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Abstract: This document provides a brief overview of the
capabilities of the various numerical techniques that were
adopted in the frame of the GEMCAR project, including a
paralleized implementation of the widely used NEC2 “method
of moments” code and a hybrid technique based on time-
domain finite volume and finite difference codes.

1. Introduction

There is no single numerical method that meets all of the re-
quirements for EMC modelling, with the result that it is nec-
essary to deploy a range of tools to address specific aspects.
Furthermore, there is no single technique from any specific
class of tools that is uniquely suited to the solution of EMC
related problems. Consequently, the purpose of this paper is
to give a brief review of the types of numerical techniques that
have been applied in the frame of GEMCAR project, the ways
in which they can be used, and the relative merits and disad-
vantages of the numerical methods.

Details of the formulation of particular numerical techniques
are not considered to be necessary in this document, as this
information is readily available in the technical literature and
is not of direct relevance to the issues considered here.

2. BEM coupled with cable network code — EADS

2.1 Boundary element method code (ASERIS/BEM)

ASERIS/BE solves Maxwell’s equations in the frequency
domain by a finite boundary element method (BEM). This
code is widely used for EMC and antenna applications for
complex geometries [1,2]. The quality of the expected results
depends on the quality of meshing that is used. The size of the
mesh elements should not be too large with respect to wave-
length: one generally uses a rule of one-fifth of the wave-
length A (on average, the size of each edge of the meshing
triangle will be h = A/5). This solver does not handle directly
SDRC Universal format files. A pre-processor analyses the
electromagnetic complexity of the structure, and assigns to
each of the element edges the number of degrees of freedom
that are needed for the unknowns that are required to solve
Maxwell’s equations.

For surface elements, these unknowns are the electric and
magnetic current fluxes of induced currents across the mesh
edges. They are located at the middle of the sides of triangles.

For a given frequency, the code assembles one matrix, factor-
izes it, and then solves a linear system with the right hand side
containing the illumination distribution. A frequency value or
a frequency range and a step are set for the calculation. The
main limitation of these techniques is in the memory require-
ment, because a dense matrix describing the interactions be-
tween the different cells has to be stored.

Electromagnetic fields are calculated in the vicinity of the
structures at particular points defined by the user. Calculation
of the scattered field is obtained by subtracting the incident
field from the total field. The scattered field at any point in a
homogeneous domain is expressed by a surface integral on the
boundary of that domain. For a perfect conductive object, this
expression depends on the surface electric currents through an
integral-differential operator.

Fig. 1: BEM mesh for simplified bodyshell

2.2 Cable network code (ASERIS/NET)

The 3D Finite Boundary Element code can be used to com-
pute the incident field on a wiring, the response of the wiring
being solved with a cable network code. The method theoreti-
cally comes form the “field-to-transmission-line” model. In
this model, the incident field is transformed into equivalent
generators, driving currents on the wiring. In this approach, it
is important to understand that “incident” field means the field
in the absence of the wiring. Therefore, the 3D incident field
calculation does not require the wires to be meshed, which
may be seen as a great advantage.

Three equivalent field-to-transmission line models are avail-
able (Taylor et al. [3], Agrawal et al. [4], and Rachidi [5]).
ASERIS/NET is based on Taylor’s model, in which the cou-
pling of an incident field on a cable is equivalent to applying a
set of distributed current and voltage generators, expressed in
terms of the incident electric and magnetic fields [3].
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ASERIS-NET simulates the interference on an electrical or
electronic network, resulting from local injections and distrib-
uted sources, due to natural or artificial external ambient
fields or electromagnetic disturbances. The distributed field
sources are computed by the 3D code and are coupled on the
cables by solving the transmission line equations in the fre-
quency range of interest.

Multiconductor transmission lines are convenient models to
describe at the same time EM coupling and propagation on
cable bundles. We refer to the BLT equation formulated on
cable networks [6], and also on study the transmission line
models at high frequencies using a rough, non-uniform de-
scription [7].

Input parameters for the simulations described above include
the bundle construction (single conductor wire), electrical
characterization (RLCG matrices), the various geometrical
shapes of the bundles, shield or non-shield and integration of
dielectrics in the wires, the loads or devices: linear circuits (R,
L and C). Outputs from the simulations are frequency domain
currents and voltages at any point of the network. Scattering
parameters between the network ports can also be computed
from these currents and voltages. The scattering matrices “S”,
referenced to the characteristic impedance of the tubes con-
nected in the network, have a physical significance in terms of
the network transmission and reflection coefficients [8].

3. Method of moments (MoM) — EPFL

In the framework of the GEMCAR project, EPFL uses the
Numerical Electromagnetics Code (NEC), a freely distributed
incarnation of the MoM. The NEC code is a user-oriented
software tool for analyzing the electromagnetic response of
antennas and other metal structures [9]. In the last 20 years,
NEC has been widely and successfully applied to radio com-
munications testing as well as antenna design. As the code is
written in FORTRAN, it is readily compiled and run on a
variety of platforms featuring all kinds of operating systems,
an advantage of the portability of the language.

Since NEC uses models represented by means of wires, the
numerical core allows the simulation of very complex 3D
structures, limited only by the capacity of the environment in
which it runs, with memory as the main constraint. The NEC
code produces an interaction matrix representing the system of
integral equations that leads to the calculation of the currents
and consequently the fields. The dimension of this matrix
depends on the number of segments that are needed in the
model to represent the structure to be evaluated. The matrix is
then reduced using LU factorization and, with the aid of the
excitation vector, the final solution to the integral equations is
obtained [10].

For a model consisting of N segments, the amount of memory
required by NEC is proportional to N°. As a consequence of
the square growth in the expression, the amount of memory
required becomes important on many current computers at
around 3000 segments. An ‘out-of-core’ routine is embedded
into NEC to allow the use of the hard disk as swap memory in
case of bigger models. The matrix is cut in pieces that are
stored on the hard disk, following a special pattern. The oper-
ating system can then use all available RAM and NEC man-
ages the disk swapping. The out-of-core routine requires about
four times the normal RAM and, as a consequence, enormous
swap files are created. Even more important is the fact that the
use of the hard disk, through the swap file, will slow down the
execution of NEC to unpredictable values.

In order to overcome this problem, the only solution seems to
be more memory. Having as much memory as needed is the
best way to assure an optimal execution. However operating
systems are not capable of managing all the memory one
would be prepared to buy. There are limits imposed by the
operating systems to the size of an executable application.
Thus, a version of NEC compiled for a very large number of
segments will fail to start, because operating systems are un-
able to allocate enough memory for the declared matrix sizes.

3.1 Parallel NEC [11, 12]
The original NEC code can be globally divided in two parts:

(1) The input section, which reads geometrical information
about the model and stores the “cards” that dictate addi-
tional model information, program commands and exe-
cution requirements.

(2) The calculation section, which computes the coefficients
of [G] for the matrix equation [G][I]=[E] and solves this
equation by means of the Gauss-Doolittle numerical
method. This method solves the system by first calculat-
ing the LU decomposition of [G] into [L] and [U] so that
the matrix equation becomes [L][U][I]=[E]. The equa-
tion is solved by forward substitution in [L][F]=[E] and
backward substitution in [U][I]=[F] so that the [I] vec-
tor containing the currents for every single segment is
obtained.

The major computational effort is factoring [G] into [L] and
[U]. In fact, computation of the elements of the matrix [G] and
the solution of the matrix equation are the two most time-
consuming steps in computing the response of a structure,
often accounting for over 90% of the computation time [9]

Since the NEC code is open and freely available, we have
been able to modify it and include a certain number of rou-
tines so that the program can also be executed in parallel su-
percomputing architectures. The idea behind this technique is
to share the interaction matrix among a number of processor
(P) so that the memory requirements can be fulfilled and the
total computing power help produce faster results.

The routine that computes the elements of the interaction ma-
trix was substituted by algorithms that partition the matrix
assign to each processor the task of calculating only those
elements that belong to its local sub-matrix. In this way, we
reduce the per-processor memory requirements by nearly a
factor of P, for a machine with P processors. The factorization
and solution routines were substituted by highly optimized
scalable parallel solvers that deliver dramatic improvements in
execution times, particularly for cases where disk swapping is
unavoidable on single processor machines. Representative
timing and memory results (based on a test model) are shown
in Table 1 below. These results compare both the both origi-
nal version of NEC on a single PC and the modified version
on a parallel supercomputer.

Special care must be taken when building a complex NEC
model. In addition to a series of basic guidelines for the simu-
lation of antennas and other single structures [9], other con-
siderations, derived primarily from empirical observations, are
of considerable importance for surface simulations. In particu-
lar, a model of very high geometrical complexity, from the
visual point of view, does not necessarily guarantee better
results than can be obtained from a model based on a much
simpler representation of the geometry.
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Table 1: Timing and memory as a function of the number of processors for a 6753 segments test case.

Number of Matrix Filling | Matrix Factorization Run Time (for 2 Memory per Total Memory
Processors Time Time frequencies) processor (MB) (MB)
1-PC 10 min 6 h 47 min 14 h 6 min 62% 2790
4-T1 2 min 56 sec 5 min 24 sec 16 min 7 sec 193.9 769.34
8§-T1 2 min 42 sec 2 min 45 sec 11 min 37 sec 104.4 816.04
16 —Tl1 2 min 34 sec 1 min 31 sec 8 min 52 sec 57.28 883.76
24 -Tl1 2 min 50 sec 1 min 39 sec 8 min 29 sec 39.55 905.81
32-Tl 2 min 33 sec 1 min 27 sec 8 min 16 sec 33.72 1019.45
36 - Tl 3 min 1 min 3 sec 8 min 34 sec 28.45 988.57

* Approximation based on core storage of 2000 segments.
3.2 MoM meshing issues

Two different approaches for the meshing of the GEMCAR
simple test case model are shown in Fig. 2, for example, both
converted into NEC input files. It was observed that the more
accurate body-fitted model (a) produced satisfactory results of
a very narrow frequency interval. However, the stair-cased
approximation (b) produced a very good agreement for a wide
interval and for different configurations of the experiment.

(a) Body fitted mesh

(b) Stair-cased approximation (derived from TLM model)

Fig. 2: Two different approaches for the NEC mesh

The most important parameter that determines the accuracy of
the results appears to be the wire radius. The guidelines stated
in [9] for the representation of segment lengths and radius do
not apply in an identical manner in the case of wire-grid sur-
face simulations. The so-called “equal area rule” [12], has
been shown to give the best results when it comes to perfectly
square and homogeneous meshes. In fact, the application of
the rule is also a guarantee that some of the other guidelines
regarding the use of NEC are respected. For example, a com-
pletely square and homogeneous mesh will ensure that all
segments have the same length and radius, a condition that is
highly desirable for successfully modeling complex 3D sur-
faces with NEC.

On the other hand, the extension of the application of the
equal area rule to more complex, body-fitted meshing tech-
niques (i.e. with a triangular mesh) does not provide the same
degree of accuracy, possibly due to the fact that significant
variations in segment length and radius result.

4. Transmission line matrix (TLM) — MIRA

The transmission line matrix (TLM) method [13,14] is a full-
wave, 3D electromagnetic field modelling technique. In this
approach, the entire volume is discretized using structured
hexahedral cells (usually rectangular, but sometimes cylin-
drical) that are occupied by a “node” connecting 12 transmis-
sion lines, representing two orthogonal polarizations at each
of the cell faces. Boundary conditions are applied by appro-
priate termination of the transmission lines, while materials
are represented by adding stubs to the node to modify the
propagation characteristics. Like FDTD, TLM is attractive
for EMC applications because it is normally formulated in
the time-domain, thus permitting broadband frequency-
domain results to be obtained from Fourier transformation of
a single time-domain response.

As TLM employs a structured mesh, very large models can
be accommodated within relatively modest computing re-
sources. Furthermore, sub-cell models are available for long,
thin features, thus ensuring that common elements such as
wires [15] (including multi-conductor bundles [16]) and slots
[17] can also be efficiently represented in models of large
structures. Frequency dependent materials [18,19] and fea-
tures such as arrays of apertures [20] can also be accommo-
dated using special models.

In common with other finite methods, such as FDTD and
finite elements, the modeled volume must be truncated with
an artificial absorbing boundary. In TLM this can be
achieved by using simple matched (ie. 377 Q) terminations at
free space boundaries that are sufficiently far from the radiat-
ing or scattering structures, or with more sophisticated PML
schemes. The main disadvantages of TLM, like FDTD, are
its inability to provide a body-fitted mesh for arbitrary ge-
ometries (with the result that curves are normally represented
by a staircased approximation) and the fact that the duration
of simulations for highly resonant structures can be very
long. However, these issues are not found to be serious limi-
tations in most automotive EMC modeling applications.

A sample vehicle TLM mesh is illustrated in Fig. 4, for a
bodyshell containing a simple wiring harness and illuminated
by a nearby antenna. Thus, the harness model in this case is
fully integrated with the 3D electromagnetic model.
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Fig. 3: TLM mesh for simplified bodyshell, with integrated
harness model and vertical biconilog antenna at side

This capability is needed for areas where the cables are a sig-
nificant distance from the bodyshell (typically in the
dashboard area and engine bay). However, for those parts of
the harness that are close to the bodyshell a separated method
would avoid the the need to allow for the long “ringing” times
that result from adding additional resonances associated with
the cables to the 3D model.

5. FDTD — ONERA and QINETIQ

The method used is based on the well-known Yee scheme
[21], where the Maxwell equations are solved in time domain
and in a bounded computational space domain. The bounda-
ries of the computational domain taken into account, permit to
simulate the infinite space with Berenger’s PML formalism
[22] or a special condition such as a conducting plane to simu-
late, for example, the ground plane in the MIRA and EPFL
measurements for the GEMCAR project.

In the Yee scheme, the computational domain is split into a
grid of parallelepipedic cells where different spatial steps are
given in the three directions (x, y and z). The unknowns of the
method are the electric and magnetic field components. The
electric field components (Ey, Ey and E) are located in space
at the edges of the cells of the grid. For the magnetic fields a
second grid (“dual grid”) is defined, the vertices of which are
located at the centers of the cells of the first grid. The mag-
netic field components (Hy, Hy and Hy) are then located at the
edges of this dual grid (see Fig. 4 below).

The magnetic and electric fields are not located at the same
position in space: the numerical scheme is described as “leap-
frogged” in space. In this method, the electric and magnetic
fields are evaluated with a delay of dt/2 where dt represents
time step. The scheme is also leap-frogged in time. This leap-
frog approach permits an explicit second-order numerical
method with a Courant Frederich Levy (CFL) condition of:

_1

1 1 1 1 %
dt < — s+t —
c\ dx dy dz

where ¢, df, dx, dy and dz define respectively the speed of
light, the time step and the spatial step size along the three
orthogonal axes.

dual cell (magnetic cell)

electric cell

Fig. 4: Locations of unknowns in the FDTD method

The choice of this numerical approach results in a stair-cased
representation of objects with surfaces that are not aligned
with the mesh. An example of an FDTD mesh is illustrated in
Fig. 5, for the MIRA test case simulation.

Fig. 5: ONERA FDTD mesh for a MIRA test configuration

A special wire model formalism due to Holland and Simpson
[23] can be used to take account of thin wires in FDTD mod-
els without meshing them in fine detail, which adversely
impact on both the memory requirements and runtime of
FDTD models. The wire is represented using a sequence of
broken lines that follow the edges of the electric grid with
appropriate boundary conditions at its two terminations (eg.
wire open circuit or connected to metal).

In conclusion, the method is robust and very attractive in
term of CPU time. However, in order to compute a field at a
given position, the field components along the cell edges
must be interpolated in order to obtain the field at specific
points inside the cells. This can be a disadvantage when the
fields along a path close to an object are required.

6. Hybrid FDTD/FVTD method - ONERA

The hybrid technique used by ONERA combines the finite
difference (FDTD) and finite volume (FVTD) methods to
solve the Maxwell’s equations in the time domain.
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This method, developed at ONERA and implemented in the
code EIVE, combines two kinds of meshes and two different
numerical schemes:

(1) The first is the well-known FDTD method based on the
Yee scheme [21]. This scheme is applied only on a
structured Cartesian mesh where the size of the cells can
be different on each axis and along a given axis. In this
case a perfectly matched layer (PML, [22, 24] is used to
truncate the computational domain.

(2) The second is a cell-centered finite volume scheme that
solves a conservative form of Maxwell’s equations [25].
In this method the computational domain is split into a
set of non-structured cells, which can be cubic, pyrami-
dal, tetrahedral, prism, etc. The magnetic and electric
fields are located at the center of the cells. The computa-
tional domain is bounded by a Silver Muller condition
to simulate infinite space.

The code EIVE offers the possibility to use only the FDTD
method, only the FVTD method, or both methods simultane-
ously. In the latter possibility, the mesh over the computa-
tional domain is composed of a structured zone, where the
FDTD scheme is applied, and an unstructured zone where the
FVTD scheme is applied. The hybridization between the two
schemes is achieved using one ore more overlapping cells,
where the fields at the time ¢+df are computed for each
method by using the fields at the time ¢ evaluated by the other
method [26]. The CFL number for the two methods is not the
same and the CFL number for the FVTD scheme implies gen-
erally a much smaller time step than the FDTD scheme.

This is due in part to the numerical scheme but also to the size
of the cells that are used, which are generally smaller in the
unstructured part than in the structured part of the mesh. To
avoid the situation where the smallest cells in the unstructured
part impose the overall time step for the hybrid method, a
local time step is used to evaluate the fields inside these cells.
Fields in the others cells are computed with time steps corre-
sponding to the FDTD CFL number for the structured part and
to the FVTD CFL number for the unstructured part.

In the GEMCAR model, the antennas and the computational
domain is defined using a structured mesh except in the vicin-
ity of the car where an unstructured, body-fitted mesh is used
(see Fig. 6).

Fig. 6: Hybrid FV/FDTD mesh showing the boundary be-
tween the structured and unstructured parts.

We consider that the antenna is sufficiently Cartesian to be
meshed with a structured mesh. Near the bodyshell, however,
the mesh is composed of unstructured tetrahedral cells derived
from a body-fitted surface mesh based on triangular elements.

In particular, this condition is important to evaluate the elec-
tric fields tangential to the path of the harness inside the car.

The hybrid method offers a compromise between a fast
method based on a stair-cased model (FDTD), which needs a
very fine mesh to correctly capture the path of the harness,
and an entirely conformal method (FVTD) which implies too
large a number of unstructured cells in order to correctly
model the antenna geometry, resulting in requirements for
much greater memory and CPU time than FDTD.

7. Conclusions

The range of different numerical techniques that are repre-
sented in the GEMCAR project is representative of the cur-
rently available electromagnetic modeling techniques, but not
complete. Nonetheless, the techniques that are described
here are probably the most widely used techniques for EMC
applications, particularly for modeling electrically large
structures over a wide range of frequencies.
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