ(VAH 2 _J ZJ (10)
80800

En+1 — En
From Eq. (8), we obtain the polarization current cen-

tered at step n + 1/2 by:

1
n+o 1

i 5(Jn+1+‘]n)

Il

J (1

We convert the electric field to a voltage utilizing the
following equation:
VV!

E" =
Al

(12)

Where Al represents the space step as well as V de-
fines the electric voltage.

By substituting Eq. (12) in Eq. (8) and Eq. (10) respec-
tively, we find:

(13)

Vn+1 _ Vn
n+l n
Jp =ade+bd[WJ

1
Vn+1:Vn+At_Al(V/\H Z_J 2] (14)
£

We first update Eq. (13) to improve the efficiency of
ADE-TLM, and we find by utilizing the average approxi-
mation defined in [27]:

n+l n-1
pr VAV (15)
2
We obtain by substituting Eq. (15) into Eq. (13):
Vn _ VVI—I
JMN=aJ +b,| — 16
rooy "( AtAl ) e

We find by utilizing the SCN-TLM method [28] to Eq. (2):

1
VAH2

1
VAH™ 2 | =

1
VAH,"z
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(17)

€0
2AtAL
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2AtAL
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2AtAL

[ + v+ Vi + V)™ — v +VE + Vg + vy
[V + Vi + Ve + Vi)™ — v + v + Vg + v

[(Vé + Vi + Vi + Vi)™ = V2 +vE + V7 + vy

Applying the charge conservation's laws:

ViV V) (ViaVievi+vy) (V.
Vi+Vi+Vi+V | =| i +Vi+V+V | +| V., | (18)
Vi+Vi+Vi+V | \B+V+vi+Vy | \7,

Replacing Eq. (17) in Eq. (14), utilizing Eq. (18), and
employing the Symmetrical Condensed Node (SCN),
the total voltage is written as follows:

r -+l

2 |\ w+vi+w 4wy,

Vn+l 4+Yox = 2
x r e+l
prt |=| 2 ViV 4V 4V Ly
v Tl ary 3T T Tt oy (19)
V:Hl oy L _
) 2 I i i i . T

4+YOZ _VS +I/6+V; +VIO+EVSZ_

Y, Yoy, and Y indicate the normalized admittances.

The normalized admittances Y, Yoy, and Y can be
written after comparing between Eq. (14) and Eq. (19)
as follows:

Y, =4(e,-1) (20)
And the voltage sources V., Voy, and V_are:

VT?%4FWiwﬁ%ﬂ(m

€y pl

With: uefx, y, z}.

The ADE-TLM algorithm procedure in the Debye me-
dium is as follows:

1. We start by conserving values from V", ! and 1
,and ]p"'l.

2. We update]p"'l made by Eq. (16), and we introduce
the obtained values of]p"'l in the voltage Sources
employing Eq. (21).

3. According to Egs. (20) and (21), we update the V' "*
characterized in Eq. (19) using normalized admit-
tance and voltage sources.

4. The reflected pulses are simulated by using the
conserved values of V"1, employing the scattering
matrix.

5. At the end, the connection matrix is used to simu-
late the propagation to neighboring nodes.

The flow chart of the New ADE-TLM algorithm for De-
bye dispersive media is proposed in Fig. 1.
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4. RESULTS AND DISCUSSION

To evaluate the efficiency and validity of the newly
presented ADE-TLM algorithm, which includes volt-
age sources for the Debye medium. A simulation is
performed to study the interaction between an elec-
tromagnetic wave and a Debye slab. We simulate the
reflection coefficient of an interface between air and
water (Debye medium) employing a one-dimensional,
the results obtained are compared to the analytical so-
lutions to validate and make comparisons.

A Gaussian plane wave is incident from air to a
Debye media. First the TLM network is partitioned in
(1,1,1000)41 with the space step: 4I1=37.5um and the
time step: 4t=0.0625 ps.

We partitioned the one-dimensional computation-
al space into 1000 cells, with 500 cells represented to
simulating air and the remaining 500 cells representing
water.Similar to [29], the following parameters describe
the simulated Debye media in the structure:

g =81,¢,=18 and7, = 9.4x10"%s.
The wave source was defined in the form of :

(t-1,)°

E(t) =1000e ™ with T =152A¢

and t,=4004t . The simulations are programmed to
run 5000 iterations.
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After being reflected from the air-water interface (cell
499), the Gaussian pulse propagates across it.

Figs. 2-6 show the total electric field along the x-axis
after different time steps: 750, 1300, 1500, 1800, and
3000. These figures clearly indicate the presence of dis-
persion and attenuation effects.
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Fig. 2. The incidence Gaussian signal
after 750 time steps
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Fig. 3. The total electric field versus position
after 1300 time steps
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Fig. 4. The total electric field versus position
after 1500 time steps
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Fig. 6. The total electric field versus position
after 3000 time steps

For the ADE-TLM approach, we simulate the air-water
interface reflection coefficient, which is calculated by
subtracting the Fourier transform of the incident field
from the Fourier transform of the reflected field.

We calculate the analytical solution for the reflection
coefficient, utilizing the next formulation [30]:

r)paE@l
Ve, +e*(0)|

Where e¥(w) is the complex permittivity.

Fig. 7. shows the results of the reflection coefficient
simulation at the air-water interface.

An efficient agreement was noted between the sim-
ulation results obtained employing the new ADE-TLM
method, the ADE-TLM method described in [23] and
the analytical results for the reflection coefficient at
different frequencies as defined by Eq. (22).

This agreement is excellent and is consistent with
the findings presented in [29].
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Fig. 7. Comparison of the new ADE-TLM calculated
with the analytical solution (eq.22) for the
magnitude of the reflection and the ADE-TLM

method described in [23]

5. CONCLUSION

In this work, the New ADE-TLM algorithm was effec-
tively used to analyze various polarization formulations
and Maxwell's equations, allowing the simulation of re-
flected optical pulses propagation in a Debye media.
This method utilizes the connection between centered
derivatives approximations, electrical voltage, and po-
larization current density J.

In our approach, we included voltage sources that
model linear characteristics and utilized the principle
of variable admittance. In general, the proposed model
offers simplicity as an advantage, as it avoids the need
to handle convolution products, which are required in
recursive convolution methods. This simplicity results
in notable performance improvements when com-
pared to other methods like RC, PLRC, and JE.

The results obtained using our new ADE-TLM ap-
proach are in excellent agreement with both the ana-
Iytical values of the reflection coefficient and the ADE-
TLM method described in [23], demonstrating the ef-
ficiency and validity of the suggested method.

Future work will integrate the new ADE-TLM algo-
rithm into Kerr and Raman nonlinear dispersive media.

6. REFERENCES:

[11 P.B.Johns,“On the Relationship Between TLM and
Finite-Difference Methods for Maxwell’s Equa-
tions’, IEEE Transactions on Microwave Theory and
Techniques, Vol .35, No. 1, 1987, pp. 60-61.

[2] M. C. Marcysiak, W. K. Gwarek, "Generalized TLM
Algorithms with Controlled Stability Margin and
Their Equivalence with Finite-Difference Formu-
lations for Modified Grids”, IEEE Transactions on
Microwave Theory and Techniques, Vol. 43, No. 9,
1995, pp. 2081-2090.

1129



(3]

(4]

(5]

(6]

(7]

(8]

(9l

[10]

A. Taflove, M. E. Brodwin, “Numerical Solution of
Steady-State Electromagnetic Scattering Prob-
lems Using the Time-Dependent Maxwell’s Equa-
tions’, IEEE Transactions on Microwave Theory and
Techniques, Vol. 23, 1975, pp. 623-630.

K. S. Yee, “Numerical Solution of Initial Boundary
Value Problems Involving Maxwell’s Equations in
Isotropic Media", IEEE Transactions on Antennas
and Propagation, Vol.14, 1966, pp. 302-306.

S. D. Gedney, "An Anisotropic Perfectly Matched
Layer-Absorbing Medium for the Truncation of
FDTD Lattice”, IEEE Transactions on Antennas and
Propagation, Vol. 44, 1996, pp. 1630-1639.

T.Kashiwa, |. Fukai,“A Treatment by the FDTD Meth-
od of the Dispersive Characteristics Associated
with Electronic Polarization”, Microwave and Opti-
cal Technology Letters, Vol. 3, 1990, pp. 203-205.

J. L. Young, “Propagation in Linear Dispersive Me-
dia: Finite Difference Time Domain Methodolo-
gies’, IEEE Transactions on Antennas and Propaga-
tion, Vol. 43, 1995, pp. 422-426.

S. C. Hagness, R. M. Joseph, A. Taflove, “Subpico-
second Electrodynamics of Distributed Bragg Re-
flector Microlasers: Results From Finite Difference
Time Domain Simulations”, Radio Science, Vol. 31,
No. 4, 1996.

P. M. Goorjian, A. Taflove, “Direct Time Integration
of Maxwell’s Equations in Nonlinear Dispersive
Media for Propagation and Scattering of Femto-
second Electromagnetic Solitons’, Optics Letters,
Vol. 17,1992, pp. 180-182.

A. S. Nagra, R. A. Cork, “FDTD Analysis of Wave
Propagation in Nonlinear Absorbing and Gain
Media”, IEEE Transactions on Antennas and Propa-
gations, Vol. 46, 1998, pp. 334-340.

[11] M. 1. Yaich, M. Khalladi, “The Far-Zone Scattering

[12]

1130

Calculation of Frequency Dependent Materials
Objects Using the TLM Method”, IEEE Transactions
on Antennas and Propagations, Vol. 50, 2002, pp.
1605-1608.

R. Abrini, M. I. Yaich, M. Khalladi, “Efficient Model-
ling of Isotropic Cold Plasma Media Using JE-TLM
Method", IEICE Electronic Express, Vol. 4, 2007, pp.
492-497.

[13]

P. Naylor, R. A. Desay, “New Three dimensional
Symmetrical Condensed Lossy Node for Solution
of Electromagnetic Wave Problems by TLM’, Elec-
tronics Letters, Vol. 27, No. 26, 1990, pp. 492-494.

[14] L. R. A. X. De Menezes, W. J. R. Hoefer, “Modeling

[15]

[16]

[17]

(18]

[19]

[20]

[22]

[23]

SCN
TLM?", IEEE Transactions on Microwave Theory and
Techniques, Vol. 44, No. 6, 1996, pp. 854-861.

of general constitutive relationships in

M. . Yaich, M. Khalladi, I. Zekik, J. Morente, “Model-
ing of frequency dependent magnetized plasma
in hybrid Symmetrical condensed TLM method”,
IEEE Microwave and Wireless Components Letters,
Vol. 12,2002, pp. 293-295.

S. E. Adraoui, M. Khalid, A. Zugari, M. Yaich, M.
Khalladi, “Novel CDRC-TLM algorithm for the anal-
ysis of magnetized plasma’, Optik, Vol. 125, 2014,
pp. 276-279.

K. Mounirh, S. El Adraoui, M. Charif, M. I. Yaich, M.
Khalladi, “Modeling of anisotropic magnetized
plasma media using PLCDRC-TLM method", Optik,
Vol. 126,2015, pp.1479-1482.

N. Doncov, T. Asenov, Z. Stankovic, J. Paul, B.
Milovanovic, "TLM Z-Transform Method, Mod-
elling of Lossy Grin MTM with Different Refrac-
tive Index Profiles’, SER: Electrical Energy, 2012,
pp.103-112.

R. Abrini, M. I. Yaich, M. Khalladi, “Efficient model-
ing of isotropic cold plasma media using JE-TLM
method”, IEICE Electronics Express, Vol. 4, No. 15,
2007, pp. 492-497.

K. Mounirh, S. El Adraoui, Y. Ekdiha, M. I. Yaich,
M. Khalladi, “Modeling of dispersive chiral media
using the ADE-TLM method", Progress in Electro-
magnetics Research, Vol. 64, 2018, pp. 157-166.

M. Kanjaa, K. Mounirh, S. El Adraoui, O. Mrabet, M.
Khalladi,"An ADE-TLM modeling of biological tissues
with cole-cole dispersion model’, Progress in Elec-
tromagnetics Research M, Vol. 89, 2020, pp. 161-166.

A. Attalhaoui, H. Bezzout, M. Habibi, H. El Faylali,
“A New ADE-TLM for Lorenz dispersive medium’,
Journal of Russian Laser Research, Vol. 42, No. 2,
2021, pp. 237-242.

M. Kanjaa et al. “An ADE-TLM Algorithm for Mod-
eling Wave Propagation in Biological Tissues with

International Journal of Electrical and Computer Engineering Systems



[24]

[25]

[26]

(27]

Debye Dispersion”, Advanced Electromagnetics,
Vol. 9, No. 3, 2020, pp. 1-5.

A. Taflove, S. C. Hagness, “Computational Electro-
dynamics: The Finite-Difference Time-Domain
Method”, Artech House, 1995.

S. J. Huang, “Exponential time differencing algo-
rithm for Debye medium in FDTD", Journal of In-
frared, Millimeter, and Terahertz Waves, Vol. 28,
2007, pp. 1025-1031.

A. Taflove, S. C. Hagness, “Computational Electro-
dynamics: The Finite-Difference Time-Domain
Method”, 3rd Edition, Artech House, 2005.

H. Jin, R. Vahldieck, “Full-wave analysis of coplanar

waveguide discontinuities using the frequency

Volume 14, Number 10, 2023

[29]

(30]

domain TLM method”, IEEE Transactions on Micro-
wave Theory and Techniques, Vol. 41, No. 9, 1993,
pp. 1538-1542.

C. Christopoulos, “The Transmission-Line Model-
ing Method (TLM)’, IEEE Series on Electromagnet-
ic Wave Theory, New York, 1995.

R.J. Luebbers et al.“A frequency-dependent finite-
difference time-domain formulation for disper-
sive materials’, IEEE Transactions on Electromag-
netic Compatibility, Vol. 32, 1990, pp. 222-227.

O. P. Gandhi, B. Q. Gao, J. Y. Chen, “A frequency-
dependent finite difference time-domain formu-
lation for general dispersive media”, IEEE Transac-
tions on Microwave Theory and Techniques, Vol.
41,1993, pp. 658-665.

1131



