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The Generalized TLM-Based
FDTD—Summary of Recent Progress

Zhlzhang Chen, Senior Member, IEEE, and Jian Xu

Abstract— The transmission-line-matrix (TLM)-based finite-
difference time-domain (FDTD) method has been generalized
recently to incorporate graded mesh and anisotropic media. The
method is equivalent to the three-dimensional TLM symmetrical
condensed node, but is formulated and computed in a FDTD fash-
ion. Therefore, it retains certain features of both the TLLM and
FDTD methods. This letter reports recent progress in modeling
with the TLM-based FDTD method, namely, successful imple-
mentation of the perfectly matched layer (PML) and simulation
of nonlinear wave propagation,

I. INTRODUCTION

WO WIDELY employed time-domain numerical tech-

niques are the finite-difference time-domain (FDTD)
method initially formulated by Yee {1] and the transmission-
line-matrix (TLM) method proposed by Johns [2]. The two
methods have their respective advantages and disadvantages.
The FDTD method is easily understood and implemented
as it is a direct” approximation of the Maxwell’s equations,
while the TLM requires transforms of field quantities to
circuit parameters to obtain an appropriate scatfering mairix.
Although the transforms are not complicate in most cases,
they are sometimes not easily understood and implemented.
For example, the recently proposed perfectly matched layer
(PML) absorbing scheme has been successfully applied with
the conventional FDTD of Yee’s scheme [3], but not yet
ih a TLM algorithm due to the difficulties in obtaining an
appropriate scattering matrix. On the other hand, TLM enjoys
less numerical dispersion [4] and easy uses of many circuit and
network concepts and, most significantly, the condensation
of all the field components at a node. In application to
anisotropic- media with- nonzero off-diagonal elements in
permittivity tensors, TLM can be directly employed [5], while
the conventional FDTD can be applied only after introduction
of additional averaging schemes at every node [6].

In spite of these differences and the fact that the two meth-
ods were -developed independently,. they have been demon-
strated to be equivalent under certain conditions. In the case
of the three-dimensional (3-D) TLM symmetrical condensed
node (SCN), initial work was reported in.[7] and a further
generalization was presented in [8].

To exploit the equivalence between the TLM method and
the- FDTD method, a TLM-based FDTD was proposed [7]
and further generalized recently [9]. The method is equivalent
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to the 3-D TLM SCN, but is formulated and computed in a
FDTD fashion directly in terms of field quantities.' As a result,
it retains feature§ of both the TLM and FDTD methods and
allows direct use of modeling. techniques -already :developed
for the TLM method and the conventional FDTD " ofYee’s
scheme. It is in this regard-that this letter reports our recent
research results, namely, the implementation of PML and the
incorporation of nonlinearity in the TLM-based FDTD.

II. TeE GeENERALIZED TLM-BASED FDTD FORMULATION

Details about the TLM-based FDTD formulation can be
found in [7] and [9]. Only a brief description is given here.

For a numerical solution, problem space and time of interest
need to be discretized. Space is usually discretized into many
3-D cells with dimension 6z x:dy x §z. In contrast to Yee’s
scheme [1], the TLM-based EDTD scheme defines the" field
vectors in a “condensed” manner [7].. At the cenfer of a
3-D cell, all six field components. of F and. H, and their
corresponding flux densities, D and B, are defined. At the
grid point on the boundary -surfaces of the 3-D cell, only the
field components tangential to the surface are considered. As
a result, the F- and H-field components are not separated
in space and are continuous across the interface of the two
adjacent cells.

To update the field components at the center of the 3-D
cell, Maxwell’s equations -are finite-differenced in respect to
the center. For example, for D,,, oné can-obtain
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With the medium constitutive -relationships shown in the
following, one can then compute the field components: at the
center of a 3-D cell

D = D(E, H) \ B
B=B(EH) , (3
To update the field components at the boundary surfaces

of the 3-D cell, a special TL.M-based averaging: process: is
applied. The details can be:found in:[7] and [9]:"
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I1I. IMPLEMENTATION OF PML IN
THE TLM-BASED FDTD SCHEME

~ The recently proposed PML scheme presents a very effec-
tive absorbing boundary for FDTD-based analysis of electro-
magnetic problems [3]. Further enhancement for absorption of
evanescent modes has led to the development of the modified
PML (MPML) scheme in two dimensions [10]. The MPML
boundaries in two dimensions were shown being placed closer
to scatters than the original PML.

MPML can be expanded to three dimensions in a similar
way described in [10]. For example, one can obtain '

 OH,, OE,
L ot Hy =~ 4
Hoph= 7 + o, Hy 5 “)

OF,, _ 9H,
e062“‘at— + UzEzz - 5z - (5)

The equations for the other split components can also be
obtained without much- difficulty.

The matched conditions can be found as follows:

* *
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Here, additional permittivities, €, fte, €y, [y, €z, and p. are
introduced in a MPML region to control the absorption of
evanescent energy.

In order to achieve minimal numerical reflections, elec-
tric loss and permittivity spatial profiles need to be chosen
carefully. For example, as shown in [10], one can use

o, = a;na’f(g)Q, €. =1+ ef;a"(g)% ®)

Implementation of the MPML scheme in the TLM-based
FDTD grid is straightforward. Only the field components at
the center of a 3-D cell need to be split and computed by finite-
differencing (4) and (5); the field components at the boundary
surfaces need not. They are still computed via the averaging

procedure, which is not affected by the requirements of split

of field components in a PML region.

To test the validity of the MPML in the TLM-based FDTD
grid, a section of WR28 waveguide with both ends terminated
with MPML layers was chosen. The choice was made because
waves inside a rectangular waveguide can be considered as
superposition of many plane waves with different incident
angles, each associated with different operating frequency.
In addition, evanescent modes can be clearly identified by
selecting the operating frequency points below the cutoff
frequency. This allows a numerical evaluation of the overall
performance of the MPML.

The waveguide has a dimension of 7.112 mm x 3.556
- mm. The waveguide is discretized into 14A! in height, 28Al
in width and 60Al in length. The maximum of electric loss
o™2* of the MPML was chosen to be 1.24, and the maximum
dielectric constant €2'** 4 1 was chosen to be five.

Fig. 1 shows the return loss obtained numerically for TE3;
mode. As can be seen, good absorption is achieved over the
~ operating band with return loss below —50 dB. Even for the
" evanescent modes, less than —20 dB of return loss is found
when 16 MPML’s were used.
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Fig. 1. Return loss for TE31 mode in the WR28 waveguide. The theoretical
cutoff frequency is 76.0 GHz.

IV. MODELING OF NONLINEAR MEDIA

To treat the nonlinearity of a medium, the Z-transform
technique is applied. Details of the transform can be found
in [11]. Here, only the final results are given.

For a medium with linear dispersion and nonlinear polar-
ization with Kerr and Raman effects, the relation between D
and F can be found as

1 _ -
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where
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Here cl,c2,¢3,cnll,cnl2, and cnl3 are the constants that
define the linear dispersive and nonlinear effects of a medium.
Values for them can be found in [11].

The above equation constitutes a recursive formula for the
constitutive relationship (2) and (3) in an 2explicit form. It
permits updating of electric field £ at the center of a 3-D cell
directly from electric flux density DD with (1). The averaging
process again remain unaffected. '

A soliton propagation in the dispersive nonlinear optical
medium is simulated. In order to effect the comparison, the
geometry and parameters were taken to be the same as those
in [11] for silica glass. Fig. 2 shows the time-domain graph
of the pulse at three different time steps. The simulation was
done in a one-dimensional problem space of 25000 cells. As
can been seen, after some distance of propagation, the initial
pulse settled into a soliton. The result agrees well with that
presented in [11]. Fig. 3 shows the peak-to-peak amplitudes
of the pulse in frequency domain at different locations. The
frequency-domain solution shows a decided shift as-expected.
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Fig. 2. Eleetric field propagation with initial amplitude of 1.0 V/m. The
soliton is formed at about 100 pm.

1000

ABS {E(0}
i
s

ey

150

130 140
Frequency (THz)

160

170

Fig. 3. Peak-to-peak amplitudes of the electric field in frequency domain at
different Iocations.

V. CONCLUSION

In this letter, a summary has been presented of recent
progress in the implementation of PML and modeling of
nonlinear media with the TLM:-based FDTD method. The
numerical results show that by employing modeling techniques

already developed for the conventional FDTD, the TL.M-based
FDTD technique can now be used to solve open.structure and
nonlinear dispersive medium problems. ‘
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