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Shift Operator-TLM Method for Modeling Gyroelectric Media
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Abstract—In this paper, an efficient Transmission Line Matrix (TLM) approach based on the shift
operator (SO) has been developed to model electromagnetic wave interactions with gyroelectric media.
The main idea of this technique is to formulate the electric current density vector components by
introducing the equivalence between time differential operator % and discrete time shift operator z. A
concise formulation of voltage sources modeling the frequency dispersive properties of gyroelectric media
is then deduced and implemented. Numerical simulations illustrate the Faraday rotation phenomenon in
time domain, and in the frequency domain, reflection and transmission coefficients of left hand circular
polarization and right-hand circular polarization waves are also calculated. A comparison of SO-TLM
scheme with five other approaches according to the criteria of accuracy and CPU time is presented.

Numerical experiments show that SO-TLM provides the most accurate and fastest results.

1. INTRODUCTION

Over the last few years, numerical methods of modeling transient electromagnetic fields have been
widely used to investigate complex media. One of the most powerful and versatile numerical methods
in time domain is the transmission line matrix (TLM). Based on the analogy between the field quantities
and circuit parameters, TLM method has been extended to investigate various complex media such as
dispersive isotropic media, gyrotropic media, and nonlinear materials.

In this context, several approaches have emerged and been incorporated into the basic TLM
algorithm. One approach has been introduced by Paul et al. [1], which is based on Z-transform
formulation. Yagli et al. also modeled gyrotropic materials using the same technique [2]. In other
works, recursive convolution schemes have been extensively investigated such as constant recursive
convolution (CRC) [3], piecewise linear recursive convolution (PLRC) [4], constant density recursive
convolution (CDRC) [5], and piecewise linear constant density recursive convolution (PLCDRC) [6].
Another alternative approach using the Runge-Kutta exponential time differencing (RKETD) has been
successfully developed and implemented in the conventional TLM algorithm to deal with cold and
magnetized plasma media in [7] and [8], respectively. Finely, a recent paper by Mounirh et al. suggests
an elegant formulation using the auxiliary differential equation (ADE) to model chiral media [9].

In the present work, a novel shift-operator Transmission Line Matrix (SO-TLM) algorithm is
developed and implemented to handle gyroelectric materials. Compared with the convolutional schemes
mentioned above, the formulation of SO-TLM approach is concise and does not involve complicated
transforms or convolutions in the field components update.

The present paper is organized as follows. In Section 2, the theoretical formulation of the SO-
TLM approach is derived. Illustrated examples results in time and frequency domains are presented in
Section 3. Section 4 reports computational experiments proving the competitivity of SO-TLM in terms
of accuracy and CPU time. Finally, concluding remarks are included in Section 5.
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2. GOVERNING EQUATIONS

In the time domain, Maxwell’s curl equations in gyroelectric media can be presented as:
OH(r,t
VxB(rt) = - ) W
OE(r,t)
ot

where E, H, and J are electric field vector, magnetic intensity vector, and polarized current density
vector, respectively. p is the magnetic permeability, and €, is the optical relative permittivity.

Suppose that this gyroelectric medium is subjected to a steady biasing magnetic field parallel to the
positive z-direction. In this case, current density is derived in time domain from the Lorentz equation
of motion as:

V x H(r,t) = cpcoo——=—— + J(1,t) (2)

0
[8t + Z/C:| J(t) = cowp’E(t) +wez x I(t) (3)
where v, is the collision frequency, w, the plasma frequency, and w. the cyclotron frequency.

Both space and time are discretized using standard time differencing in the grid points denoted by
indices (i, j, k), respectively in the X, Y, and Z directions. Time steps are indicated by superscript n.
Discretized form of Equations (1) and (2) can be written as:
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where subscript u refers to x or y component.
In order to obtain a set of equations compatible with the TLM method, equivalence between
electromagnetic fields components (E,, H,) and circuit quantities (V,,, I,,) has been established:

-V,
E,=——
= ()
and I,
H,=—
Al (7)

where V' and I are the electric voltage and current in a transmission line network, and Al is the TLM
cell size. Taking into account these equivalences, Equation (5) can be transformed to:
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Z is the impedance of free space. Note that electrical dispersive phenomena of gyrotropic media are

modeled by open circuit capacitive stubs with a normalized characteristic impedance Y, = 4(eoo — 4)
and voltage sources [9] expressed respectively in X, Y, and Z directions as:

Tb—l . .
‘/1%?&17,18(2.7].7 k) = _Vl%,17,18(i7j7 k) — Al220 <Ju (1 3 k) + Ju 2(%.77k)> (11)

On the other hand, in order to obtain the explicit gyroelectric medium current density update
equation, we apply the shift operator approach [10]. Let us assume the time domain function:

yy =2 (12)

The discretization of Eq. (12) using central finite differencing leads to:
yn—I—l 4 yn fn+1 o fn
2 At
Now, assuming that the time-updated variables are related to previous values by a simple multiplication
by the factor called time shift operator z; as:

zt—l fn-l-l — fn (14)
by substituting Eq. (14) into Eq. (13) we obtain
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Then
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with the introduction of this equivalence between time differential operator % and the shift operator,
and Equation (3) becomes
—Ateowg (1
Al
Using centred-differencing approximation of electric field E and current density J components, by
taking into account the shift property in Equation (14), one can obtain the time domain discrete form:
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Due to amsotropy, current density components are coupled in Equation (20). By substituting each
component into the other we find:
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From the above, we obtain the novel SO-TLM that involves the following calculation steps in each

time iteration:
1

(i) Ju Ak components are obtained from Equation (21).
i) V»tL o components are updated by means of (11).
16,17,18
(iii) Electric field components E**1 are computed using Eq. (6) and total voltage V,**! expression (22).
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where superscript ¢ refers to incident voltages upon the TLM node. Voltages 13, 14 and 15 are

incident to open circuit capacitive stubs, while stubs 16, 17, and 18 respectively fed by Vig, Vi7,
and Vig are reserved for voltage sources that model electric dispersive behavior.

Vn+1

(iv) Magnetic intensity components HIY2 are computed using the equivalence (7) and total current
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(v) Reflected and incident voltages are obtained respectively from the conventional scattering and
connection processes of the TLM algorithm.

3. RESULTS

3.1. Validation Example

To investigate the validity of the SO-TLM scheme, we study the propagation of a 2D Gaussian plane wave
through an air-gyroelectric medium slab. The computational domain is subdivided into (1 x 10 x 500)
cells; each cell is 75 wm x 75 um x 75 um, and the time step is At = 0.125 ps. Gyroelectric medium slab
has 1 x 10 x 100 cells and occupies the center of the computational domain with the following physical
parameters:

The electron collision frequency: v, = 27 x 3.18 x 10°rad/s. The plasma frequency: wp =
2m x 50 x 10%rad/s. The cyclotron frequency: w. = 27 x 47.7 x 109 rad/s. Generated in the tenths
cells, the 2D electrical pulse used in this simulation is polarized in the X-direction and propagates in
the positive Z-direction. Figure 1 illustrates the incident electric pulse after 300 iterations in the free
space with the only F, component. After penetration in the slab, £, component appears changing to
a negative value as shown in the 550th snapshot in Figure 2. In Figure 3, most of the incident wave
crosses the medium, and a small portion is reflected to the first 200 cells region. Figure 4 demonstrates
that transmitted and reflected components of the electric field are totally eliminated by an absorbing
boundaries in the first and last cells according to Z-direction.

These figures illustrate the Faraday rotation effect in time domain. The initial plane of the linearly
polarized wave is along X-direction. As the wave propagates through the gyroelectric medium, it
starts to rotate in clockwise direction, and the wave can be regarded as a superposition of two circular
polarization modes: Right-hand circular polarization (RCP) and Left-hand circular polarization (LCP).
Electric field components are saved in one cell before and after the slab during 10000 iterations of the
simulation then are transformed into frequency domain through fast Fourier transform. The reflection
and transmission coefficients for right-hand circularly polarized (RCP) and left-hand circularly polarized
(LCP) waves are calculated using:

Lreprep = Ei(w) F1E,(w) (24)
Treprop = Ey(w) T jE,(w) (25)
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Figure 1. Electric field components at the 300th iteration.
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Figure 2. Electric field components at the 550th iteration.
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Figure 3. Electric field components at the 750th iteration.
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In Figures 5 and 6, the magnitudes of LCP/RCP reflection/transmission coefficients numerically

calculated by SO-TLM method are compared with the exact results.
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Figure 5. LCP reflection/transmission coefficient.
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Figure 6. RCP reflection/transmission coefficients.
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It can be observed that the SO-TLM curves are in excellent agreement with the exact analytical
solution. Moreover, in Figure 6, SO-TLM result follows the exact transmission coefficient less than
—180dB which proves its efficiency.

3.2. Comparative Study

In this part, we will conduct a comparative study of the SO-TLM algorithm with five other techniques
incorporated to the TLM method and presented in the literature: namely the method of the Constant
Recursive Constant (CRC) [11], Piecewise Linear Recursive Convolution (PLRC) [12], Current Density
Recursive Convolution (CDRC) also named (JEC) [5], Runge-Kutta Exponential Time Differencing
(RKETD) [8], and Auxiliary Differential Equation (ADE) [9].

In order to obtain a classification that is independent of the physical performance of the computers
or of a particular compiler, many criteria of algorithm complexity can be used. In the present study, we
compare accuracies and execution time. In these numerical experiments, the same problem of Section3.1
has been taken up again and simulated by each approach. The calculation time is truncated after 3000
iterations. This can also give us an idea of the rate of convergence of each technique. Electrical field
components have been recorded and are converted to the frequency domain using the Fourier transform.
Then the coefficient of reflection of the resulting RCP wave is calculated by each algorithm. The relative
error is defined as the difference between the analytic curve (reference) and the result of each algorithm,
and is presented in a logarithmic scale in Figure 7.
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Figure 7. Relative errors of different techniques in (dB).

The first remark that is obvious, which is that the error curves are divided into two groups: The
first group, containing three curves at the top, is the least accurate. Indeed, it is clear that the RKETD-
TLM approach is more accurate than PLRC-TLM. However, the CRC is the worst technique in terms
of accuracy. As for the accuracy of the second group’s algorithms, it is almost confused and still
almost under 1%. We can finally offer a ranking of the approaches in the order of increasing precision
as follows: CRC-TLM, PLRC-TLM, RKETD-TLM, (JEC-TLM and ADE-TLM are combined), while
SO-TLM technique is the most accurate technique.

On the other hand, CPU time has been evaluated for each technique by considering a long slab of
800A! of a magnetized plasma in the center of 1200A! structure. Each simulation lasts 15000 iterations.
We measure the CPU time of each simulation and repeat the procedure ten times. In Figure 8, blue
columns represent the average values of the CPU time. Since the CRC-TLM algorithm is more classic
than the others, it has been considered as a reference algorithm. The latter lasts ¢,.; = 82.75 seconds.
Then time gains are calculated as a percentage according to the equation:

tec nique
CPUtimegain = <1 — tthiq) x 100(%) (26)
ref
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Figure 8. RCP reflection/transmission coefficient.

We note that the execution time of the PLRC-TLM technique lasts tprrc = 86.25 seconds which
presents a loss of time of 4.23%. The JEC-TLM, ADE-TLM, RKETD-TLM, and SO-TLM techniques
represent a considerable gain of CPU time that exceeds 27%. According to Figure 8, different techniques
rapidity ranking can be presented as follows: JEC, ADE, RKETD, SO, CRC, and PLRC.

The CRC-TLM, PLRC-TLM, RKETD-TLM, and JEC-TLM formulations are developed in a
complex calculation that uses integrals and exponentials in the calculation of convolution products
which are difficult to solve and also heavy to code. In addition, they are greedy in memory allocation.
As for the two remaining techniques, SO-TLM and ADE-TLM, they are based respectively on the shift
operator and Laplace transform. Their theoretical developments are relatively simple because they do
not contain convolutions. They have a concise formulation and have the advantage of easily extensible
beings in the most general cases of complex materials.

4. CONCLUSION

In this paper, we present a novel modeling approach to deal with gyroelectric media using the shift
operator integrated in the TLM method. The high accuracy and efficiency of the proposed technique are
verified by illustrating Faraday rotation in time domain and by calculating reflection and transmission
coefficients through a gyroelectric slab. A comparison of SO-TLM with five other techniques from the
literature demonstrate its competitivity.
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