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ABSTRACT

HE Transmission Line Modelling (TLM) method is applied to the electromagnetic mod-
T elling of vehicles. Impheations of increasing frequencies in computer models of electro-
magnetic compatibility (EMC) studies are discussed. Efficient algonthms and resource man-
agement strategres are developed with a view to producing accurate results 1n a realistic com-

putational run tirne.

Theoretical aspects covered are.

s The development and accuracy of the TLM method
» Animproved Partial Huygens’ surface for plane wave excitation

e An evaluation of high-performance local and global absorbing boundary conditions
Implementation aspects of TLM addressed include

o The effects of anthmetic precision on link e voltage and stub impedance calculations

o The development of an object-onented computer code using the Object Modelling Tech-

nique

¢ Methods for estimating and managing the memory requirement and run ttme of simula-

tions

It 1s shown that by optimising algonthms and carefully managing resources, sufficient improve-

ment can be made to allow relatively sophisticated models to be run on a modest desktop com-

puter
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CHAPTER 1:
INTRODUCTION

N recent years the subject of electromagnetic (EM) tmmumity and emussions, usually re-
]:ferrcd to as electromagnetic compatibitlity (EMC), has become an increasingly important
area of study 1n electrical engineering. All electronic and electrical devices generate radio fre-
quency (RF) energy, either umintentuonally by the acceleration or deceleration of electnic charges
during commutation, or by emusston from RF power sources, such as in mobile communications
equipment RF energy radiated from equipment (the source or culprif) can generate unwanted
currents in neighboning equipment (the victim) by a variety of mechamisms, The effects of radio
frequency miterference (RFI) of this kind can be inconvenient such as degrading television re-
ception, or more serious such as affecting the operation of medical equpment Concern about
the effects of RFI on a range of equipment has been accentuated by the increasing density of

use of the RF spectrum and increasing frequencies

Legislation and standards have developed in response to the growth in RFI sources, and now

virtually all equupment must have:

¢ Intrinsic immunity to mternal and external sources of RFL

o Strictly hmited emissions of RFL

The automotive ndustry has a particularly strong interest in EMC, since modern vehicles often
contain a number of electromc control systems such as engine management systems and antt-
lock brakes The failure of such systems has serious safety implicattons and vehicle designs

are legally requured to undergo strict testing to ensure that they conform to set limits The

importance of EMC to vehicle manufacturers also extends to product hability and quality 1ssues.
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1.1 The role of EM modelling in automotive design

Vehicles are amongst the most complex and expensive of all commonly owned consumer prod-
ucts Design optrmisation 1s therefore a challenging and rewarding occupation for many busi-
nesses In order to meet market demands and gain competitive advantage, manufacturers have
for many years sought the assistance of computers. The use of computers 1n automotive design
1s well established 1n disciplines such as geometric modelling!, aerodynamics, and structural

design

Computer modelling has gamed i populanty m a wide range of disciplines because of the
advantages 1t offers over expenimental techniques. Modelling by no means replaces tesung as
a route to conformance with standards, but 1t does have a key diagnostic role. Designs can be
evaluated at a much earlier stage than was previously possible, and this can reduce development

time and costs significantly.

The quantity and detail of the data produced from models normally exceeds that possible with
measurement alone. For example, EM simulation data gives field strength and current data n ar-
eas where 1t would be physically impossible to place measurement probes. Due to the increased
amount of data available and the advent of advanced 3-D visualisation software, designers can
now get a qualitauve ‘feel’ for design as well as producing quantitative results for engineers
This 1s particularly valuable 1n EM modelling, because experimental techniques only yield mea-
surement data at mdividual points, unlike in a discipline such as aerodynamics where full-field

visualisation of air flow has been realised by photographic means for many years

The electnical aspects of vehicle design have histoncally received relatively little attention be-
cause of their percerved mimmal impact on the efficiency, safety and comfort of the vehicle In

addition, the electronics content of vehicles was relatively low compared to thetr value

In older vehicles, the electrical system had a fairly simple design, and consisted almost exclu-
sively of low-impedance wiring looms, relays, and switches This type of system s immune
to virtually all commonly encountered sources of RF energy. However, the introduction of car

radios 1n the 1950s and 1960s brought with 1t discrete components and amplifiers with high

! In fact, two of the pioneers of geometric modelling, de Casteljau and Bézier were both employed by vehicle
manufacturers, {Citroen and Renault respectively) Geometnical modelling 1s the theoretical cornerstone of all
computer-arded design (CAD) and other modelling methods rely heavily on 1t for representing and preprocess-

ing geometrical data An excellent review of current methods can be found 1n Fanin and Hamann [1 1]




1 Introduction 3

mput impedance Motonists rapidly became aware of radio noise caused by EM disturbances
Significant internal and external RFI sources soon began to to be tdentified, and measures to
correct the problem were devised Early EMC legislation was aimed at protecting domestic
radio and TV reception from the broad-band noise emitted from vehicle spark 1igmition systems,

and hence only covered broad-band emissions 1n the range 40-250 MHz

Later, the mtroduction of microprocessor-based control systems became more common, and
this made the EMC performance of vehicles an important safety 1ssue. Predicting the presence
of EMC problems in modern vehicles can be demanding because of the wide range of materials
m use and the geometncal complexity involved. For this reason EM modelling has grown to
become an essential part of the design process [1 2], and the electrical aspects of vehicle design

have become of equal importance to other more established areas

1.2 Test procedures

In principle, the test procedures adopted to study automotive EMC are extremely simple For
whole-vehicle immumity tests 1llumination 1s provided at appropriate levels by a transmutting
antenna and the effects on vehicle operation are observed For erussion tests the RFI transmutted
from the vehicle 1s measured with a broad-band antenna Details of the test procedures for whole

vehicles, and for components have been described by Noble [1.3]

In practice there are difficulties 1n carrying out both types of test due to the nature of the mea-
surementsZ, and tmperfections in the measuring environment. Emussions tests are usually car-
ned out at an open-area test site (OATS), and immuruty tests 1n a screened room or an anechoic
or semu-anechoic chamber (see Figure 1 1). Semi-anechoic chambers are the most commonly
used environments for whole-vehicle immunty tests. The metallic chamber walls are lined with
RF-absorbing material (RAM) which absorbs the fields scattered by the vehicle and hence the-
oretically emulates free-space  However some resonances are present due to the angular and

frequency-dependent nature of these absorbers

At low frequencies the chamber walls are 1n the near field of the illuminating antenna and sub-

stantial coupling can occur [1.4] This complex situation makes it difficult to generate accurate,

2 For example, 1t can be difficult to place field probes 1 tmmunity tests where standing waves are present Even

very slight differences 1 position can yield large difference 1n the observed field strength
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Figure 1.1: Vehicle immunity test carried out in the semi-anechoic chamber at MIRA, UK

uniform fields for tests, and indeed modelling has found a role in the design of cost-effective
and efficient test environments [1.5]. Ideally a model should be capable of determining the
vehicle’s performance its test environment including the effects of the illuminating antenna and

absorbers.

At high frequencies whole-chamber simulations are much more of a challenge in terms of the
computer memory and model complexity required. Most semi-anechoic rooms are lined on the
walls and roof with pyramidal absorbers which perform reasonably well at high frequencies®,
and thus it is a acceptable approximation to assume that the vehicle is surrounded by ideal
free space. In the computer model this can be achieved by applying absorbing (or radiation)
boundary conditions. These boundaries are be placed as close to the vehicle as possible in the
model in order to conserve computer memory. This type of compromise is likely to be necessary
more often in the future, since new innovations such as road-side communications at 5.8 GHz,

and the first generation of forward-looking radars at 77 GHz are extending the band of interest

(currently 20 MHz-1 GHz [1.6]) to the limits of current modelling capabilities.

* In some anechoic chambers ferrite tiles are used on the floor and as a backing for conventional RAM in order

to improve low frequency performance.
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1.3 Selection of a modelling method for automotive EMC

A wide range of numencal techmques have been developed for electromagnetic modelling
Each method tends to have strengths 1n different types of problem, 1 e scattening, radiation or
propagation This makes the choice of a modelling technique for EMC quute involved because
fully self-contained EM simulations of the EMC test environment which include antennae etc

can be partially classified in all three categones.

The propagation of EM waves in materials 1s concisely described by Maxwell’s curl equations
(1 1-1 4). Durect analytical solution 1s unrealistic except 1 cases where the geometry of the
system of interest and the boundary conditions are extremely simple, although analytical tech-
niques are widely used for validation purposes In most realistic physical situations a numernical
solution method must be employed Numerncal techniques often use a discretised version of

either the differential (hme domain) version of Maxwell’s third and fourth equations

JH
VXE=- W (11
VX H=0E +em 12)
ot
or the integral (frequency domain) forms:
VX E=—jwuH (13)
V x H=(0,+ jwe)B (14

These equations can be handled 1n a variety of different ways, each having disunct strengths and
weaknesses. Some key features of a selection of methods are reviewed 1n Table 1.1, although
more formal and comprehensive surveys have been conducted by Mller [1 7], and by Porter

and Pawson [1 8].

The first choice to be made when selecting a technique 15 whether a ttme or frequency result
1s requred Because of the nature of EMC problems, both time and frequency domain 1nfor-
mation are of mterest. In order to cover a wide frequency band with a smgle simulation 1t 1s
converient to perform a time domain simulation with impulsive field excitatton. The result can

subsequently be transformed into the frequency domain using, for example, the discrete Founer

transform.
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FINITE DIFFERENCE TIME
bomMaiIN (FDTD) [1.9],

FINITE DIFFERENCE
FREQUENCY DOMAIN
(FDFD).

Most commonly apphed 1n the time domain form
Spaual discretisation into rectangular blocks

Time domain version produces E and H 1n alternate halves of the nme
step Frequency domain vanant requires the solution of a set of simulta-
neous hinear equations

Bourndanes generally must lie on cell faces leading to a ‘staircased’ ap-
proximation of sloping boundartes, although special formulations are be-
ing devised to implement sloped and curved surfaces

High performance absorbing boundanes (boundaries at o) are not inher-
ently easy toimplement Successful schemes have been reported

Can deal with matenals on a cell-by-cell basis and suitable for complex
geometry

FREQUENCY DOMAIN
FINITE ELEMENT METHOD
(FDFEM) [1.10],

TIME DOMAIN FINITE
ELEMENT METHOD
{TDFEM).

Most commonly formulated 1n the frequency domain
Spaual discretisation into tetrahedral blocks bounded by elements

Operates by mummsing an energy functional, which reduces the problem
to a set of simultaneous linear equations

Absorbing boundartes can be difficult to formulate
Spunous solutions known as vector parasttes must be handled
Complex matenal types and configurations are easily achieved

Accurate geometry representation possible as the elements may be indi-
vidually scaled and distorted to fit the problem

METHOD OF MOMENTS
(MoM) [1 11].

Normally apphed 1n the frequency domain, although time domain mo-
ment methods exist

Discretisation into wires, conducting patches or dielectric volumes

Integral form of Maxwell’s equations are reduced to a set of sumpler lin-
ear equations These are solved by a techmque known as the method of
weighted residuals

Different forms of the field integral equations determuine which sort of
problem the method solves, 1e wires, patches or volumes This means
that combining patches and dielectric volumes is nontrivial

Highly accurate absorbing boundaries can be implemented

GEOMETRICAL THEORY
OF DIFFRACTION
(GTD) [1 12).

Based on optical methods

Only appropniate at very high frequencies where the free space wave-
length of the incident wave s much smaller than the dimensions of the
object

Differs from geometnical optics smee the effects of diffraction are ac-
counted for

Table 1.1: Features of alternative modelling methods to TLM
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EMC simulations are distinct from simple radiation problems where, for example, the far-field
radration pattern of an antenna s to be evaluated Frequency domain methods such as the
Method of Moments tend to be more efficient in terms of stmulation times and memory usage

for this type of problem

Time domain techmques are popular for a wide range of EMC problems, and are chosen as
a starting point for this thesis A typical structure for a time domain modelling tool 1s shown

i Frgure 12 The most common time domain methods are the Fimite Dafference Time Do-

P
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Figure 1 2- Simplified structure of a 3-D ime domain EM modelling tool

mam method (FDTD) and the subject of this thesis— the Transmission Line Modelling method
(TLM) TLM and FDTD are very closely related and share many features, in fact TLM and
FDTD have been shown to be equivalent in certain circumstances [1 13,1 14, 1 15] The main
difference between them lies in therr formulation FDTD 1s formulated directly by mathematical
methods, and TLM is formulated by conceptually replacing the problem with a set of equiva-
lent electrical transmission lines. The fundamental unit of FDTD s the Yee cell [1 9], and 1n
TLM 1s the point at which the transmission lines intersect— termed the node [1.16] Because

TLM 1s based on the concept of electrical transmussion hnes 1t allows the engineer to draw on
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existing knowledge of circuits and thus gives a good ‘feel’ for the modelling process TLM’s
power to abstract physical problems to electrical circuits has been used successfully 1n a wide
variety of problems outside of electrical engineering, including acoustics [1 17], and thermal

diffusion [1 18].

TLM also differs from tracitional FDTD m the fact that both field components are available
simultaneously, whereas in FDTD they are separated by one half of a tme step The disad-
vantage of TLM appears to be mn the addittonal memory that the 3-D symmetncal condensed
node (SCN) [1.19] requires when compared to the Yee cell However, the stability of the TLM
method tends to be better than FDTD for rectangular-faced cells where the side lengths differ,
and this may mean that models with high permuttivity matenals can be represented more effi-
ciently in TLM. Also, recent research suggests that TLM may perform significantly better than
FDTD 1n modelling the fields around sharp conducting edges [1 20]. It 1s therefore debatable
which method offers the best solution, although the use of FDTD seems more widespread tn
the radiation community, and TLM more common 1n the propagation and scattering commu-
nties. Whichever method offers the better alternative, there 1s no doubt that TLM has been
used successfully m a wide range of problems. Since the advent of the SCN, 1t has been ex-
tensively applied in EMC both generally [1 21, 1 22, 1 23] and specifically in automotive EMC
problems [1 24, 1.25, 1.26].

1.4 Objective of this thesis

Effective and efficient computation using any EM solution method depends fundamentally on

e Mimimising the amount of computer memory 1n use.
o Minimustng the number of calculations required to solve the problem
¢ Producing computer code with an optimised architecture

¢ Using high-performance computers

These requirement ratse spectfic issues when applied to TLM. This thesis aims to target the parts

of the TLM method where there 1s potential for achieving more efficient computation including

e The denvation and development of impulse reflection coefficient boundaries
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¢ The evaluation of high performance absorbing boundary schemes for use in EMC simu-

lations.

¢ Implementation issues including numerical accuracy, memory management and program-

ming techmques.

The overall objective of this thesis 1s to develop methods for improving the effectiveness and ef-
ficiency of the TLM method. This 1s necessary to meet the challenges of increasing frequencies

in the test environment and to maximise the potential of computing resources.

15 Thesis overview

Chapter 2 gives a bnef mntroduction to the TLM method. The derrvation and properties of
different types of TLM node are descrtbed 1n the context of vehicle EM models. Finally, relevant

recent developments 1n the TLM method are reviewed.

Chapter 3 1dentifies techmques which are based purely on the application of reflection coef-
ficients between parrs of TLM nodes. A vanety of common boundary types are denved and
discussed, and a new method of applying asymmetric boundaries to achieve plane wave excita-

tion 1n TLM 1s presented,

Chapter 4 analyses high-performance absorbing boundary schemes in the context of EM scat-
tering problems. Performance tests are presented, and the ments of vanous schemes are dis-

cussed

Chapter 5 examunes efficiency and accuracy of the TLM algorithm 1n terms of its implemen-
tation. Practical issues affecting the algorithm including the programming methodology, accu-

racy, and the efficient use of computational resources are addressed.

Chapter 6 concludes the findings, and proposes areas for further study
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CHAPTER 2:
BACKGROUND AND FEATURES OF THE TRANSMISSION
LINE MODELLING METHOD

HE TLM method has undergone considerable development since 1t was devised in the
early 1970s In that time 1t has evolved into a comprehensive numerical techmque with
many powerful features, This chapter provides an mtroduction to the TLM method, including
the development, derivation and errors of efficient and general 3-D nodes The state of current

research is reviewed with an emphasis on the EM modelling of vehicles.

2.1 The history of TLM

Attempts to represent Maxwell’s equations using equivalent electrical circuits date back as far
as the 1940s [2.1], although the scope of these studies was restricted by the lack of fast, afford-
able digital computers. By the 1970s computers were readily available to perform the labon-
ous and repetitive calculations involved, and a range of numerical techmques became popular
The TLM methed was first applied 1n proneering work by Peter Johns to study wave guidance
problems [1.16], but has since found applications 1n many areas of EM design and evaluation
The first TLM nodes to be developed were the 2-D shunt node and the 2-D series node [2 2].
These types are limited to modelling phenomena which can be reduced to TM and TE modes
respectively! The capabilities of these nodes are mnadequate for modelling the complex EM
characteristics of a 3-D vehicle body The 2-D nodes are important because therr equivalent
circuits are well understood and the concepts developed in their derivation are fundamental to

the understanding and analysis of 3-D nodes

' That 1s, 1f the usual convention 15 adopted, where the node voltage 1s chosen to model the electric field and the

node current 1s chosen to model the magnetic field
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22 Two-dimensional nodes

In the 2-D TLM method, waves propagate on a mesh or grid of transmisston lines which are
Jomed at nodes [2 3]. If a voltage pulse of urut magmtude 1s injected into a node, as shown in
Frgure 2.1, and the transmuission limes have characteristic (or surge) impedance Zry, then as it
reaches the node centre 1t experiences a mismatch The pulse ‘sees’ the other three transmission
lines 1n parallel, and thus a terminating 1mpedance of Z7p /3 By using transmisston line the-
ory 1t 1s possible to determme the magnitudes of the transmutted and reflected pulses as % and
—% respectively. This process 1s known as scartermg. The pulses then propagate along therr
respective transmission lmes by a process known 1n TLM nomenclature as connection towards

neighbouring nodes where they undergo further scattering,

1 “l
scatter ; A2 connect i |?
A 31 - ™
1 _%" 2 _1 7
y
J } scatter
1 : _Fls'" i ‘% 1 1 3
z,___‘“ J\; - i L.“;
1 TN iy i |
- -& oscatter 3 -1y %Y  copmect i A% *|_1Ad
1 . < ——— ey Il - - i N}
-5 |_riv o 1 %T -1 1% AT E
L SR 3. B | St & K i
] - 1 hatl it Rl
8 4

Figure 2 I- Nonzero voltage pulses on a shunt connected TLM mesh

The combined action of scattering and connecting pulses 1s consistent with Huygens® principle
for hight propagation {2.4]. In other words, each node acts as a secondary, 1sotropic, radiator for
energy and by the net effect waves propagate on the mesh For this reason the TLM method 1s
often viewed as a discretised version of Huygens’ model for wave propagation, although more

rigorous viewpoints have been adopted [2.5].
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221 Shunt networks

If a single shunt connected node 1s isolated from the TLM mesh shown 1n Figure 2.1 the wave
properties may be examined 1n more detail. Figure 2 2 shows an mdividual shunt node along

with 1ts lumped element equivalent circuit

— o lVynz

Al

Figure 2.2 Shunt node made from coaxial transmission lines and the lumped element equivalent circuit

The network is conveniently analysed by assuming that the space step 1s small,1e Al — 0. By
observing that V' = —L% for both propagation directions and that 1 = —C %1{- at the node
centre, the partial differential equations which govern the network may be expressed As shown
n equation group (2.1), these are 1somorphic to Maxwell’s equations for TM field distributions

(in this case contaming nonzero field components of H,, H, and E, only).

9B, _ _ 0H, ov, _ _ 0L
ay “ht or "ot
0E,  oH, <+ v, _ _ ol @.1)
Tar "ot Ay ot
oH, oH, _ O, oL oL, _ o
oz Jy at dr Oy at

Dhfferentiating subsequent pairs of equations with respect to z, ¢ and ¢ respectively and substi-
tuting to remove the magnetic field components, an 1somorphic pair of scalar wave equations 1s

produced, 1 e.:

8E, O°E, 3°E, v, &V, 8V,
52 Tz TP ar T e Tap - HC%

A mapping may therefore be established between components of the electric field (F) and elec-

22)

tric potential {V'), components of the magnetic field (H) and nodal current (I), permuttivity (€)
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and capacitance (C), and permeabihity (1) and inductance (L).

The propagation velocity in the medium and on the TLM mesh are obtained directly from wave

equation pair (2 2)
U= L — u - -1 1 23
NG M= RILC V2 VIC

Therefore, iIf C' models ¢ and L models p, the propagation velocity on the TLM network for
waves 1§ 712- times the velocity in the medwum. It can be further deduced that the intrinsic

impedance of the network 1s % times the characteristic impedance of an individual link-line

A network with fimte space step, Al, shares these wave properties, providing Al 1s sufficiently

small The relationship between fields and circuit parameters are:

V. 1
Ez — _Kzl = —'m-(lvxnz + II/?r:pz + II/;,vn:: + :Vypz)
Iy _ 1 H t 24)
Ha: > Al = ZTLAI (Vypz %nz)
I, 1 : .
Hy «— E = m ( prz - anz)
The scatter process demonstrated in Figure 2 1 may be expressed algebraically by a scattering
matrix, S, 1 e.
V=8W (25
where ) i
TV.'E‘H,Z
"V = 1”Vmpzz
rI/ynz
| Vipx |
(-1 1 1 1]
1 -1 1 1
s=1
1 1 -1 1
| 1 1 1 -1 ]
;V:mz
W= ’V:.rpz
tVyﬂ.z
L 1V!/Pz J
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and where superscripts ¢ and r denote mncident and reflected quantities respectively This pro-
cess, combined with the connect process forms a time stepping algorithm operating with an

mterval Af (hereafter known as the zime step) defined by:

Al _ Alﬁ (2 6)
UTLM U

At =

222 Senies networks

If the four transmission line segments 1n the shunt node are reconnected m senies, another type
of TLM network may be devised. The TLM senes node 1s shown 1n Figure 2.3 along with its

lumped element equivalent circuit. The partial differential equations which govern this network

Vapz

'
Y
£

Al

Figure 2 3 Senes node made from coaxial transmussion lines and the lumped element equivalent circut

for Al — 0 are obtained 1n a stmilar manner to the shunt node Observing, in this instance, that

V= —L%t‘: and that J = 'C% for each coordinate direction

3E°‘_6Ez = — % %4_6‘/2 = _2L%

0z 8z ot 8z dr ot
oH, _ 0B o, _ % @D

3z h 3z Bt

oH, _ O, o _ o

ar gt dr ot

As shown in equation group (2.7), the series node 15 equivalent to Maxwell’s equations for 2 TE

field distnbution (with nonzero components in Eg, I, and Hy, only).
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A scalar wave equation may be obtained by eliminating the electric field components

#H, OH, &°H, 01, &%, 81,
oz T o2 Mar T amtap A% 28

Examuning equation (2.8) it can be seen that the wave velocity, and hence the time step are 1den-
tical to that of the shunt node. The relattonship between field components and circuit quantities

are:

I 1

Hy = 8 = o (Vins + Veps = Vapz = Vans)
Vi 1

E:r — Bﬁl = E,(‘Vznx_l_tv"sz) (29)
V. 1

Ez — —K:} = —E (z‘/zpz+q/xnz)

Because of the circuit topology, the scattening behaviour 1s different to that of the shunt node

The scattering matnx for the senes node 1s*

1 1 1 1]
1l 1 1 -1 1
S == 2 10)
2] 1 -1 1 1
-1 1 1 1)

and the mcident and reflected voltage vectors are:

sznz
1Vz;pz
*Venz
1Vzp:t:

1V=

"Vanz
T Vn:pz
"Vinz
| erp:t

YV =

223 Thévemn equivalent circuits

Once the propagation charactenistics and field mappings for the TLM scheme have been estab-

lished the focus can switch from Maxwell’s equations to circunt theory.
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A convenient method for analysing a vaniety of problems involving transmussion lines 1s to

generate a Thévenin equivalent crrcuit.

X
( —, IVXY N
i : .
% - Y

Y

EfV

ury, —-—

o
-

Frgure 24 Transmission hine carrying pulse of voltage *V, terminated with network N

The purpose 1s to simplify the circuit by replacing part of 1t with an equivalent voltage source
(the Thévenin voltage source) and a series connected impedance (the Théverun impedance)
Figure 2.4 shows a transmission Iine connected to a general network N The objective of the
following analysis 1s to replace the Iine with an equivalent Thévenmn circuit and thus facilitate

the sclution of currents and voltages within network N

The first stage 1n obtaining the Thévenin equivalent circurt 1s to select a pair of reference termi-
nals. These are denoted X and Y in the circuit shown in Figure 2.4. The next stage 1s to find the
open circunt voltage V. at these termunals (see Figure 2.5(a)) When the line 15 unterminated the

current flowing at XY 1s zero, and thus the reflected current magnitude must equal the incadent

current, ie:
v '
—_— (211
Zr.  ZrL )
Furthermore, by applying Kirchoff’s Voltage Law, 1t can be shown that
V=V, 'V (2 12)

By substituting for "V 1n equation (2 12) (from equation (2 11)) the Thévenn voltage may be

obtained, (see Frgure 2.5(b)) 1.¢..

2%V =V (213)
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Figure 2 5 Stages in preducing a Thévenin equivalent circuit

The Thévenin impedance is the value measured ‘looking mto’ the reference terminals, which 1s

stmply the charactenstic impedance of the transmission line

Therefore, the circuit 1n Figure 2 4 may be represented by the Thévenin equivalent shown 1n
Figure 2.5(c) This is a useful result which aids the analysis of scattering both within the node

and between nodes Internodal scattering will be covered in more detail in Chapter 3

Thes type of analysis may be applied to the series and shunt networks 1n the manner shown
in Figure 2 6. In the diagram general values are assumed for the transmission line admittances
(denoted Yy, and Yy,;) n the shunt node and the impedances (denoted Z;, and Z,;) n the senes

node?.

The reflected voltages are calculated by replacing each transmission line with 1ts Thévenin

equivalent and then applying equations of the form.

WV =Vxy -V (214)

Although this analysis 1s relatively trivial 1n the case of stmple shunt and senes circuits, 1t

becomes of greater importance when additional features such as stubs are added

2 Note that by defimtion Y, = z_i: etc and the use of characteristic impedance or admittance 1s purely for

mathematical convenience
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2 IVITLZ

2 1Vynz

Figure 2 6 Thévenin equivalent circuits for (a) the shunt node and (b) the series node

224 Inhomogeneous and lossy materials

Real-world problems frequently contain dielectric and other materials where the speed of waves
differs from that 1n the background material. The TLM formulations shown 1n the previous sec-
tion cannot handle this property because 1n order to maintain synchronism 1t 15 necessary for the
transit ttme of pulses to be uniform across the entire mesh, 1 e ﬁ = aconstant This means
that in principle the wave velocity in the model must also remain constant (see equation (2 3))
To overcome this apparent difficulty, the concept of stubs has been introduced [26] Stubs

are widely used 1n microwave circuits and are reactive elements formed from transrmission line

sections. This concept can be transferred directly to TLM.

Capacttive stubs are achieved by, conceptually, leaving one end of the transmission line section
forming the stub as an open circuit (1 e. numencally applying a +1 voltage reflection
coefficient) This allows a localised increase 1n capacitance, and hence permuttivity, to be
modelled in shunt-connected networks The characteristic admuttance of a capacitive stub
associated with coordinate direction 2 of value C,, may be expressed as a function of the
time step

_2C,

== 215
Yo At (215)

Inductive stubs are achieved by, conceptually, short-circuiting one end of the transmission lme
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section forming the stub (i.e. numerically applying a —1 voltage reflection coefficient).
This allows a localised increase in inductance, and hence permeability, to be modelled in
series-connected networks. The characteristic impedance of an inductive stub associated

| with coordinate direction ¢ of size Lgs; may be expressed by:

2Lsi

Zsi = 7y

(2.16)

Anexample of a 2-D TLM model incorporating inhomogeneous material is shown in Figure 2.7.

L

5

1hie
|

o]

Figure 2.7: Beamforming action of the melon of the Harbour Porpoise— an example of inhomogeneous

material modelling in an underwater acoustics problem

Stubs of this type are designed so that the time taken for a voltage pulse to propagate towards and
then return from the mismatch is equal to the time step. In other words, the stub may be of any
length providing any pulses reflected from it enter the node in synchronism with incident pulses
from the link lines. By using stubs it is therefore possible to increase the local permittivity or

permeability without affecting mesh synchronism or changing the link line impedance.

If the stub is infinite in length, it may be viewed as a lossy element, i.e. any pulse (and therefore
energy) entering the stub is effectively dissipated. An infinite transmission line segment may
therefore be represented by a resistor in the equivalent circuit of the node. Lossy stubs require

no additional storage to implement since no reflections occur during connection.
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Shunt conductance G, may be mtroduced 1nto the shunt circuit to give electric losses (Fig-
ure 2 8) and series resistance Ry, may be introduced into the senes circuit to give magnetic

losses (Figure 2.9).

(a)

Ge:[] |V ®

Frgure 2 8: (a) Structure and (b) Thévenin equivalent circuit of a lossy shunt node
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Figure 2 9 (a) Structure and (b) Thévenin equivalent circuit of a lossy series node

2.3 Three-dimensional node types

As explamned at the start of this chapter, the capabilities of the shunt and senes nodes are required
1n three dimenstons for TEM field distributions. The first 3-D TLM algonthm, using the so-
called expanded node, was described by Akhtarzad and Johns [2.7] The equivalent circuut
consists of three shunt nodes and three seres nodes electrically connected. The accuracy of

the expanded node is limited as the field component measurements are made at different spatial
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points within the node It 1s also regarded as mefficient in terms of computational resources
since each 2-D node requures entirely separate treatment [2 8] The difficulttes caused by spatial
separation of the field components were later rectified by Saguet and Pic in the Asymmetrical
Condensed Node (ACN) [2.9] The ACN uses less computer memory and provides all of the
field components at a single point, however its asymmetry 1s mconvenient For example, the
way 1n which problem boundaries are implemented depends on the onentation of the nodes to

which they are applied.

A 3-D scalar node has been developed by Cho1 and Hoefer for solving problems which can be
decomposed mto TM or TE modes [2.10]. Thus 1s a natural development of the 2-D shunt node
mto three dimensions and as such 1s extremely efficient in terms of storage and computation
Due to 1ts lack of generality, however, 1t has few applications m EMC situations and has not

been widely studied.

The most sigmificant development 1n 3-D TLM 1s undoubtedly the symmetrical condensed node
(SCN) 1ntroduced by Johns [1.19]. The success 1n producing a symmetrical node with all six
field components available at a single point 1 space-time was initiated by a conceptual leap
m TLM theory. Where earlier node types were developed by the ad hoc design of electri-
cal networks, the SCN was formulated more directly from Maxwell’s equations® As will be
demonstrated, 1t 1s convenient to use a combmation of circunt theory and Maxwell’s equations

m order to charactense the behaviour of the SCN and its derivatives.

Symmetrical condensed node types have been used exclusively for the work 1n this thesis as

they are the most efficient and general nodes for use in EM models.

231 Symmetnical condensed nodes

The symmetrical condensed node may be derived in a variety of ways Ongnally, Johns gen-
erated the scattering matrix from first principles by inspecting Maxwell’s curl equations, and
applying the prninciples of energy and charge conservation to the node [1 19]. This method
becomes cumbersome with more advanced SCN types. Other investigators have subsequently
applied more general techniques, such as direct dertvatton by a process of centered differenc-

ing and averaging [2 12], or by jointly applying the principles of electric charge conservation,

% An equivalent circuit for the SCN has been derived by Mlakar [2 11], however 1t 1s very seldom useful 1n the

modelling process due to its high complexity
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magnetic flux conservation, electric field conttnuity and magnetic field continuty [2 13] In all
of these derivations the convenience of applying circuit theory to denive the scattering matrix 18
somewhat redundant. Thus 15 unfortunate, since one of the more powerful features of TLM 1s

1ts circunt analogy.

A more intwtive method has been recently reported by Porti ef al. [2.14] which preserves the
role of circuut theory more strongly n the modelling process This technique will be referred
to as the method of common and uncommon lines The technique will be explained 1n the next

section and 1t will be shown how this can be applied to symmetrical condensed nodes

232 The method of common and uncommon lines

If a pair of 2-D nodes are selected, such as the shunt and series nodes shown in Figures 2 2
and 2 3, a 3-D model can be imagined which satisfies Maxwell’s equations for a pulse entering
one of the ports common to both, i € znz or zpz The shunt circwt 15 associated with E, (by

the voltage V) and the series circwt with Hy, (by the current 1)

The method of common and uncommon lines assumes that the shunt and senes circuits are
somehow connected, however no attempt 1s made to construct a full equivalent crrewt Instead,
the analysis assumes that a pulse 1s mcident on one of the transmission lines common to both
circuats (1 e. *Viy, or *Vop, 1n Fagure 2 6). Because there 15 no coupling between uncommon
Iines (on ports ypz, ynz, znz and zpzx) the reflected voltages in those transmission lines may

be calculated directly from the equivalent circuat of the appropnate 2-D node.

The reflected voltages m common lines are calculated by observing that scattering 18 an 1n-
stantaneous process, and can be viewed as electro- and magnetostatic The coupling between
common lines may therefore be mathematically imposed by ensuring that V x H = 0 (charge
18 conserved) 1n the shunt node and V x E = 0 (magnetic flux 1s conserved) in the series
node during scattering, This condition leads to a pair of simultaneous Imear equations which
can then be solved to give the magnitude of pulses reflected into the common lines The tech-
mque 1s general and allows features developed 1n 2-D nodes to be rapidly mcorporated into 3-D

symmetncal condensed node formulations
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23.3 The symmetncal condensed node without stubs

The method of common and uncommon lines may be 1illustrated by denving the scattenng
matrix for the SCN without stubs. The equivalent circuits shown in Figure 2 6 are assumed
with all link-lines of equal charactenistic impedance and a umt magmtude pulse injected into
a common line, ie Vg, = 1. As has been explained, the reflected voltages into uncommon

lines are produced from their respective shunt and senies equivalent ctrcuits, 1 €

"Vypz = %
rVynz = %
"Vins = %
1erpar: = _%

Applying the principle of electrrc charge conservation to the shunt node

%(20) (1V:cnz + thpz + lVy;:vz + lVyﬂz) = %(20) (rvxnz + erpz + rVypz + rVynz)

Simplifying and substituting the known quantities:
S (1+0+040)=(Venz+ Vipe + L + 1)
= "Venz + "Vip: =0 (2.17)
Applying the principle of magnetic flux conservation to the shunt node
3L Vanz + Vapz = Vepz = Ving) = §(2L)(="Vanz = "Vapz + Vapr + "Vins)
Simplifying and substituting
= (1+0+040) = (—"Vins — (—3) + Vapz: + 1)

= 1‘]‘/:r:lruf. - erpz =0 (218)

Therefore

’ Vznz =0

erpz = 0
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By following simular analysis for other ports, the entire behaviour may be charactenised by a

surprisingly elegant scattering matnx

"Vynz 01 1000001 0-1 0[]V
"Vinz 1 0000100 0-10 1|V
"Veny 1 001000 10 0 0-1]|]Vany
"Viny 001 01 0-12020 0 1 0f]['Viny
"Vyns 00 01 01 0~1201 20 0]V
s || L] 0100 1010100 0f Venet
Vel 2} 0 0 0-1 01010 1 0 Of[W,
"Vipy 00 1 0-1 01 00 0 1 0f]['Wy,
"Vipe 1 000 0-10 00 1 0 1|[| WV
"Vips 0-1 0 01 06 1 0 1 0 0 0f]['Wp
"Vepy -1 0 0 1 0 0 0 10 0 0 1]]["'Vep
| "Vipe | | 001-1 0000 0 1 0 1 0f| V|

By this method 1t 1s possible to generate all of the entries 1n a scattering matnix, S for the SCN by
considering a total of three node pairs Unlike the expanded node, the shunt and series networks
are purely used as analytical tools and do not require separate computation. As a result the node
has all six field components condensed at a single point in space and with better efficiency than
earhier 3-D nodes Because the circmt diagram of the SCN is complex it 1s normally shown

schematically as a 3-D cruciform with the link lines shown n bold (see Figure 2 10)

The low-frequency propagation characteristics of the SCN may be obtained by considening a
large mesh carrying a plane wave. It can be shown that the time step for the SCN 15

Y

At = —
2¢c

(220

The method of common and uncommon lines 1s extremely simple, but 1s suitable for all sym-

metrical condensed node types. It has been shown to be particularly useful for characterising

scattering 1n nodes incorporating complex features such as thin wires [2 14]
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Vy;p:r,(vm)
Vypz(v'!)
‘/zpy(vll)
-—+ prz(vlﬂ)
Vany(Va) A
/}' V:zpz(VQ)
Vena(V2) g Vepy(Vs)
V:rnz(Vﬁ) >
Y
Vzny(v.'i)
xr
e
71’ Vynz(VE) ‘
%nz(Vl)

Figure 2.10: The Symmetrical Condensed Node (SCN} after Johns [1 19]
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234 Symmetrical condensed nodes for mhomogeneous and anisotropic materials

So far, cubrc cells and homogeneous material have been assumed for the symmetrical condensed
node. In real models 1t 1s desirable to model cells which have rectangular faces 1n order to
allow inhomogeneous materials to be efficiently incorporated. The ability to model amisotropic

materials may also be required

By examining the electrical properties of the amisotropic, nonumform, linear block of space

shown 1n Figure 2 11, 1t is possible to wnte down the capacitance, mductance, electric con-

ISC
z
Y
Ar
€ [y Tey T

‘A\y\-a— s

Figure 2 11 Arbitrary linear block of space

ductivity and magnetic conductivity for each coordinate direction. The constitutive parameters

are:
AjAk
Ly = =y @21)
_ AjAk
Cr= e —% (222)
AjAk
Gor = 0y JA (2.23)
1
AsAk
Ry = am,# (2.24)

where ¢, 7, k are dummy indices such that (1,7, k) € {(z,9, 2), (v, 2, %), (z,2,¥)} and L,, C,,
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G .., and R, are the total inductance, capacitance, electric resistance and magnetic conductance

of the block 1n coordinate direction 1.

Parameters of the TLM node

There are only two fundamental constraints which must hold for a general SCN

1. The total capacitive and inductive contribution by link-lines and stubs must correspond

to that of the block of space 1n each coordinate direction

2. The transit time of pulses on lIink-lines must be umform for the node (and indeed, over

the whole mesh).
The former constramnt may be compactly expressed by a set of equations [2.15]
Cixdr + CipAg + Cop = Ck (225)

LyAr+ Ly Ag+ Lo, = Ly, (2.26)

The latter constraint may be incorporated by expressing link-line impedances as a function of

the time step

LA
Z, = —%t— (2.27)
or as a link-line admittance, Y},:

By rearranging and substituting, the link-line capacitance and inductance terms may be eltm-
mated from equations (2 25) and (2.26). Further substitution for Cy and Ly, and for the stub

capacitance and inductance (obtained from equations (2.15) and (2 16)) yields:

Yo  AjAk

Yt Yt 5 = a3 229)
Za  AjAk

Lo+ Zgy + 5 #Z—A?,At (230)
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This pair of equations encompasses all of the fundamental constraints for the SCN and 1ts

denvatives,

Lossy nodes are accounted for by introducing infinite-length stubs 1n a stmilar manner to that
described for 2-D nodes The lossy stub impedances are those given 1n equation (2 23) for
the equivalent shunt circuit and equation (2.24) for the equivalent series circwit [2 16,2 17] A
method which more closely models the permeabihity charactenstics of ferrite materials by using

parallel resistive elements on short-circuit stubs has also been described [2 18)

Advanced node types

Further condifions may be applied to equations (2 29) and (2 30) to obtan a vanety of node

types. Some of the more significant developments are summarised in Table 2.1,

For stubbed nodes, the time step and link line parameters are derived by msisting that the stub
values are nonnegative” and substituting the appropnate constramnts. For the symmetrical su-
percondensed node (SSCN), the parameters must be denived by solving a cubic inequality since

there are no stubs

Once the parameters are obtarned, the scattering behaviour may be determined from the Thévenin
circuits described previously. Alternatively, the parameters may be substituted into the empin-

cal form onginally proposed by Naylor and Aiut-Sadi [2.19]:

erg = Vj = IkZIJ —* V;p_; (23D
r“p_; =V, ¥ I}2, = Viny (232)
Calculations implemented 1n this form are known to be more computationally efficient (1 ¢

require fewer calculations) than scattering matrices, however deriving the parameters can be

more difficult

* Negative stubs act as generators resulting 1n instability of the TLM algorithm




Node type Conditions Link hnes Lossless stubs Time step constraints

Zy =2y 1

H ZIJ =Zo=—= #_0 Al
SCN ZeW=0 Yo €0 none Af = Ze
Yo, =0 (all identcal)
€ A7Ak )
Yo=2Yo | ——— -2
? ° ( cAtia At enbybk
Zy =2 (thre open cireut, elecmnc) T 2che
STUB-LOADED SCN Z, =20 i AFAk
(all identical) oy = (—— - 2)
n =225 TV At < UrdJAK
(three short circuit, magneuc) 2cle
HYBRID SCN, TYPEI A e AJAR 2cAl A Ak

Zy=2,  Zy=Z,=ZER0N oy ooy (i : 1 2

(HSCN () 2eAtAk cAtAr At Hr; Ak perdy At < 2— { @ )2]_1 ¥ [ (Ak)z]"l
— C
(220,221} Zpn=0 (three different) (three open circutt, electnc) HrilB Hrs
HYBRID SCN, TYPEII [IWATYa Ak 2eAt A Ak

Ya=Yy  Ya=Yu=%ZEl oz, =0z B . 1 20trs

(HSCN () 2eAtAk cAtAz A \ e, Ak erAg At < % [eor (B + (ery (RRY] 1
— e \f le - € -
(222,221] Yo =0 (three different) (three short circurt, magnetic) el ™
SYMMETRICAL
SUPERCONDENSED Y, =0
six different none see references [2 23] and {2 24]
NODE ($SCN) Zs =0

[223,224]

Table 2 1 Properties of symmetrical condensed nodes
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2.4 Discussion

The appropnate choice of SCN type depends strongly on the application If uniform cells,
free space and perfect electrical conducting boundartes are a reasonable approximation, then
the standard unstubbed SCN offers the most appropriate choice This node has the minimum

storage requirement, computation and programming complexity.

Automotive components and whole vehicles are Iikely to require the ability to model matenals
m more detail, and this requires the use of one of the stubbed node types, or the SSCN In
addition, the ability to use non-umiform aspect ratio cells 1s likely to be required for geometrical

and efficiency reasons, and this also dictates the use of stubs or the SSCN,

Selecting which node to use depends on a range of factors including:

» The maximum time step available from the node.
¢ The mimimum storage requirement which can be achieved
e The number of calculations 1n scatter and connect.

e The amount of complexity to implement.

The stub-loaded SCN 1s well established, widely venified, and 1s easy to implement 1 1ts stan-
dard form In the absence of internal boundanes, i1t requires no transmission/reflection process
to be modelled between nodes (see Chapter 3 for more details) and thus 1s convenient Unfortu-
nately, the stub-loaded SCN requires 50% more storage than 1ts unstubbed counterpart, and thus
1s undesirable In addstion, as is shown n Table 2.1, the time step 1s the minimum value of two

expressions, one relating to permeability, and one to permeability

It has been shown that the SSCN offers a higher tume step 1n certain circumstances, and has a
lower storage requirement than other comparable SCNs. Another advantage of removing the
stubs 1s that unstubbed nodes tend to have more un:form dispersion charactenistics The SSCN
has the disadvantage that 1t requires more computation than other nodes, and 1s more complex

to implement In addition, 1t has not to date been tested as ngorously as other node types.

The hybnd node has some of the advantages of fully stubbed nodes and supercondensed nodes

and appears to be a good compromise. If a umformly graded mesh 1s required with dielectric
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matertals then 1t may be preferable to use type I HSCN since this will avoid having to apply
reflection coefficients between nodes. In addition, the type I needs marginally less computation

as no s1gn change 1s required when computing the incident voltages for stubs during connection

24,1 Excitation and measurement

Excitation and measurement of fields m the symmetncal condensed node 1s achieved by 1n-
jecting or measuring voltage pulses at the node’s ports. It 1s conventional to perform these

operations on incident voltages, although 1t 1s equally possible to use reflected voltages.

Measurement is simply a matter of determining the voltage at the centre of the equivalent shunt
circuit, V,, which 1s sometimes referred to as the equivalent total voltage The electne field 1s

determined from:
g
A2

The current 1n the senies circwt, I, termed the equivalent total current 1s used 10 determine the

E = (2 33)

magnetic field:
L

HE:E

(2 34)

Excitation 1s the reverse process, with the important difference that the injected voltages are
applied symmetnically about the node centre. This prevents uncompensated charges being 1n-
troduced If, for example, a field of E = EyZz 1s to be excited n an unstubbed SCN i free
space

Ea = Vene + 'Vzpz + 1V:a,r.vw. + iVypz) (2.35)

1 T
~ 241"
By applying symmetry, the injected pulse magnitudes required are

1
Wene =" Tpz = z‘/yn.:r. ="' ypz = _EEOAE (2 36)

Conducting nodes are sometimes used 1in models to represent structures They are implemented

by applying a short-circuit condition to the node centre, and thus the scatter operation 1s merely

r 1
Vip = — Vtm

Ving = —Viny (2 37)
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Currents may be 1njected into this type of node by exciting space nodes 1n a continuous path, p,

surrounding the conductor to satisfy Ampere’s law
Teonductor = [H - dl (238)
P

where d1 15 the vector which describes the path around the contour p

Whichever method is used, 1t is important to ensure that the spectral components of the excita-
tion function do not exceed the upper frequency limit of the mesh This 1s achieved by choosing
a function which has very low magmtude high-frequency components, such as a Gaussian pulse,
or by prefiltering arbitrary excitation with a low pass filter to remove any unwanted spectral

components

2.5 Source of errors it condensed node formulations

The sources of error 1n the TLM method are generally well understood In automotive applica-
tions the complexaty of geometry means that the indrvidual contribution of a particular source of
error 15 difficult to estimate For this reason the mmirmusation of all types of error 1s an important

1S8U€.

251 Velocity error

Due to the discretised nature of the TLM model, the propagation characteristics are amisotropic,
1.e. the model 1s dispersive. The effects of dispersion are mummised at low frequencies where
the space step, Al, is much smaller than the wavelength, A, in the model. The provision of
a suitable number of nodes 1s therefore fundamental to the overall model accuracy The first
formal analysis of the propagation characteristics of the unstubbed SCN was conducted by

Nielsen and Hoefer [2.25). The key findings of the study were:

e On-axis dispersion 1s zero

e Maximum dispersion occurs n the [1 1 1] direction

e The dispersion charactenstics of the SCN are superior to both the expanded TLM node
and the Yee cell (FDTD)
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Figure 2 12 Normalised wave vector magmtude for different grid resolutions from the analyucal form
of Nielsen and Hoefer [2 25]

Sirmlar analysis has been completed for the stub-loaded SCN [2 26], and for a range of ad-
vanced node types [2 27] In practuce, for all node types the space step must be chosen so that
A/AL > 10 to minimise the effects of dispersion This limit 1s typical of most low frequency
modelling methods, and is often referred to as the cutoff frequency. In automotive models there
15 likely to be a mix of materals 1n use which may have differing wave properties, and thus the
minimum number of nodes required in each region of the model vartes This 1s an important
consideration because the mclusion of even a small volume of very ligh permttivity matenal

may mean that a large number of nodes 1s required

252 Spunious modes

As with most numencal methods, TLM suffers from some non-physical solutions These are
termed spurious modes and were first characterised analytically for the SCN by Nielsen [2 28]

Spurtous modes occur at high spatial frequencies (A = 2Al) which are well beyond the cutoff
frequency of the TLM mesh, and can be viewed as the resonant modes of the numencal method
itself. In some cases they propagate without attenuation and can have significant relative mag-

mtude, especially 1n models of highly lossy systems.

Due to thewr high frequency nature, they propagate with severe dispersion. Thus 15 1n tself a

problem since the energy distrtbution 1 the model can be severely disrupted, but 1t can also
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accentuate the stability problems found in certain specialised techmiques such as time-space
extrapolated absorbing boundartes (see Chapter 4) In addition, the energy coupled into spurious
modes can lead to unpredictable losses and thus errors 1n the modelled Q-factor. Other problems
such as frequency shift of observed resonances are also attributable to the presence of spurions

modes

Spurnious solutions are generated by temporal or physical discontinuities 1n the modelled system
They are either caused by high-frequency components n the excitation, or by sharp comers
of objects or excitation volumes within the model Avoiding high-frequency components in
the tme domain 1s easily achieved through signal processing of the excitation signal (low-
pass filtering), or by selecting a function which 1s band limited However, avoiding spatial

discontinuities can be more difficult, since sharp edges often occur in models.

In the vast majonty of situations encountered 1n automotive EM models, providing reasonable
care 15 exercised, spurtous solutions can be reduced to aneghgible level. Even if spunous modes
are accidentally excited, they occur well beyond the cutoff frequency of the mesh and can often

be 1gnored or filtered out of the results.

253 Coarseness error

Another important consequence of the discrete nature of the TLM method 1s termed coarseness
error. Coarseness error occurs where the grid resolution is 1nadequate to resolve rapid spatial
vanations 1n the field distribution. This typtcally occurs near to sharp corners of objects or
between adjacent conductors. The error can be reduced by a number of means, such as locally
increasing the gnd resolution, or by employing specialised corner nodes [2.29] Some of the
features of vehicle geometry are prone to modelling error related to coarseness, although 1t 1s
not clear how significant this type of error is when compared to that onginating from other

sources.

254 Geometrical approximation error

A rectangular coordinate system 1s normally used to discretise objects for modelling, although
curvilinear meshes may be used [2.30, 2.31]. Whichever coordinate system 1s 1n use, a loss

of resolution during the discretisation process 1s inevitable since surfaces and volume regions
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must be mapped onto the midpoints of the lIink lines and nodes respectively. The model s
often termed a staircased (2-D TLM) or sugar-cubed (3-D TLM) approximation of the physical
system This type of geometrical approximation can introduce significant error, particularly

where the surfaces to be modelled are curved or inclined at an angle to the coordinate axes

A number of investigators such as German [2 32] and Melton et al [2 33] have proposed al-
gorithms to allow reflective boundaries to be more accurately placed in SCN meshes and thus

achieve better conformuty to real-world geometry.

Curved and sloped boundartes are a prominent feature of modern vehicles for aerodynamic
and aesthetic reasons The ability to improve the geometrical accuracy without increasing the

number of nodes in the model 1s therefore highly desirable.

255 Implementation related errors

As with all numerical methods, the actual algorithm implementation has a fundamental role
to play m accuracy Digital computers operate with a finite numerical accuracy and certain
numerical operations introduce error by their nature. Errors from this source are covered n

detail in Chapter 5.

2.6 A pictorial review of capabilities for automotive models

The last section has hghlhighted some of the mherent imitations with the TLM method. As
has been commented, many of these have knock-on effect on the efficiency. Fortunately, the
situation can be improved by applymg specialised modelling techniques to cope with problem-
atic features m the physical system. A brnef review of some of the methods which have been
developed 1s shown 1n Figure 2 13 This thesis aims to address the efficiency implications 1n

more general terms; 1n particular the number of nodes and amount of computation required



'

Absorber models The charactensics of RF ab-
sorbing matenals require specialised treatment
Several schemes for modelling the behaviour of
absorbers have been proposed [2 34, 2 35, 2 36]

Narrow slot formulations' Small gaps between
panels cause highly sigmficant disturbances 1n the
field distnbution (see Section 253) The result-
ing computational overhead may be minimised by
incorporating a sub-cellular slot model [2 37)

Thin wire models' The dimensions of wires (e g.
i antennas) are often small compared with the
TLM space step, leading to significant errors Thun
wire nodes have been developed to allow wires to
be accurately and efficiently modelled {2 42, 2 43)

Thin films Some vehicle shells are made from
non-metallic matenals, such as Carbon Fibre
Composite (CFC), which allow sigmficant field
penetration  Methods have been developed to
mode! the diffusion of fields through this type of
matenal [2 38, 2 39,2 40, 2 41]

Multiconductor models Vehicles normally con-
tain looms of tightly packed, thin wires A tech-
mque has been proposed which allows muluple
conductors to be efficiently placed in TLM mod-

els [2 44)

tAccording to Babinet’s principle, the problems of thin wires and of narrow slots are closely related [2 45]

Figure 2 13 Features of the TI.M method of particular relevance to EMC studies of vehicles
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2.7 Conclusion

The onigins, pnnciples and errors of the TLM method have been described It has been shown
that 3-D condensed node types are closely related to 2-D shunt and senes types. The method of

common and uncommon lines has been applied to the SCN for 1llustrative purposes

It has been argued that the Hybrid SCN offers the most appropriate selection for current auto-

motive EM modelling, based on simplicity of computation and time step constderations

The TLM method has the ability to model complex matenal types, thin conductors, thin films
and narrow slots. The ability to represent these physical features makes it well swited to auto-

motive EM models.
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CHAPTER 3:
INTERNODAL REFLECTION COEFFICIENT BOUNDARIES

ANY physical properties of a system being modelled may be effectively and efficiently
M mncorporated by applying reflection coefficients to the pulses transferred between nodes
dunng the connect process This chapter describes the application and denvation of various
boundanes of this type and discusses their relative merits An mmproved method of producing

plane-wave excrtation usmg asymmetric boundaries 15 developed

3.1 Introduction

Connection 1s, by definition, a one-dimensional concept and therefore operations performed on
a single pair of connected link-hnes can only be expected to model one-dimensional phenom-
ena [3.1]. Since the transit time of pulses 1s umform over the entire mesh, and computation
15 carried out at distinct time steps, boundary placement 1s, theoretically, restricted to the node
centre (accounted for during scattering at n/At) or to the link hines joining adjacent nodes (ac-
counted for duning connection at (n + %)At) Often 1t 15 stmplest to handle boundary placement
between nodes because 1t avords having to produce a new scattering matrix, For the purposes
of this chapter, internodal boundanes will be assumed, however 1t has recently been shown that

placing conducting boundaries within the node can yield good results [3 2]

Internodal boundanes are relatively straightforward to design in the TLM method by applying
circuit theory, although it has been shown that certain frequency dependent boundarnes are more

conveniently obtatned using filter theory {2 34, 2 41]
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Boundaries can be broadly categornised into’

Internal boundaries to model thin objects within the model, such as metals or thin layers of non-
ferrous materials The nodes joining either side of the layer may be electrically 1solated

if there 15 no sigmficant penetration of fields

External boundaries to terminate the computational domain. The nature of the test environment
will dictate the appropnate modelling boundary Open region scattering problems such
as those found 1n anechoic EMC test situations require boundaries whuch absorb fields,

whereas 1n conductive environments symmetry boundaries are more appropriate

32 Idealised boundary types

Several commonly used boundary conditions may be convemently studied by evaluating the
reflection and transmission processes which occur between nodes The first stage 1s to analyse

the circuit shown in Figures 3 1 and 3.2.

r

b

)

;‘VZPIN - [tl R - x; Vinz

Ey

!

Hy

Figure 3.1: Reflected pulses 1n a pair of SCNs after scattering

The Thévenin equivalent circuit at time (n + %)At, shown 1n Figure 3 3, 1s obtained 1n a similar

manner to that adopted for the node 1tself (see Section 2.2 3, p 18ff)

The reflection and transmission coefficients are found by applying Kirchoff’s Voltage Law and

Kirchoff’s Current Law:
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Figure 3 2 Pair of transmission lines extracted from Figure 3 1 with a parallel resistor, 2

+ +
25Vere () ! (2 Vene
i B[] fg¥e |
Zaps ] Zena

Figure 3 3: Thévemin equivalent of the circuit shown 1n Fagure 3 2
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— 2 (rzvzpzzzn:c + ;Vznzzzp:r)
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+3°F ZrprZinx
ik Sepzoans . Zoow + Dine
The mcident voltages at the next time step may be evaluated from.
n+11 V:zpn: = n+%Va: - :;Vzpz
n+i1/2ﬂ$ = n+%Vx - ;Vznz 32

By substituting into these equations from equation (3.1), a four element link-line scattering ma-
trix! may be derived containing link-lie reflection coefficients, I';pz and I';57 and transmission
coefficients T’,py and Tz,

aiVapr | _ Q_Z:u_]' 2_2‘3‘:‘ wVepz | _ | Tape Tiane 2 Vipz 33)
ntiVenz Yanz x| | Ve Tepz Tinz | | 5Vine

where @ = é-“Rzﬂ + Zzpz + Zang. This expression will be used in the following sections to

assist the derivation of a several frequently-encountered boundaries

! Not to be confused with the nodal scattering matrix
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32.1 Field measurement on link-lines

The field components may be extracted at time (n + %)At, from the voltage and currents on
link lines at the boundary.
Considening equation (3 1) with R — oo:

— 2 (IIIGPIZZHI + :;IVZHIZZPI)
Zzpa: + Zone

Since the mapping in the TLM formulation1s B, — —V;/Axz, the electnic field may be obtained

directly from:

_2(;I/zpzZznz + ;‘fznzzzpz)

E; = 34
n+% T Ax(zzpm + Zznx) ( )
In general, for a k-directed link line parr polarised 1n the z-direction
_ z(avkpzzkm + ;Vkmzkpz) _ 2(:::Vkplykpl + :;Vi:mYkm)
nelB=— - 35

z A Zypy + Ziny) - At(Yins + Yip)
These expressions are also valid if the stub parameters are directly substituted for their nor-

malised equivalents

In the SCN formulation the loop current 1s contributed by the stubs and the appropnate circulat-
ing ports, 1 e. I, 18 supplied by ports ynk, 3pk, kny and kpj and stubs As was explained 1n the
previous chapter, the loop current 1s related to the field by, H, +— I, /Ay. By considering the
direction of current flow 1n the circmit under consideration, the magnetic field on the boundary

18
2(11; Vzna: - :-‘;.Vzpm)

H, = 36
n+i 4ty AY(Z2pz + Zonz) (36)

In general, the magnetic field at the boundary may be obtained directly from
7 = 2 Vonk — 7Viok) 37

mhz R A Zypr + Zynk)

Note that in this case, the normalised stub values may not be directly substituted These mea-
sures of the field components on the boundary are useful for evaluating the fields on equivalent

surfaces, as will be demonstrated later.
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322 Electric wall

In order to obtain a plane of electric symmetry (known as an electric wall) on an external

problem boundary, the situation shown n Figure 3 4 may be considered By maintaining the
.'JI

2» :
E, E~a®

Hy oy

Figure 3 4 Nonzero field components at an electnc wall

magnetic field in the z and y directions, electric field symmetry tangential to z 1s enforced V;
1s an arbitrary quantity, chosen to give posttive field components. If the two 1dentical nodes
shown 1n the diagram carry the same magnetic field in the y direction, then [V, = =V, and

v.Vanz =V, After connection, the pulses present on link-lines are
n+'inp:r = sz

n+i Venz = ~Vie
This implies that the nght hand-node could be omutted (and hence the computational domain
could be terminated) if a reflection coefficient of I';,, = —1 were applied to the voltage im-
pulse emerging from the left-hand node A simular argument holds for the z-directed magnetic

component, yielding I',p,, = ~1.

By substituting into equation (3.3) and setting Z,n; — 0o, it can be shown that the equivalent

resistive load 1s R = 0 In other words, an electric wall represents a short-circuited load

Electric walls may also be mcorporated into internal boundaries to represent perfect electrically

conducting (PEC) objects
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323 Magnettc wall

A plane of magnetic symmetry (known as a magnetic wall) may be obtamned by following a
broadly simular analysis to that of the electric wall. The tangential field components at the
boundary 1n this case are E, and E,,. If the 1dentical nodes i Figure 3 5 carry the same electric

field, then i Vype = —Viz and {Vinz = —Vie

|
N

Figure 35 Nonzero field components at a wall of magnetic symmetry

szl - =l sz
E;

By

Lo :
H, Hya ®

EU Ey

After connection, the pulses on ink-lines are-
1
n+1Vzp:r: = _I/zz

t
n+l Ving = =Vez

This implies that the nght-hand node could be removed, and the doman truncated, 1f a reflection

coefficient of I'zpy, = +1 were apphed. A similar argument holds for £y, giving [z = +1

Substituting 1nto equation (3 3) and setting Z,,; — o0, the equivalent resistive load 1s B = oo

In other words, a magnetic wall represents an open-circutted load.

3.24 Wrap-around symmetry

Another type of symmetry condition can be enforced by wrapping pulses (1 e. exchanging pulses

between opposite boundaries) during connection [3 3]. The operation can be expressed alge-
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braically by
n+1Vepz = nVenz
n+1Vanz = 1Vaps
Similar equations apply to the y-polanised ports.
Because the voltage impulses must be identical to maintain symmetry, this type of boundary 1s
only appropnate for a one-node thick slice of mesh It can be seen by examning Figure 3 6 and

carrying out a strular analysis to the electric and magnetic walls, that both types of symmetry

are enforced automatically,

(a) (b)
Viz Viz
Vaz Vez
Hy Eq
Hy Ey

Figure 3 6. Wrapped-around boundaries operating as (a) an electric wall and (b) a magnetic wall

Wrapped around boundaries of this type are often used for convenience, to avoid the program-

mer having to decide which sort of symmetry wall to use

325 Absorbing wall

If field absorption 1s required at the boundary, a number of methods are possible One ap-
proach, known widely as the matched termination, assumes an infinitely long transmussion line
1s connected to each of the outermost nodes of the mesh. Each line 1s chosen to have electrical

parameters which are equivalent to the physical parameters of the infinite space surrounding the
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problem The TLM parameters of a z-directed line 1n z-polarisation are (see Section 2.3 4 for

details)
AyAz
C:L‘ = E()Er:t:'ﬁ‘
and,
AzAz

Ly = pOJ”ryTy"_

The charactenstic impedance of the link-line 1s therefore:

f po;,:,.yA:rAz Az _ firy AT g
Zenz = \/ “eoerg AzAY Zo €rzx DY 8

By substituting this value and allowing R — oo 1n equation (3 3}, the voltage reflection coeffi-

ctent, I';pz, may be evaluated:
Hry Az
ere Oy Zz:p.r

ry Az
ZO e—r-:,-A_y + Zzpz

(39)

Pzp:r: =

The reflection coefficient with R present, and with Z,,; — oo may also be written

2

1
Zzz
Ftl

szz =

Equating the two expressions for reflection coefficient the terminating resistance may be de-

nved
pry A2
€rz Ay

Ryt = 2o

In general the equivalent resistance requured for a TLM node on the mesh boundary with di-

menstions, Az, A2, Ak on the z-onented link-line and 7-polansation 1s

Hrk AJ

Z 310
Ryr =2y e, AK (3 10)

The corresponding TLM reflection coefficient 1s-
Bar = Zy G 11)

v Ry + ZU
Evaluation

A simple simulation was performed with a 101 x 101 x 1 node mesh The z-boundanes were

connected using a wrapped-around boundary, and the node at {50, 50,0) was excited with a

fieldof E = exp(—w":ﬁg)ﬁ
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—30 —27 —24 —21 -18 —=15 —12 -9 —6 -3 0 |E| (dB)

Figure 3.7: Normalised electric field distribution for matched termination boundaries

The evolution of the wavefront was examined at each time step and the plots normalised. The
results shown in Figure 3.7 demonstrate that the wavefront is significantly distorted in its transi-
tion from the problem boundary. At near normal incidence the reflections are minimal, however
as the wave incident angle moves away from the normal significant reflections occur. The reason
for this behaviour is that the boundary is only matched where all the incident field components

are tangential.

In practice, this means that there are considerable restrictions on how close the boundary may
be placed to objects. If, for example, the radiation pattern of an antenna is the subject of study,
sufficient distance must be provided between the conductors in the antenna and the boundary.
This distance may be appreciable, and thus large numbers of cells may be required around

objects simply to allow for limitations in the mesh termination method.

Despite their clear disadvantages, matched boundaries are employed widely in commercial
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TLM simulators. This 1s because they are easy to apply, and are fundamentally stable in opera-

tron. More sophisticated absorbing boundaries are the subject of Chapter 4.

3.3 Non-ideal conducting boundaries

In many situations, 1t 15 inappropriate to assume that conducting objects are made of PEC mate-
nal. Real conductors extubit frequency dependent, lossy properties. They also allow penetration
of fields. Accurately modelling these effects can be computationally expensive, and so usually
approximations must be made to avoid long run times. However, modelling losses 1n boundaries
can be advantageous because the fields will decay more quickly, reducing the number of time

steps required.

33.1 Conducting boundaries

Lossy internal and external conducting walls can be thought of as combining the properties of
electnic and absorbing walls. If the absorbing wall 1s chosen as a starting point, the conductive

properties may be mserted by substituting a lossy term nto the equation for the Iine impedance

The conductance required in a z-directed line 1n z-polarisation is:

AyAz

Go = Oea— 0

The 1mpedance of the infinite Iink-line which models the conducting medivm 1s therefore

P JwLly Az [ jwpopy
mr = Al T~ o~ = A AT
JwCr + Gy Ay VY Jwegery + Tex

Frequency domain expressions such as this cannot be directly handled by time domain numer-
ical methods This problem has been overcome by Cacoveanu et al by applymng a recurstve

algorithm to model the frequency dependent nature [3 4].

If narrow-band results are acceptable 1t is possible to approximate the medium impedance For

example, if the *good conductor’ approximation 1s applied (1 e. we < o) then

7 o AT [jwponny
Zne — 'A_ -
Y Cex
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After substitution 1nto equation (3 11) with £ — oo and algebraic manipulation (including the

use of the 1dentity /7 = %ﬂ) an approximate TLM reflection coefficient may be obtained

Az [2wuopr
r,,~-1+ 1/ Y 312
= Zz:rAy Tex ( )

This expression 1s consistent with that denved by Hoefer for 2-D TLM [3 1]

Alternatively the skin depth, 4, may be quoted, 1n which case the TLM reflection coefficient to

be applied 1s

ad w”ﬂ”rya (313

A
Poo = =1+ Z Ay

Thin internal conducting boundanes with field penetration can modelled using the circuit shown
at the start of this chapter, however much more accurate methods have been devised [2.39,2 41]
These methods are particularly important in EMC simulations where the coupling of fields into

enclosures 1s of interest

332 Applying physical reflection coefficients

In some circumstances the physical reflection coefficient is a known quantity. It 15 in general

necessary to convert this into a TLM voltage reflection coefficient

From basic circuit theory, it can be shown that the resistive load requred to terminate a trans-
mussion lme 1s related to the real reflectron coefficient, p, and the matching resistance Rpsp
by.

1+p

If this equation 1s rearranged and substituted 1nto equation (3 11), the corresponding TLM re-

flection coefficient may be evaluated:

_R(l-p)-2Z,;(1+p)
= R0+ 2T e G

I‘gJ

333 Discussion

Conducting boundaries are an important feature in models of EMC problems In the most ba-

sic form they may be efficiently included into problems by applying the concept of surface
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impedance or skin depth. However, to model the penetration effects of fields much more so-
phisticated models are required, which may impact on the computational overhead In most
production road vehicles, the matenals used for bodywork (often ferrous metals such as steel)
are good conductors and the penetration effects are mmimal In this case, applying conduc-
tor models in their most basic form should 1n most cases be acceptable Increasingly, however,
lighter composite matenals such as CFC (carbon fibre compostte) are being used These maten-
als are poorer conductors, and field penetration 1s appreciable. This has important consequences

for both the computer model, and the EM properties of the vehicle.

34 A compact partial Huygens' surface for TLM simulations

In a number of circumstances, 1t 1s desirable to illuminate scattering objects with 1deal plane

waves. Examples of where this might be necessary are

e Where incident waves 1n the physical system have reached far field conditions before

striking the scatterer

e Where the simulation results are to be compared with analytical solutions, which often

assume 1deal plane-wave 1llummation.

Unfortunately, 11luminating the TLM mesh across the entire cross-section 1n free space scatter-
g problems does not normally produce perfect plane waves The reason hes tn the boundary
implementation, which typically in a scattering problem will be an absorbing boundary such as
the matched condrtion discussed earhier. The source 1s physically truncated at the mesh bound-
ary, and thus appears finite in extent In addition, although to a lesser extent, sources n the near

vicimty of the mesh boundary can cause other errors which are related to the ABC performance

341 Theory

In order to provide an absorbing boundary to the scattered field, and to maintain an infinite

source, a special type of boundary known as a Huygens’ surface may be used.

Huygens’ surfaces were first employed n the FDTD method by Merewether and Fisher 1n order

to simphfy the analysis of dielectric and poorly conducting scatterers [3 5] The formulation
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15 based on the equivalence principle, which may be demonstrated by considering the two sit-

uations shown in Figures 3 8(a) and 3.8(b). In case (a) the external sources radiate from the

() )

AN Jh, Mh

E; H; Y E1.Hy

E2 st

Figure 3 8 Generation of equivalent current sources

external region (2) to the internal regton (1) passing through an artifictal surface S The surface

currents flowing on S may be quantified

(EI—Ez)Xﬁ = M*=0
ﬁX(Hl—Hz) = J%=0
If Es = 0, H> = 0 and equvalent Huygens’ source magnetic and electric currents are intro-

duced at the mterface as shown 1n Figure 3 8(b), then the fields inside the bounded region will

replicate those 1n the oniginal problem providing

MP = EPxi (3 16)

J* = AxH? 317

The new problem 1s bounded 1f the correct Huygens’ currents can be obtained, and 1s therefore

more easily analysed by numerical methods

The excitation of plane waves 1s amenable to this techmque since the external fields are easily
determined. Chen et al. [3 6] and German [3.7] have successfully used analytical expressions to
generate the Huygens’ currents. Another approach employing TLM reflection coefficients has

been described by Porter and Dawson [3 8, 3.9]. The techmque described here 1s akin to the

Porter and Dawson method, but has some distinct advantages
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3.4.2 Implementation

The TLM mesh 1s split 1nto two regions: the problem space, which 1s surrounded by an absorb-
ing boundary, and an auxihary region which has a symmetry boundary Symmetry in the latter

region 1s achueved by ‘wrapping round’ pulses 1n the manner described 1n Section 3.2 4

This process ensures that undistorted plane waves can propagate n the auxihiary region regard-
less of polanisation Ideal plane wave propagation s obtained by exciting the TLM mesh across
the entire cross-section and feecding pulses from the auxiliary region mto the problem space The
edges of a propagating wavefront are consequently reinforced, and thus the excitation appears
infinite 1n extent The voltage reflection coefficients which need to be applied at the boundaries

are shown 1n Figure 3.9

The reflection and transmission processes required by the techmque are handled 1n the connect

phase of the TLM algorithm t e.:
n+1Vipy =Ty 2V, +(1 =Ty nVig,
11+11V!J FU :I-Vl?‘lj + (1 - P“J) ;VZ?U

my

(3.18)
nt1Vipe = e nVipe + (14 Tu) 2Vi0s
nt1Venk = Dk nVinp + (1 +Tw) LVioe
for ports on the extremuties of the problem space, and:
n+iv;;-1 =n :?:_1
nt1Ving = nVips
(319

1g/a _ Ty
n.+1V;pk - nv;,nk

tyra __ ryra
n+l1Yink — nV*tpk

for ports on the peniphery of the auxihary region. Superscript a denotes port voltages in the

auxiliary region, superscript p denotes port voltages at the edge of the problem space, and 'y,

T',.. are reflection coefficients for the matched condition, given m equation (3.11).
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Figure 3 9 Reflection/transmission processes applied to form a partial Huygens’ surface

343 Analytical venification

If the problem 1s set up as shown in Figure 3 10, then the equivalent Huygens’ currents on
surface S for a plane wave with instantaneous magmitude of E = E;& + E,f, and H =
H,& + Hyj can be obtamed from equations (3 16) and (3.17)

On the arttficial surface only three faces (labelled A, B, C) require consideration, the others

follow through symmetry.
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)

A-“"'

S

Figure 3 10 Plane wave mcident on artificial surface S

Face A
M" = Exiy=E2-E;§
I = faxH=-—H:+ Hyp (3 20)
Face B
M! = Exdag=E,z
' = ApxH=-H,:2 321)
Face C

MP = Exfg=-E2

J' = acxH=H,z2 (322)

It should be noted that these currents are for the special case where the plane wave 1s propagating

1n a direction normal to face A, A full implementation of a Huygens’ surface would impose no

such restriction [3.7]
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344 Equivalent currents in the TLM model

In order to venfy that the correct currents are produced by the reflection/transmission processes,
the fields at the boundary are required. For the case where the boundary 1ntersects a pair of trans-
misston lines of equal characteristic impedance Z,,, equations (3 5) and (3.7) may be simphfied

to give:

Vips + Viny

B, = -2 (323)
— V;"J — KPJ
Hy = e (324)

These equations will be used 1n the following analysis

Face A

No special reflection coefficients need be applied, and so the scattered voltages, V. and V;,

(shown 1n Frgure 3.11)

Figure 3 11 Voltages at face A after scattering

are simply exchanged dunng connection. The field vectors obtained from equations (3 23)

and (3 24) are.

_ Ve V.
E = Az Ay
H = L z
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» o= -
A W v

(325

Face B

A similar process 1s followed for B, however, this time the reflection/transmission coefficients
are applied 1n the manner described. Note that for this face V;, models I, and to produce

positive-directed current after connection, the outer port voltage 1s chosen as negatve (Fig-

ure 3.12).
% _Va
2 2
kN T
p | ) NS - S
'S
En Ve
2 2
Frgure 3 12 Voltages at face B after scattering
Therefore
w _ 1Y %)+ %
‘ B = Ay[(r2+(1 Ny )+2)¢
- Y,
= Ay
1 v, V V;
H = ____Ei_(rﬂ_.l ﬂ)]
Zoby | 2 5 D)y
— VIZ g
Ze Ay

giving equivalent current densities of:

(3.26)
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Face C

Figure 3 13. Voltages at face C after scattering

By applying simular analysis to that described for B the fields are.

Ve .
E——-&-Em

Viz o
ZyzA;t:m

giving currents

Mh = Zz

Jho= ¥ 3 327

These equivalent currents are consistent with those previously derived (equations (3 20)-(3 22))
and therefore applying the reflection/transmission coefficients 1n equauons (3.18) and (3 19)
produces a Huygens’ surface. In addition, it 1s fauly straightforward to show that in the absence
of auxilary regton field components, scattered fields meet a reflection coefficient of I';;, 'k

and hence a matched condition exists.
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3.5 Plane-wave test results

In order to validate the parttal Huygens’ surface, a number of simulations were carned out.
Tests were chosen to investigate the basic operation, and also to vahdate the method m more

complex cases involving features such as grading.

351 Freespace

Linearly polanised waves were generated by exciting fields in a plane parallel to and near to the

z-mummum boundary of a TLM mesh

A relatively small mesh containing 10 x 10 x 30 nodes was employed, and matched termination
boundaries were introduced Excitation was provided by a umt magmitude Gaussian pulse 1n-
jected 1nto both E; and E,, component directions, giving a field of strength v2 Vm™! polarised
at 45° The time domain field was measured at a point (4,2,28) and the output was plotted
(Figure 3.14)

Thus result was compared with the output of a stmular simulation, but this time 1ntroducing the
auxibiary regions to the z- and y-boundanies and applying the reflection/transmmssion coeffi-

cients described 1n equations (3.18) and (3.19) (see Figure 3.15).

Results

The graphs show that the E,; and E, fields components are attenuated significantly in the
matched case, and also a z-component 1s present These anomalies are eliminated entirely

by applying the Huygens’ surface Ths test was repeated for meshes with different grading and

simular results were found.
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Figure 3 14 Electric field near to a matched termination wall
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Figure 3 15° Electric field near to a partial Huygens' surface
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As a further test an elliptically polarised plane wave of E = 2 smn(2 7 10® ¢)&+cos(2 7 108 )g
was generated 1n the same mesh As demonstrated i Figure 3 16, the wave propagates 1n the

desired manner,
E
(Vm™1)

2.0
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10 —
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0

=05 -
-10 |
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—-20 I
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Figure 3 16 Electric field with elliptically polarised excitation at 2 = 0

352 Sinusordal gratmng

Sinusoidal gratings are sometimes found embedded 1n vehicle windscreens 1n the form of very
fine metallised wires These wires are intended to act as heaters for demisting, but they also

exhibit interesting properties at RF, including a strong polansing effect

Two test objects were modelled 1n an attempt to examine the properties of this type of device
The first was a simple model using conducting nodes (see Figure 3 17(a)). The second was

more advanced and used thin conductors on a glass substrate (see Figure 3 17(b))

Each object was enclosed tn a 100 x 100 x 100 node TLM mesh Object (a) was modelled on a
cubic mesh, and object (b) was modelled on a graded mesh 1 order to efficiently and accurately

mcorporate the dielectric material (e, gia55 = 6).
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Figure 3 17 Sinusoidal grating test objects with Az = Ay &~ 6 mm and Az &~ 2 mm
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Measurement points were placed at suitable positions in front of each object in order to observe
the incident and reflected waves Once again, results were generated for matched termination
boundanes to act as a comparison Model (b) required many more time steps to complete than
(a) stnce the maximum tme step for the model was reduced sigmificantly by the inclusion of

chelectric matertal. Excitation was provided at 45° 1n an 1dentical manner to the free space tests

Results

The results for object (a) demonstrate the polansing effect For the z-polanisation (Figure 3 18)
very little of the incident wave is reflected, whereas approximately 80% of the y-polarised
field 1s reflected (Figure 3 19) This result is masked by anomalies 1n the matched termination

simulations,

The results for object (b) (Figure 3.20) demonstrate that partial Huygens’ surfaces can be used
with equal success 1n graded meshes.
Ey
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Figure 3 18 z-component of the electric field in front of object (a)
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Figure 3 20 x-component of the ¢lectric field in front of object (b)
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353 Vehicle body

A CAD model of a car body was prepared 1n a commercial CAD software package, and a grid
or tartan mesh was applied to the surface. The resulting data (see Figure 3.21) was used 1n

the TEM model and all surfaces were modelled as PEC Plane wave excitation was once again

Figure 3 21 Vehicle body test object

applied at 45°, and the result from using matched termination boundaries and partial Huygens’
surfaces were compared The electric field intensity was plotted as a grey scale pixel map, and

was captured as a sertes of tume snapshots

Results

Figure 3 22 shows that the field intensities for the partial Huygens’ surface are considerably
improved over the matched termination case. This demonstrates that the technique can be used
to improve results for full-field visual data as well as that obtained from individual measuring

points
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Figure 3 22 Whole-vehicle plane-wave illumination for (lop) matched termination boundaries and (bottom) partial Huygens’ surface
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Figure 3.22: Whole-vehicle plane-wave illumination for (top) matched termination boundaries and (bottom) partial Huygens” surface
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354 Discussion

The method described 1s easy to implement in a TLM program It has been tested 1n a variety of
situations with success, and appears to perform equivalently to the method described by Porter

and Dawson [3 8, 3 9]. The advantages over this technique are:

e The boundary 1s polanisation independent, 1 e. reflection coefficients need not be altered

for different polarisations.

e Only one auxiliary region 1s requred per pair of boundanes (however it 1s relatively

straightforward to modify the earlier method to use only one region instead of two)

The method 1s limited by 1ts use of link line reflection coefficients, and 1ts use 1s restricted to
situations where 1llumination 1s provided parallel to the mesh axes. In some circumstances,
this may prove problematic, especially for the computation of radar cross-section where a wide
variety of llumination angles are required A full Huygens’ surface has been demonstrated by
German [3.7] for this purpose, however, this techmque does not automatically account for the
effects of disperston. It 1s therefore preferable where the excitation 1s parallel to the mesh axes

to use a method which does automatically account for dispersion such as the one described here

Extensive tests have shown that the method 15 stable regardless of the mesh grading 1n use, and

even when the effects of dispersion are appreciable.

3.6 Conclusion

Symmetry conditions are available in TLM which can be used to reduce the computational
overhead dramatically Lossy electric walls may be used to represent the surface impedance of
huighly conducting materials. Electric and magnetic walls are the most commonly used symme-
try conditions So-called ‘wrap-around’ boundary condttions are only appropnate for reducing
the total number of dimensions 1n a problem As an example, 1t might be used for terminating

the z-boundanies of a 10 x 10 x 1 node TLM mesh of SCNs

Absorbing boundaries based purely on 1-D implementations perform relatively poorly, and can

only be relted upon to provide an accurate representation of free space where the wave incident

angle on the boundary is a fixed and known quantity
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The matched termination boundary has been successfully combined with the ‘wrap-around’
symmetry condition to provide a new method of plane-wave excitation m the TLM mesh Ef-
fectively, the symmetry condition 1s appled to the propagating wavefront, whilst a matched

condition 1s presented to scattered waves.

Generally, boundanes derived from one-dimensional assumptions are easily formulated and ap-
plied They are also efficient and stable 1n their operatron. The main disadvantage 1s that where
a true 3-D phenomenon requires modelling, such as an absorbing boundary, the effectiveness 1s

severely limted.
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CHAPTER 4:
HIGH-PERFORMANCE ABSORBING BOUNDARIES

S the upper frequency of interest increases, performing whole chamber simulations be-
A. comes impractical In order to restrict the amount of computer memory used 1t becomes
essential to truncate the domain of the problem with an artificial absorbing boundary condition
(ABC). The better the performance of the ABC, the closer the boundary may be placed to the
vehicle 1n the model and the fewer the number of cells which are required Thus, ABCs have

an essential role to play 1n the efficiency of high frequency models of electrically large objects

Thus chapter focuses on the performance and practicality of high-performance ABC schemes 1n
EM models of vehicles.

4.1 Properties of absorbing boundary conditions

The purpose of applying absorbing (or radiating) boundary conditions 1s to truncate the compu-
tational domarn without introducing non-physical reflections or, put 1n other terms, to emulate
the effects of an infimte TLM mesh. As was shown in Subsection 325 (p 53ff ), applying
a simple matched condition meets this specification only for waves striking the boundary at a

single, fixed angle.

Desirable properties for a hugh-performance absorbing boundary are:

e Low magnitude wave reflection coefficient

The ability to absorb incident waves from a vanety of angles

Frequency-independent wave reflection coefficient.

Efficient use of memory and simple computation.

High stability
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Frgure 4 1 Wave mcident angle on a boundary placed at 2,4,

The type of open region scattering problems encountered 1n EM models of vehicles are char-
actenised by their broad-band nature, the unpredictability of the wave incident angle on the
boundary (see Figure 4.1), and the complex nature of the scattered fields A number of the
high-performance schemes reported 1n recent years have been demonstrated 1n wave guidance
problems where the bandwidth 1s relatively low, and fields are reasonably predictable. The im-
plications for models of semi- and fully-anechoic EMC situations are not always clear from

these studies

4 1.1 Test method

ABCs have been extensively tested using a vanety of experimental and analytical techniques
[4 1, 4.2, 4.3). The majority of these studies have focused on the quantification of localised
reflection errors. Whilst these studies are valuable for assessing performance, 1t 1s difficult to
use the results to understand how to make best use of the ABC n real problems. The approach
adopted for the test cases 1n this chapter recognises that the choice of absorbing boundary type

and usage needs to be made carefully, especially when computational resources are limited

The problem to be addressed 1s this: A certain number of free space nodes are always required
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around the object being modelled in order to allow for naccuracy 1n the absorbing boundary
If the ABC behaves poorly, then more cells are required, and thus the number of cells wasted
modelling free space increases. Therefore, a larger space step must be selected leading to
poorer geometrical accuracy and lower model bandwidth. It 1s important to choose a value for
the space step (and hence the amount of free space allowed around objects) which yields the

highest bandwidth model where ABC accuracy can be maintained.

The test cases employed 1n this chapter attempt to assess this trade-off by artificially imposing
a limit on the number of nodes A common object which has been discretised using different
space steps and with corresponding amounts of surrounding free-space nodes 1s used These
models are then compared against a reference solution obtained by placig the most finely

discretised model 1n a much bigger mesh,

412 Model definition

The geometry employed was the complex vehicle-like object! shown in Figure 4 2

202m

Figure 4 2 Complex vehicle-like geometry modelled in ABC tests

All surfaces 1n the geometrical model were assumed to represent PEC, except the tyres which

were not included 1n the final TLM model. The excitation source was a finite thickness tube of

! This geometrical model 1s a modified version of that used by Ruddle et al [4 4], and 1s used with permussion
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electric free space field polansed in E; placed in the foot well of the car from the front to rear

Various measuring ponts in and around the vehicle were monitored to assess the performance

The geometrical model was discretised onto meshes of 115 x 46 x 54 nodes with varying space

steps. A summary of the discretisation level and time step for each model 1s shown in Table 4 1

Cutoff frequency Space step Time step Number of iterations
fe (MHz) Al (m) At (s) n
200 0 1498962  2.5000000 x 10~1° 1334
300 0 0999308 1.6666667 x 10710 2001 |
400 00749481  1.2500000 x 10710 2668 ;
500 0 0599585  1.0000000 x 10710 3335
| 600 00499654 8 3333333 x 10711 4002
‘ 700 0.0428275 7 1428571 x 10~11 4669

Table 4 1- Model statistics for a vehicle-like geometry placed 1n the centre of a 115 x 46 x 54 cell mesh

In each case the object was placed 1n the centre of the mesh and the surrounding volume was
populated with free space nodes The results of the discretisation process are shown in Fig-

ure 4.3.

The reference model was prepared using the smallest space step (corresponding to a model
cutoff frequency of 700 MHz), but this ime the object was placed n the centre of a much

bigger mesh contamning 230 x 92 x 108 nodes.

All 7 models were run for a suitable number of iterations to allow the transtents to decay to a low
level The time-domain impulse response obtained at each measurement point was subsequently

transformed into the frequency domain by means of a discrete Founer transform for analysis

The 6 small models were computed using the software developed for this thesis and the refer-
ence model was run on Microstripes?, Thus had the added advantage that 1t allowed the software

to be venfied against a commercial package which has been validated against experimental data

In the remainder of this chapter a variety of reported schemes will be described, rmplemented

? Microstripes 1s a commercial TLM software package supplied by Kimberley Commumcations Consultants

The version used 1s known to employ matched termination absorbing boundaries
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and tested. In some cases the ABC scheme will be dismessed by consideration of the method-
ology, and 1n other more promising cases the vehicle test model will be used to evaluate perfor-

mance

42 Local ABCs

The matched termination boundary condition (MTBC) 1s implemented on a node-by-node basis,
and for this reason 1s referred to as a local absorbing boundary condition The advantage of
local schemes 1s that they are very easy to implement, and require the modtfication of a single
voltage impulse. Care must be taken however, as some more sophisticated schemes make use of
field theory to determine the reflected voltage impulse at the boundary This indirect approach
can lead to difficulties with stability because of differences between the analytical (continuous)

domain and the discrete domain.

42.1 MTBC

The results for the matched termination are shown mn Figures 4 4 to 4 6. The results show that

the boundary placement has a very strong influence on accuracy 1n the frequency domain

For the coarser meshes reasonable accuracy can be obtained (Figure 4 4). Minor frequency
shifts which do occur can be accounted for by the geometnical errors caused by the discretisation

process.

In contrast, the finely meshed models give poor accuracy over the whole band, even at low
frequency (Figure 4.5). The errors and frequency shufts 1n the resonances cannot be explamned
merely by the geometrical approximation of the mesh. Figure 4 6 shows the results for cutoff
frequencies of 400 MHz and 500 MHz. There 1s 2 marked reduction 1n accuracy between these
two responses and therefore it 1s suggested that, given the artificial resource himitations 1mposed,

400 MHz 1s the maximum frequency which can be produced from thus model.

Thus result has important consequences, since 1t is tempting to place objects closer to the bound-

ary to extend the frequency limit of the model. This action is hiable to destroy the integrity of

the model across the frequency spectrum and should be avoided at all costs
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Figure 4 3 Vehicle geometry discretised on coarse and fine meshes
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422 Vanable impedance boundary condition

Simons and Bridges have proposed a method for improving the MTBC, known as the vanable
impedance boundary condition (VIBC) [4 5]. The VIBC mmproves the MTBC by using the 1n-
stantaneous field distribution to predict the wave meident angle. Once the armival angle has been
estimated the impedance of the boundary 1s selected to match the boundary-directed component
of the wave. Thus a wave stniking the boundary at any angle can in theory be absorbed The

TLM reflection coefficient to be selected for a boundary at z,,, is:

—Zo_ fbry Az
€08 Pe €re AY ZZPE

Zo_ Jiry Az
Co8 ¢ €px AY + ZZ.'PI

where ¢, 1s the estimate of the wave incident angle A simular expression may be obtained for

Pzp:c = @rn

y-polansed waves

A brref test of the VIBC has revealed several features which make 1t unsuitable for use 1n vehicle
EM models. In virtually all realistic problems, the wave striking the boundary 1s the result of
superpositton  In many cases this causes rapid changes in the wave incident angle ¢ which
makes the parameter ¢, extremely difficult to calculate from the field distnbution. For this
reason, the method 1s practically limited to situations where a single, smooth wave strikes the

boundary.

The VIBC 1s an attractive techmque, and can 1 principle give better performance than the
MTBC 1n problems with a very simple field distnbution at little computational cost However,
it fails to deliver the performance and reliability required to analyse large, complex structures

such as vehicles,

423 One-way equations

Another class of local ABC 1s formulated by solving a type of partial differential equation
which allows waves to propagate only in specific directions These equations are termed one-
way equations. One-way equation ABCs originate mn the FDTD community [4 6], and have
been subsequently apphed to TLM. Early attempts 1n FDTD focused on the theory developed
by Engquist and Majda [4.71, although virtually all implementations in TLM have been based

on the later and more general approach proposed by Higdon [4.8, 4 9]
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Higdon’s boundary condition states that for the wave equation:

O’E 0*E O’E _ 10°E

== 42
dz? + oy? + 022 ¢? ot “2
the analytical boundary conditton for waves travelling in the positive z-direction 1s
P
HB E = H (240 5 =0 (43)

16z c Ot

B is the boundary operator which ensures perfect absorption for linear combinations of waves
propagating at angles 6,2, ,8p, p 1s the order of the boundary operator, and 6,42, ,dp
are small positive constants which are chosen to damp low frequency components and D C.

(hereafter known as damping factors).

Theoretical reflection coefficient

The magnitude of the reflection coefficient obtained from the analytical boundary condition
given in equation (4.3) has been shown by Higdon to be [4 8]

P

cos b, —cos¢

lorl= Il |—"—
m=

44
A cos By + cos ¢ ¢4

As an example, for first order conditions (p = 1), 1t 1s possible to select a value for &, to absorb
waves approaching the boundary from a preselected angle (see Figure 4.7). In guided wave
problems, such as 1n the simulation of a matched load for a waveguide, 1t 15 often possible to
select an appropniate incident angle from a priort knowledge of the fields. In scattering prob-
lems, the choice 1s more difficult since waves may stnke the boundary from a varniety of angles,

depending on the geometry of the scatterer and on the type and positioning of the excitation

It 1s possible to improve the range of angles at which absorption takes place by constructing
hugher order operators. Figure 4 8 shows the analytical reflection coefficient of second order
(p = 2) and third order (p = 3) operators where the selected absorption angles are spread
evenly over the mterval 0° < 8, < 90°. In theory 1t 15 possible to continue to increase the

order, however 1n practice this 1ncreases the memory requirement and reduces stability.
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Figure 4 7 Theoretical reflection coefficient of Higdon’s method for vanous first order operators
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Figure 4 8. Theoretical reflection coefficient for (a) second order, ; = 30° and 8; = 60° (b) thurd
order, 8; = 22 5°,8; = 45° and #; = 67 5°
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Application to TLM

Several authors have reported implementations of Higdon’s method to 3-D SCN TLM [4 10,
3 6]). The most successful method reported appears to be that of Eswarappa and Hoefer [4 11]
The discrete boundary condition is formulated by taking the analytical condition given in equa-
tion (4 3) and applymg fimite difference approximations to the spatial and temporal differential

terms. A single term of the boundary operator may be expressed thus

_ -1
g, _1=D7

[(1—-a)l +aK™ 1]+ 0 O

Az ¢

_ -1
(I AI: )[(1—6)I+bD‘1]+6m 45)

where I, D and K are identity, spatial and temporal shift operators respectively, defined by

I.E = nE(I‘,y,Z)

DoE 2E(z,y,z +1)

KnE a+1B(z,y,2) (4 6)

and a, b are weighted time and space averages of ttme and space differences respectively After

algebraic manipulation the boundary operator stmphfies to

Bp=I-anK ' —pB,D ' —4,D 1K™} @n
where.
amza—lfg_m?;(—ll:)b—)émtﬁz @8
P = a-1 —ag;(llti?i oAz “9)
Tm = a—1- g_ma(l_-fgb’;— dmAz (410)
gm = % 41

Back substitution nto equation (4.3) for a first order operator gives [4.11]

nE(Z,Ys Zmaz) = 1 n—1B(2, Y, Zmaz) + B1 n E(2,Y, Zmaz — 1) + M n1E(7, Y, Zmaz — 1)

412)
The method for applying the boundary operator to TLM 1s subject to choice One option 1s to
strictly apply the condition to the electric field computed from the equivalent total voltage at

the boundary nodes, and to use this to compute the reflected voltage pulse to be injected nto
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the mesh, A simpler alternative is to apply the boundary condition directly to voltage impulses
travelling on the hink-lines (see Figure 4.1). This method 1s valid since the boundary condition
may be applied to either the electric or magnetic field, and a single voltage impulse may be
viewed as a linear combmation of field components. Thus for the first order condition the

equation to be implemented 1s:

:1Vsz($a yazmaz) = a1 n_ivz;n(fﬂ,y,zmaz) + ﬂl :,Vzp,;(z', Yy Zmaz — 1) +
g n—tlvépr(may: Zmar — 1) 413)

and a ssmilar equation for ports polanised in y. For a second order condition, the boundary
operator B may be evaluated by using equation (4.7) and calculating the product B = B By

The equation to generate the pulses reflected by the boundary 1s therefore.

;;Vzpz(m’ Y, zmax) = (ﬁl + ﬂ2) :avzpz(-":syi Zmaz — 1) - P16 :;Vsz(miya Zmazr — 2)
+(a1 + 0—'2) n—!lvzp:t(may;zmaa:) + ('Yl +7 - a1 — 6102) n—'iV::pr(x1 Yy Zmazr — 1)
_(B1'72 + 'Ylﬁ2) n_’ﬂ/m(:ﬂ,y, Zmaz — 2) — a1 n_zzvzpz(my U, zmaa:)

—(or2 + ’}’102) n_impx(m,y, Zmaz — 1) = M172 n—‘zvsz(ma Y, Zmaz — 2) (4 14)

It has been shown expenimentally that applying the operator to impulses in this manner gives
better results than applymg to the electric field alone [4 12] The reflection errors generated
by applying the boundary operator to the electric and magnetic field separately are in some
circumstances opposite m sign [4.13], and this may explain why better results can be achieved
by applying the operator to a linear combination of the two quantities. This property 1s more

effectively exploited 1n a technique known as Superabsorption [4 14].

Another development of the one-way equation approach 1s the Vanable Coefficient Boundary
Condition (VCBC) [4.15] The VCBC is analogous to the the VIBC m the way that 1t exploits
a wave angle prediction algorithm to improve the angular performance of the boundary A sec-
ond order operator 1s used with &) = ¢, — A¢ and 6 = ¢, + A, where 2A¢ 15 a preselected
angle between nulls in the second order reflection coefficient. During the simulation, the coef-
fictents of the boundary condition given n equation (4.14) are modified by the predicted wave
mcident angle, and thus the direction of optimal absorption 1s effectively ‘steered’ towards the
approaching wave, Using one-way equations to absorb from a wide range of angles 1s a con-
siderable improvement when compared to the VIBC, however it suffers from simular problems

and was not tested 1n detatl for this reason.
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424 Experimental study

A vanety of numerical experiments were carmed out to evaluate Higdon’s method, including

tests with the vehicle-like model described earhier. The purpose of the tests were to

o Compare accuracy of first and second order boundaries with the MTBC
o Examine the problems with stability reported in the literature.

e Assess the practical tmplications of using Higdon’s method for complex vehicle models

Results

QOverall, much more accurate results were obtained from Higdon’s method than from the MTBC.
Figure 4.9 shows the f, = 500 MHz mesh result for a first order boundary The magmtudes of
resonances are much closer to the reference solution, and this was found to hold for a vanety of

absorption angles (see Figure 4.10)

The result for f, = 400 MHz shows good agreement with the reference solution (sec Fig-
ure 4 11), however the f, = 600 MHz mode! 1s unstable, and this made 1t necessary to truncate

the titme domain response after 2250 1terations prior to Fourier transforming

To further investigate the instability seen 1n the f, = 600 MHz model the number of 1terations
was increased 1n the f, = 500 MHz model. It was found that even 1n this model the time-
domauin response showed clear evidence of instability (Figure 4.12) It was found that the onset
of mstability occurred even earlier 1n the second order boundaries (Figure 4.13), and there were

substantial difficulties in maintamming stability for the duration of the simulation 1n the fine-mesh

benchmarks.
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Figure 4 9 Normalised frequency response for f, = 500 MHz model with first order Higdon method
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425 Discussion

The experiments highlighted one of the major limitations of Higdon’s method— instability
There are numerous potential causes of instability, some of which are inherent 1n the analytical

formulation of the boundary operator and others which occur only 1n the discrete algonthm

Evanescent waves

The analytical condition described by equatton (4.3) assumes that the waves striking the bound-
ary are propagating. Evanescent waves are unaccounted for 1n the formulation of the boundary
operator, and i general are not absorbed. In practice, this means that sources and objects must
be kept a reasonable distance from the boundary to allow evanescent fields to decay to a low
level Chen er al have suggested that at least 10-15 nodes should be allowed for this to take
place [3 6] In the test model at f, = 500 MHz there were only 9 nodes, however, instability
was observed even 1n models where there were many more nodes available around the vehicle

It 15 therefore probable that evanescent waves were not the sole cause of instabihity n thus study

Spunous modes

Another potential cause of instability 1s present because the wave propagation speed 1s a term
the expression for the boundary operator As was explained 1n Section 2 52 (p 37ff }, spurtous
modes can be inadvertently excited 1n simulations Since thewr propagation speed 1s signmificantly
higher than that of other waves they are not automatically absorbed. In some cases the boundary
operator has a gain greater than unity at high frequency, and thus spurious modes are a potential
source of instability In order to improve stability preventative steps could be taken to minimise
the spurious modes in the model For example, the excitauon could be band-limited However,
in the experiments a filtered impulsive excitation was tested and this failed to eliminate the

problem

Improved implementations of Higdon’s method have been proposed which can extinguish the
spurious modes [3 6]. Other techniques reported have employed digital low-pass filters to re-
move high-frequency components [4 16]. However, studies into these techniques have only

reported lumuted success, with the onset of instability being delayed rather than prevented
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Operator order and discretisation parameters

The discretisation process of the analytical operator, and selection of the operator order can also

have a strong influence,

The choice of finite difference terms a and b has been shown to have an important effect on
stability [4.11] It has been shown that to satisfy the analytical stability criterion ¢ = b <
0 5 [4.8] The popular choice for early studies of @ = b = 0 5 15 to be avorded since 1t renders
the algonthm susceptible to small numencal errors The more reliable choice of a = b =
0 25 1s often adopted, as has been the case in this thesis, although Zhang has reported from
expenimental studies in 2-D TLM that ¢ = & = 0 22 delays the onset of instability the most
effectively [4 17].

Comner region instabilty

The discrete algortithm 1s applied over the finite region of space represented by the margins of
the TLM mesh It 1s important that objects or sources are not present in these regions as this
breaches the conditions of the transform from analytical to discrete domains for the boundary
operator A hidden consequence of this observation occurs in the ‘corner regions’ where two
or three absorbing boundanes meet. Ramahi has observed that small errors occumng in the
calculations for one boundary can act as a sources within the calculation region of an adjacent
boundary [4.18]. This process amounts to an incompatibility at the corners and explains why
mstability often appears to ornginate from the corners in experiments. It has been further sug-
gested that higher order operators are not mherently unstable, but are simply more susceptible
to corner region nstability. No solution to this problem has been found to date, and operator

orders greater than p = 3 are generally regarded as impractical in open problems [3 6]

Damping factors

Low frequency components and D C. also present potential stability problems Higdon has
explained that the denominator of the analytical expression for the complex reflection coefficient
approaches zero at low frequency [4.19]. The damping factors, é,,. 1n equation (4.3) ensure that
this situation does not occur, and thus the stability margin can be improved Unfortunately this

makes the reflection coefficient frequency-dependent, and therefore the introduction of such a
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term 1s to be avoided 1f a wide band response 1s required An attempt was made dunng testing

to optimise the parameter d,,, however, this appeared to make very little difference to stability

General comments

Implementation-related errors can be reduced by employing higher-precision arithmetic, for
example by replacing the usual single-precision floating pomnt numbers with double-precision
numbers. This 15 a simple way of delaying instability, although the storage requirement 1s

increased.

In general the problem of instability 1s a very difficult one to avoid or predict, and this makes the
Higdon ABC undesirable. For example, 1t 1s common practice 1n very long computations to run
a stmulattion until the user perceives that impulse response has died sufficiently for the analysis
of results to begin Without prior knowledge, 1t 1s tmpossible to know whether numerical noise
has contributed to the impulse response at that point, or indeed if numerical noise 1s about
to dominate the response. Thts uncertainty raises important 1ssues about the accuracy of the

results

The chance that instability could occur affects the nsefulness of the boundary If, for example, a
simulation needs to run for two weeks to obtain useful results 1t would be a considerable waste of
computation and time if mstability occurred before the simulation had fully completed There
seems to be no simple way of esumating when the instability will occur The experiments
carmed out suggest that a combination of factors are to blame, many of which are difficult
quantfy These problems are largely caused by an mncompatibility between the TLM algonthm
and the discrete operators applied at the boundary Thus stability problems are inherent 1n the

method and this makes removing or controlling them extremely challenging

4.3 Global ABCs

In order to achteve proper absorption in three dimensions, 1t 1s necessary to handle the absorbing

boundary as a feature of the whole computational domain, and not merely on a point-by-point

basts. This type of approach is often known as a Global ABC
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4,3.1 Time-domain chakoptics ABCs

Drakoptics 1s a well established method of partitioning Jarge structures into smaller parts or sub-
structures [4.20] The substructures are then solved individually and subsequently reassembled

by convolution to form the solution

The fundamental principle of the method 15 based around a discrete form of the analyncal
Green’s function The discrete tme-domain Green’s function (or Johns Matrix [4 21]) of a TLM
substructure may be evaluated by measuring the time-domain outputs along a given reference
plane for a unit impulse applied to each transmusston-line through which the plane intersects

The 1mpulses returning through the reference plane are formed into matrix containing a time
history of all possible umt impulse responses. The accuracy 1s determined by the number of

time samples stored 1n the Johns matnx.

Hoefer has extended the concept to include the modelling of wide-band absorbing bound-
artes [4 21] It 1s necessary to evaluate the Johns matnix for a region of space which 1s large
enough to ensure that no signals are reflected before the matnx 1s truncated 1n tme The matrix
obtained can then be applied to the boundary of a suitable computation domarn and, through

convolution with the outgoing boundary impulses, produce a highly accurate absorbing bound-
ary.

The main disadvantage of the Johns Matrix approach 1s that the storage required 1s extremely
large It 1s possible 1n some cases to reduce the storage and respective computational time by
using homogeneity in the propagating waves to reduce the space dimensions 1n the Johns Ma-
trix, however this is not normally possible 1n a generalised scattering problem For this reason,
the majonty of studies to date have focused on 2-D TLM and waveguide problems {4 11]. In
3-D, Krumpholz et al. have described a hybnid approach utihising both discrete and analyh-
cal Green’s functions to reduce the computational overhead, however this suffers from stability

problems [4.22]

Overall, the results reported for Johns Matnx ABCs are extremely good, however their storage

requirement is prohibitive 1n the type of open field problem studied 1n this thesis
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432 Perfectly Matched Layer boundaries

Probably the most promising ABC to be reported 1n recent years 1s the perfectly matched layer
(PML) The PML techmique operates by using a special type of absorbing matenal at the prob-
lem boundaries This lossy region 1s normally several cells thick. The properties of the perfectly
matched medium ensure that (theoretically) it 1s reflectionless for incident waves onginating
from any direction, and of any frequency. The PML techmque was onginally described for

FDTD by Bérenger [4.23, 4.24].

The principle behind the method 1s most clearly illustrated by examining the properties of the
PML matenal itself. An ordinary matched layer 1s formed for a TM field distribution by exam-
ining the more general form of equation group (2 1) (given on p 15) with electric and magnetic

conductivity terms:

oE, OH;

OF, oH
-/ 16)

0H, OH, OE,
oz By =€ a3t + 0. E, 417

If now the condition;

Cer Oma
—_— = 418
c u (4 18)

18 enforced, then it 1s possible to show algebraically that the material has the same charactenistic
impedance as free space, and hence there would be no reflection between a medium-to-free
space boundary. Such a material could be used as a matched (lossy) layer, but this arrangement
will only absorb waves which strike the interface at normal incidence. The key to the PML’s
ability to absorb waves propagating at any arbitrary angle hies 1n the next stage of the analysis
where Maxwell’s equations are restated in terms of spht field components For example, if

E, = E,; + E,,, equations (4,15) and (4.16) may be rewritten thus:

OBus+By) __ OH _ _ @19

Oy ot
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INE,;+E,) 0H,
9z = — T OmzHy (420)

Equation (4.17) 1s slit 1nto two separate (non-physical) equattons

OH oF
_é'f =€ atzm + Oes Bps 421
OH. JE
- ayx = e el (422)

It can be shown that performung this sphtting operation and reapplying the matching equation
(4.18) to each of the newly created field subcomponents, that waves onigtnating from any direc-
tion can be effectively dissipated. By duality, the same kind of expressions can be developed
for TE waves The analysis 1s also possible for 3-D TEM waves by splitting both electnc and

magnetic fields into subcomponents.

In the discrete implementation, 1t just remains to select a smitable number of layers with differing
conductivities to gradually absorb waves entering the PML matenial These layers normally
begin with a small conductivity, and gradually increase to a higher value at the boundary. The
function used to express this change in the material parameters 1s termed the conducnivity profile
Thus, outgoing waves are progressively absorbed, and any normal reflection due to the first

layer’s small but finite conductrvity 1s mimmused.

TLM mmplementations

There have been numerous attempts to produce a PML for use in TLM simulations Early at-
tempts used an indirect approach where an FDTD region was provided to handle the PML, and
this was mnterfaced to the TLM region by a special overlap region [4 25, 4 26]. The reflection
coefficients which can be achieved by these methods are poorer than that achieved m a com-
parable all-FDTD simulation due to the limted accuracy of the interface layer Native-TLM
approaches have been investigated by Pena and Ney [4 27, 4.28), Paul et al [4 29], and Dubard

and Pompei [4 301 Of these approaches, the latter of the three appears to be most numerically

efficient
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Extension to evanescent waves

Because the PML can, due to its low reflection coefficient, be placed significantly closer than
other boundartes to objects the presence of evanescent fields 1s a serious consideration It
has been shown that in its basic form the PML fails to absorb these fields effectively [4 31]
Fang and Wu have proposed a method of modifying the FDTD PML to absorb evanescent
waves {4 32] This techmque has subsequently been applied to TLM by Le Maguer and Ney [4 33,
4 34] by developing Dubard and Pompe1’s method [4.30]

The modified equations for this layer are (for example)

1 8H, IE
_5 ayx =€ a:y + 0e By (4 24)

Where £, £, are terms chosen to damp evanescent waves.

433 Method

Scattering 1n the PML SCN 1s achieved by a different method to the normal stub loaded SCN.
The procedure must take account of the anisotropic loss terms and apply them to 12 separate
field subcomponents, instead of the usual 6 field components during scattering Le Maguer and
Ney have explained how the PML equations may be discretised [4 33, 4 34] The result of their

analysis 1s a revised set of scattering equations:

ArEyy = Ay (Vins + Vap + YeryVirg — 2Vouk) (4 25)
MEg = Ag(Vins + Vips + Yok Vouk — 2Viny) (4 26)
ZoArHy = By (Vink — Vipk + Za1yVirg — 2Veuk) (427)
ZoAaHy = B (Vigy — Ving + ZseVark — 2Viy) (428)
Where:
A, = 2cAtAn
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2eAtAr
T £ 010k (Ze, + ZooercAl)
_ 2eAtA
&AMk + T2
_ 2eAtia
T GBI AR(2 + Zasgl)

€.Zo

A:k

B;J

B,

These equatrons are used to compute the field components at the node by using their definitions,
ie.
E, = EtJ + Eu

ZoH, = ZpAaH,yy + ZoAsHy,

When this has been computed, the field components can be mapped to voltages and currents
using similar equations to {2 33) and (2 34), and then the reflected voltages are calculated from

equations (2 31} and (2 32)

This method uses 12 stubs to handle the PML medium properties instead of 6 (stub-loaded
SCN) in normal medium. The incident voltage emerging from the stub at the next time step 1s

calculated from field subcomponents as follows*

AE
Wiy = % (429)
ZoiH,
Wiy = _% (4 30)

Simular terms are used for V. and V4.

The conductivity profile used mn the expenments was a parabolic profile with conductivities
defined [4.35]

1
Oer(L) = _%"SL)[(LH)ML@‘] 431

Where N 1s the total number of layers and L 1s the layer index (where L = 0,1,2,3, ,N —1).
pr 15 a chosen theoretical reflectivity corresponding to the first layer conductivity step, and this
was set to —100 dB for numencal expenments. Magnetic conductivities, oy,,, are chosen for

the perfectly matched matenal by using equatton (4 18)

This increasing conductivity profile is applied near to the problem boundary, with the conduc-
tivity applied 1n the coordinate direction or directions required for attenuation [4.23]. The ex-

tremities of the problem space are normally terminated with a matched boundary to extinguish

any unattenuated wave components.
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434 Expenmmental results

The result of applying various PML boundaries to the benchmark problem are shown in Fig-
ures 4.14 to 4 17. Figure 4,14 shows that the result for a 7-layer PML has basically the same
features as the Higdon's method result shown n the previous section From this and Figure 4 15
it was concluded that the PML gave a result which was at least as good as Higdon’s method,

and much better than a matched termination boundary

Figure 4 16 shows the benchmark frequency response for 4-, 7-, and 10-layer PMLs The
10-layer PML had an evanescent wave absorbing term mncluded, and this shows that merely
applymyg a large number of layers and using a large value of £ does not guarantee a good result
The 7-layer PML 1s clearly better than the 4-layer PML, however, and this appeared to be the

optimum for the normal reflection coefficient chosen.

It was found that the selectton of the evanescent wave absorbing term was difficult, and a poor
choice readily gave nse to added reflections at the interface. In Le Maguer and Ney, a profile
was proposed which mcreased linearly close to the interface, and became uniform deep 1n the
layer The study in thus thesis used a uniform profile for simplicity, however this made 1t difficult
to choose a high value for £. A value shightly greater than unity gave improved low frequency
results, however increasing this to the value of 3 suggested by Le Maguer and Ney leads to the

high frequency result being degraded (Figure 4 17).
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435 Discussion

In these expertments 1t has been found that the PML 1s much more accurate than MTBC and at
least as accurate as Higdon's method. It 1s not possible to conclude from this simple study that
the PML 1s more accurate than Higdon’s method, although the theory would seem to suggest
this, The PML does absorb from all directions, and so this means that there should be less

vanability between the boundanes requred for different problems.

In terms of stability, there were no problems observed 1n the configuration and simulation trmes
selected Numerical errors are observed when the sunulation 1s run for much longer, but the
PML was generally found to be more robust than Higdon’s method The literature already cited
seems to suggest that instability occurs more readily 1n other applications, and this may require

more 1nvestgation,

The results show that a certain amount of expenmentation s required to determine how many
layers are required and what profiles to choose for conductivity and evanescent wave absorbing

terms. They also suggest that the relative boundary placement must be chosen carefully

One major problem with ABCs which require experimentation to produce the best result is that
in very large models 1t is impractical to generate a reltable (even bigger) reference model with

MTBC. Therefore there 15 some uncertainty about the exact performance of the ABC

It 1s also important to note that the PML cells use twice as much memory as standard unstubbed
SCNs, and therefore the attempts to simulate a fixed memory availability 1n the experiments
were, to an extent, unsuccessful For the 115 x 46 x 54 mesh the 7-layer PML used a total of
35% more memory than the MTBC case. It would be farrer to compare MTBC results where

the memory requirement was matched, but this would be very difficult to achieve.

4.4 Summary

A summary of the findings from the study are shown 1n Table 4 2.




ABC Reflection coefficient Angular response Frequency independence Memory usage Stabality
MTBC Negligible Very poor, can only absorb  Yes Negligible, only one reflecuon  Excellent, uncondittonal
from one direction coefficient required
VIBC As for MTBC Improved over MTBC, butin-  Yes Neghgible Poor for complex field distn-
cident angle must be accu- butions
rately determined
HIGDON  Relatively low, but depends on ~ Better than MTBC since sev-  Yes, but only without damp- Moderate Voltages at previ- Moderate, mgh order opera-
boundary order etc eral absorption angles may be  ing factors ous time steps require stoning  tors are harder to stabilise
selected
VCBC As above Better than VIBC since ab-  As above As above Poor for complex field distn-
sorption can be achieved over butions
a greater angle, and thus lower
accuracy can be tolerated 1n
the predicted incident angle
JOHNS Potentially very low, but de- Excellent Yes High Excellent, unconditional
MATRIX pends on duration of stored
impulse response
PML Low, but depends on conduc-  Excellent Yes Moderate More per-node  Generally good, though some

tivity of first layer, number of
layers and evanescent absorb-
ing term £

voltage storage required 1n
PML region

instability reported

Table 4 2 Properties of the ABC types studied
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4.5 Conclusion

Whole vehicle simulations often involve long simulation runs (two-week computations are not
uncommeoen), and often include varied features such as on- and off-vehicle antennae Given the
long computation time, and the vaned nature of the problem, it 1s debatable whether the more

advanced techniques are appropriate

It has been shown that predicting the time where instability occurs can be extremely difficult,
and performing exhaustive tests to test stability of all possible vehicles and configurations 1s
impossible, Attempts to improve stability by means such as mcreasing the numencal accuracy
are successful, but have an associated increase m the memory overhead. For these techniques to
work effectively 1t would be necessary to carry out an extenstve study of many vehicle models,

and this was beyond the scope of this thesis.

Thus, the MTBC will probably remain the standard mesh truncation method for TLM due to

Guaranteed stability 1n all circumstances

Predictable accuracy, which can be mamntained by a volume of free space

Frequency-independent operation

Simplicity to implement in software

It 1s worth remembering that most users of modelling are concerned with the device being
modelled, and are not overly concerned with the operation of the TLM algorithm. In order to
be useful to those users simple methods need to produced, or failling that methods where the

decisions can be made mathematically by the TLM program itself. To date, that situation has

not been reached by the one-way equation or the PML, and until then 1t 1s unhikely that advanced

methods will be widely adopted.
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CHAPTER 5:
IMPLEMENTATION

S OPHISTICATED models with a large number of nodes and many features place significant
demands on the computational platform. It 1s crucial that the modelling process considers
practical 1ssues raised by the application of the algornithm on a digital computer Some of the

specific challenges which present themselves when implementing TLM are

¢ The run time may be large.

Speciahised techmques may be required to model particular features of the problem

There 18 an increasing interest 1n combimng TLM with other numerical methods.

There are 1ssues related to the numencal accuracy.

A large amount of memory may be required to store node voltages for the model

Thus chapter addresses these 1ssues, and demonstrates the need to manage computational re-

sources effectively 1n order to optimise the result of the modelling process

51 Runtime

The amount of computational run tume is an extremely important factor when assessing the

practicality of any modelling task.

In TLM this run time will depend on the the number of time steps requred, which 1n turn

depends on

o The required resolution in the transformed frequency response

e The duration of the time-domain impulse response of the physical system.

117
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Precisely which of these 1s most significant depends on the characteristics of the system being

modelled

Low Q-factor systems have a finite duration impulse response. In these this type of simulation,
the energy in the system must be allowed to decay to a very low level to ensure that the observed
resonances 1n the frequency domain are of the correct magnitude It follows that the lower the
Q-factor, the shorter the duration of the impulse response and the sooner the simulation may be
stopped It 15 therefore advantageous to incorporate losses 1n the model wherever they occur in
the physical system in order to minimise the number of time steps and hence the computational

run time

High Q-factor situations are less common in EMC, as they mainly occur in closed systems The
energy decays extremely slowly, if at all, and so 1t 1s necessary to truncate the time domain
response before the resonances have died away. When this truncation takes place depends on
how accurately the data 1s required once 1t has been transformed into the frequency domain
(using, for example, the Discrete Fourier Transform (DFT) [5.1]). An adequate number of
samples are required in order to resolve close-together peaks in the spectrum and to obtain the

magnitude of the resonances with suitable accuracy

The vast majority of situations encountered i EMC simulations of vehicles are low-Q, although
there 15 nterest 1n simulating reverberant (non-absorber-lined) rooms and these are 1n the high-
Q category. For simulations where there 1s only moderate damping of the resonances, long

computational runs are mnevitable

511 Hardware

The TLM algonthm has been implemented on a wide range of computer hardware. Historically,
powerful workstations have been the preferred computational platform, although there has been
a recent trend towards using cheap, powerful, desktop Personal Computers (PCs) [52] The
ever-increasing demands to produce more accurate models more quickly has raised the mterest

in using other hardware. These alternative implementations can be broadly categonsed into

e Massively parallel SIMD (Single Instructton, Multiple Data) machines [5 3, 5.4, 5 5]

e Distributed parallel machines which use a network of workstations acting as a single

parallel computer [5 6]
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e Hardware accelerators, which may be added to a desktop PC to enhance performance [5 7]

The interest 1n implementing TLM on parallel platforms 1s understandable; particularly 1n the
area of automotive EMC where complex, accurate geometry description and high model band-

width 1s required

SIMD machines have been a popular choice of researchers because of the seemingly convenient
manner that a 2-D TL.M mesh maps onto a 2-D array of processing elements In practice there
are considerable problems where the TLM mesh 15 larger than the number of processors. In
these cases 1t 1s necessary to divide the problem into individual #iles for processing Often, the
tiles are transferred from the host machine to the array for processing and returned once the
TLM algonthm has been applied. The tiles are then connected 1n the host machine and so the

algorithm continues

A techmque like this was applied by Parsons ef al [5.6] to a distributed parallel machine with
many tiles being processed 1n parallel by different distmbuted workstations. The exchange of
data between the host machine and the parallel array, or between workstations distnbuted over
a computer network, 1s a relatively slow process when compared with the internal speed of the
processor array, or of an individual workstation. As a result, the transfer of data can become
the limiting factor 1n the overall performance, and this may outweigh any improvement in the
calculation speed. Despite this potential problem, a number of investigators have reported an

impressive speedup by applying parallel hardware to TLM.

Despute the interest 1n parallel computing and a number of successful implementations, no com-
mercial parallel TLM code 1s readily available. The main reason for this 1s that parallel machines
have a relatively short lifespan, are expensive and often require platform-specific code to be
written. In addition, the implementation of the algonthm 1s more difficult since 1t may need

careful optimisation for a particular architecture.

The future of parallel TLM may lie 1n distributed processing, because networks are common,
data rates are improving, and powerful desktop PCs are relatively cheap Another strong advan-
tage 1s that standards are beginmng to emerge, such as Parallel Virtual Machine (PVM) and this

allows a degree of platform independence for parallel computer codes [5.8].
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5.2 Programming methodology

In order to implement the TLM algonithm with optimum efficiency, the computer code must be
written carefully. Apart from accuracy, the performance, memory usage and complexity of the

code are all important 1ssues.

For example, scattering can be much more quickly achieved by using a special method, such as
that described by Trenki€ er al. [5.9] (based on the empirical form derived by Naylor and Aat-
Sadi [2.19]), which minimuses the number of mathematical operations In addrion the storage
requirement can be minimised by selecting an appropriate node type, and by stortng scattering

coefficients only once per distinct node region

A varety of specialised techniques are used to model the varnious features within a TLM model,
and there 1s an increased interest in using hybrid methods where TI.M 1s combined with other
numerical techmques [5.10, 5.11]. These factors have contnbuted to the overall complexity
of TLM codes, and this has increased the potential for programming errors. Object-onented
languages provide excellent facihities for managing complexity, and were mnvestigated as an

alternative to more tradrtional procedural approaches

521 Obect-onented methods

A formal design methodology has been proposed by Rumbaugh ef al [5 12] known as the Ob-
Ject Modelling Techmgque (OMT). A summary of the design process 1s shown in Figure 51 One
important feature of the method 1s that the implementation 1s the last stage of the design. This
ensures that all of the concepts, algonthms and architecture of the program are fully developed
before any attempt 15 made to put the design mto programmung language It also has the advan-
tage that a degree of portability 1s maintamed among the growng selection of object-oriented

languages.

A simple TLM solver designed with OMT

In order to evaluate the method, OMT was applied to the design of a stmple solver for SCN-
based TLM without graded cells, One possible OMT diagram (following the notational scheme

detailed 1n [5.12]) 1s shown in Figure 5.2.
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Figure 5 1 Object-onented design methodology

A powerful feature of object-oriented langunages is polymorphism This property allows dif-
ferent classes of object to have their own individual implementation of a given operation For
example, three classes of transmuission-line are defined in the model shown 1in Figure 5 2 Each
class has an operation connect, and yet all are allowed to implement 1t differently For ex-
ample, a normal Transmission-line object simply exchanges pulses during connect, however
a Shunted-Ime object applies a transmussion/reflection process when connect 1s invoked. An-
other useful facilrty 1n object-onented code 1s imnheritance, where new classes may be derived
which are closely related to existing ones. For example, m the TLM model, there are three
derived classes from the base class SCN, ie Source node, Short circuit node, and Stub-loaded
SCN These nodes retain many of the properties of the base class, but may ‘own’ different
vanables and implement their operations differently. The ability to encapsulate objects 1s well
developed 1n object-oniented languages. This allows for structured and readable source code

whach 1s suitably abstracted.

In practice, different types of SCN may be combined at will with different types of transmussion
line. This enables the different features of the physical problem to be incorporated into the

model. At run ttme, calling scatter on nodes and connect on transmussion lines invokes the
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Figure 52 OMT model of a stmple TLM program

correct routines for the specific object type tn use It has been proved that object-oriented code 18
realisable and can produce highly readable and maintainable code, however several drawbacks

have been lughlighted by experiments.

522 Results and discussion

One of the main hmitations of object-oriented code was found to be computational performance
The execution speed of a simple object-ortented code was significantly poorer than that of a
comparable non-object-oriented code. When more advanced programming techmques were
employed 1n the object-oriented code (such as linked hists), the performance of the codes was
similar, Employing these performance-enhancing measures tends to increase the complexity
and degrades the simplicity of the code overall In addition, object-onented techmques tend
to reduce the ability of the programmer to control memory allocation In some circumstances,
especially where a large number of nodes are to be processed, it 1s desirable to control the

allocation of memory manually 1n order to obtain the best performance [35.13].
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A shight storage mncrease was observed when using the object-oriented program This occurs
due to the linking of objects through pomnters and 1s unavordable In some respects, the use
of memory 1s more efficient since the complexity of an object used 1n a particular area of the
problem can be chosen appropnately, e g. stubbed nodes need only be used where required and

so fewer voltages are stored.

Object onented techmques are a rehiable and flexible way of producing a TLM program, how-
ever, applying object-oriented code at a node and transmission-ime level was found to be awk-
ward and offered no performance advantage over traditional approaches It was, however, found
that applying the techniques to the user level routines significantly simplified the code The
graphical user interface (GUI) was easily programmed using these methods, and has been suc-
cessfully applied m this way by other investigators, such as So and Hoefer [5 14] It seems
reasonable to adopt a mixture of techniques, using traditional methods to implement the TLM
algorithm to satisfy performance considerations and using object-oriented methods to imple-

ment the input/output routines for convemence,

53 Numerical accuracy

Jin and Vahldieck have shown that the SCN and HSCN can be directly derived from Maxwell’s
equations through a process of centered differencing and averaging [2.12]. Furthermore, they
observe that the connect process 1s intnnsically free from errors, and therefore the only source
of localised error 1s that associated with the scatter process. Their analysis has shown that
TLM has accuracy equivalent to a second order fimte difference scheme both for graded and for

ungraded meshes

In order to evaluate the practical effects of these observations, a popular canonical problem was
employed A1m x 1m X 1 mlossless cavity with PEC walls was modelled with an ungraded
mesh of Al = 0.1 m and 1000 iterations computed. Impulsive excitation was provided at a
point within the cavity, and the resonant modes were examned n the manner described by

Herring [5 15]

When the node voltages were stored as double precision real numbers, the frequency spectrum
observed 1s that shown 1n Figure 5.3. In this problem 1t has been reported that the resonances

calculated from the TLM model agree particularly well wath the analytical solution for a cavity
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resonator [5.16] and this was duly confirmed
|E|
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Figure 5 3: Simulated resonances in a 1 m® lossless cavity using double precision real numbers

In order to simulate the effect of lower precision arithmetic, a routine was buzlt into the com-
puter code to modify the floating point number during the scatter process. The routme emulated
the effects of using lower precision arithmetic by rounding the mantissa of the node voltages to
a fixed number of binary digits duning calculations. The effect of this artificial rounding process
on a siusoid 18 shown in Figure 5.4 The machme n use observed the IEEE standard relat-
1ng to floating point numbers [5 17], and simulations were conducted with different mantissa
lengths tn the range 1-24 bits The exponent length was also vaned and the effects noted A
further stmulation was performed with double precision arithmetic in order to act as an accurate

reference

Observations
The resultant amplitude of the resonant peaks observed in the frequency domain data for differ-
ent mantissa lengths are plotted in Figure 5.5.

Where lower precision anthmetic was emulated 1n the code, sigmificant rounding errors occurred

and this effect mantfests itself as artificial loss modelled m the system The main undesirable
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Figure 5 4: Effect of binary rounding the mantissa of a single precision number on a sinusoid

effect 1s that the Q-factor of the rescnances 1s lowered (1 e, the simulated resonances are leaky)
which means that close-together resonances are harder to resolve Interestingly, the resonant

frequencies 1n all of the simulations were reasonably accurate, even down to 4-bit precision

In terms of the amphtudes, the expenment indicates that good accuracy can be obtained with as
few as 15 bits. This may be useful in a highly optimised hardware system, where the amount of
stored data needs to be mimmised On machmes with IEEE standard floating point numbers 1t
can be seen from the plot that using double precision anthmetic (53 bit mantissa, 64 bits overall)
offers very little advantage over single precision (24 bit mantissa, 32 bits overall) mn terms of

accuracy tn the observed electric field strength.

Altering the exponent bit length was found to only affect the dynamic range of the model, and
with the excitation strength used there were no observable effects. With much larger or much
smaller magnitude excitation there were problems with the signal going out of range Using
appropriate scaltng, 1t 15 possible to use a fixed point number, even an integer quantity, but this

18 inconventent 1n practice and offers no computational advantage on most workstations
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Figure 5 5 Resonant magnitudes for different mantissa lengths and an 8-bit exponent, except for 53-but
where exponent length = 11-bit (IEEE standard double precision number)

531 Roundoff errors in time step calculations

In some circumstances the rounding which occurs in floating point numbers 1s significant The
actual process of rounding leads to roundoff error, and this 15 quite easily demonstrated by
evaluating the expression X*(1/X) on a digital computer for different nonzero real numbers
Dufferent values for X produce a result which 1s not precisely equal to the (trivial) analytical

solutron of X=1.

Calculations of this type occur frequently in the evaluation of certain parameters within a TLM
program One particular example 1s the choice of stub values m the symmetnical condensed

node, If the smallest value stub 1s the z-directed capacitive stub, then

. o
= 2 - 51
Yor = 23 1

where Y, 1s the normalised stub admuttance and

C_emAyAz
T cAzx
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If this particular stub hmits the maximum time step

¢
At =2 2
t=3 (52)
The analytical solution obtained by substitution 1s simply, Y,z = 0. However, experimentation
shows that different values of ¢ yield different values for this stub, some of which are negative,
Even small valued negative stubs lead to instability in TLM simulations so this 1s a matter which

needs to be addressed. It 1s helpful to examine how the errors introduced at each stage propagate

by mtroducing the roundoff errors e) and e; 1nto the analytical formulation, 1 e

. 2
Yom=A_i+el_4 53
_¢
m_§+@ 54
Substituting as before:
- 2
Ym,:g ¢ +e—4 55

If now the mequality ¥, > 01s apphied, then the limit on the error terms may be expressed

After a Iittle mampulation, it 1s faurly strasghtforward to show that:

——-5-=1 (5 6)

This mequality can be used to examine the rounding behaviour of the machine in use For
example, 1f the divide operation rounds down the result this gives e; and eg a posittve sign
Examming equation (5 6), it can be seen that there are values for { where the inequality 1s not
satisfied. In order to correct the problem, the time step may be reduced by a very small fraction
to oppose the rounding error mn the stub calculation A simpler method 1s to ensure that the

program inspects all of the stub values, and sets any small negative stub values to zero.

532 Discussion

In general, the accuracy requirements of TLM are well within the capabilities of current com-

putational platforms Floating pomnt numbers are adequate for representing the node voltages
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and stub values, although care must be taken to ensure that negative stub values generated by

roundoff are eliminated.

Integer anthmetic is not swtable for most applications, since 1t degrades the dynamic range
of the results and forces the use of appropriate scaling The microprocessors 1n most modern
workstations and desktop PCs have high performance floating point operations built in, and so

m terms of the run speed there 1s no particular advantage 1n using integer types.

5.4 Memory management

In vehicle EMC, the target has physical dimensions which may be many wavelengths at the
highest frequencies of interest It is therefore inevitable that a very large number of TLM nodes
will be required 1 order to produce a suitable model. In addition there are certain areas of the
model where the wavelength of the incident radiatton ts much smaller than that 1n free space
Much smaller cells are required in these areas in order to counteract the effects of dispersion,

and thus the storage problem 1s exacerbated,

It is essential to ensure adequate memory 1s available for storing node voltages and other pa-
rameters within the model. Most operating systems employ the concept of physical memory
which refers to the Random Access Memory available in the machine, and virtual memory
which refers to additional memory emulated by means of dynamically exchanging blocks be-
tween physical memory and a storage device. This process 1s known as memory paging or
swapping. The exchange of data between the device and memory 1s a relatively slow process,

and the amount of swapping must be minimised in order to obtain the most efficient code.

In practice, individual machines have a memory limit for a given TLM code where the time
taken to exchange memory blocks from the storage device becomes prohubitive [5 13] This 15
a qualitative measure, and may depend on an individual person’s perception The limuit may be
sigmficantly less than the total amount of memory available because of the temporary storage
required for calculations etc , and by other programs consumung resources such as the operating
system and the TLM program code 1itself which will be running concurrently. Approximate

limitations for a range of workstations are shown 1n Table 5 1.

The amount of memory required 1s also affected by the number of stub voltages which need

to be stored for each node. The storage requirements for each node are shown 1 Table 52
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Figure 56 Run time on a Pentrum 90 PC with 40 MB physical memory and 8¢ MB virtual memory
using the Linux operating system

Other factors, such as the number of matenals 1n use can also sigmificantly affect the storage
requirements 1n complex models. For example, for the machine used to generate Figure 5 6,
the plot demonstrates that the machine has a physical memory limit of approximately 450 000
nodes before the onset of swapping. This corresponds to approximately 31 MB of memory,
indicating that the TLM program code and operating system occupied approximately 3 MB of

physical memory

Machine RAM Number of nodes
Old 386/486 8§ MB ~ 104
Early Pentium 16 MB ~10°
Average Desktop PC 128 MB ~ 108

Modern Workstation/Supercomputer [5.18] 2 GB upwards ~ 107

Table 5 1. Approximate computational hmits for SCNs
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Node type Variables Storage requirement
SCN 12 float, single precision 48 bytes
Stub loaded SCN 18 float, single precision 72 bytes
HSCN () 15 float, single precision 60 bytes
HSCN (II} 15 float, single prectsion 60 bytes
SSCN 12 float, single precision 48 bytes

Table 5 2 Storage requirements for different 3-D node types

541 Assessing the storage requirement

In order to provide a quick assessment of how many nodes are required for a given physical sys-
tem, a simple method was devised This method works on a ‘best case’ scenario, and assumes

that cells of different stzes may be combined 1deally.

Formulation

In order to satisfy dispersion constramnts at least ten nodes are required per wavelength at the
maximum frequency of interest This must be followed for all matenals in the model, mcluding
those within matertals of lower wave velocity such as dielectrics. Therefore materials with high

relative permittivity and permeability require a correspondingly small cell size.

Given the ten nodes per wavelength limit and nonferrous material, 1t can be shown that the
frequency normalised mimimum node density required 1n region z of the TLM model, D,, can

be approximated by,

3
D, = [10\0/2:] (node s®.m~3) G

The node density required for some typrcal materials used 1in motor vehicle manufacture are
shown 1n Table 5.3. Note that in general the permuttivity 1s both complex and frequency depen-
dent, and although it is possible to include these properties in the TLM model they are often

1gnored for economy.

Once the volume of each matenal to model ts known, the minimum number of nodes may be

obtamed from

Nuodes = f3 ED:Vz (58)
1=1
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Material & D, (x1072node s*m=3)
Air 1.0006 370
Mineralil 22 121

PVC 27 164

Rubber 3 192

Glass 6 544

Water 80 26 500

Table 5 3. Frequency normalised mimimum node densities for dielectric materials

Where v, is the volume of each distinct area of mesh, f 1s the maximum frequency of interest,

and m 1s the number of distinct mesh volumes.

The number of nodes which can be realistically coped with depends on the computattonal plat-
form, and can be determined experimentally. Given the maximum number of nodes which
may be employed, and the material volumes 1n the physical system 1t 1s possible to estimate a

practical frequency limit, fimq. for the model by rearranging equation (5 8}

N,
__ af4Ynodes,mazx
Jmaz = \/——?;1 Do, (59

Comments

In practice, this techmque will often underestimate the number of nodes required and overes-
timate the practical frequency mut This 1s mainly due to the assumption that different sized
cells can be combined arbitrarily which is not possible with current multignd and grading tech-
mques [5 19, 520, 5.21, 522] The amount of memory required for an individual problem 1s
also increased by other specialised methods which may be 1n use (see Figure 2 13, p 40ff)
Despite these hmitations the method 1s useful for obtaining a first estimate, and has been found

to be a valuable yardstick when determining the practicality of simulations

For example.

“What 1s the maximum frequency that can be expected from a TLM model of a

screened room with dimensions 3.61 m x 3 05 m x 4.83 m when computed on a
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desktop PC 7

Assuming the PC available 1s the one tested 1n Figure 5 6, the maximum number

of nodes before excessive swapping takes place 1s approximately 4 5 x 103,

The chamber volume 1s: 3 61 x 3.05 x 4 83 = 53.2 m3.
The node density required in free space is approximately: 37 x 10~2% node s* m~3

5
Therefore fimaz = {/ a3 = 611 MHz

542 Dynamic node activation

At the very start of most TLM simulations a large number of nodes within the mesh are ef-
fectuvely redundant. Until voltage impulses are experienced on a particular node’s ports, 1t 18
unnecessary to perform scattering, or to transfer pulses between 1nactive nodes Additionally,
there are often nodes which are never involved 1n calculation such as those contamned within
volumes where, mn the real world, fields do not penetrate From a computational viewpornt, 1t
would be highly desirable to reduce the total number of calculations requrred 1n the simulation

These observations were the motivation for producing the following algorithm

543 Algorithm development

The volume of nodes excited by a point source in a TLM mesh 1s shown mn Figure 57 An
algorithm can be devised to replicate this changing pattern 1n three dimensions n order to

contro! the scattering and connecting processes during the simulation

The algonthm itself must not sigmificantly increase the storage requirement nor must 1t be overly
complex, since the TLM algonthm itself 1s very stmple. If these specifications are not met then

the overall performance is likely to be degraded rather than improved

As a first attempt, the possibility of examining all the port voltages at each time step and per-
formuing scattering accordingly was considered. This idea was quickly rejected by experiment

In fact, the ime taken to test each individual port voltage was found to be appreciable when

compared with the calculation time of the TLM algonthm itself
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Figure 5 7 Nodes excited around a point source at ttme step n
The algorithm

In practice 1t was found that a small additional area of storage was necessary mn order that the
status of ‘active’ and ‘mactive’ was globally available to the scatter and connect routines in the

program.

A system based on binary digits was devised with a single bit allocated for each node Logic
‘0" was stored for ‘inactive’ and ‘1’ for active These bits were arranged 1n a 3-D array, denoted
@n[Z, Yy, 2], with the contents of this array updated at each 1teration This array was used as a

control for the computation in the TLM algonithm

The update routine 15 an extremely simple process mvolving six logical OR operations per node
as shown 1n equation (5.10).
an+1(:‘r"’ Y, Z) = an(:B, Y, z)+
an(m - 1, y,z) + a'n(:c + 11 y!z)+
(510
an(2,y — 1,2) + anl(z,y + 1, 2}+

an(xg ¥z - 1) + an(m’ Y,z + 1)
At the start of the simulation, ao{z, y, 2] was inttialised to ‘0°, and where nodes were excited 1

the TLM mesh a ‘1’ was placed 1n a corresponding place in the bit array. Any bits outside the

array were assumed to hold logic ‘0°.

By thus process the spreading behaviour shown in Figure 5.7 could be emulated with a minimal
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amount of additional storage and execution tume

Incorporating ‘dead’ nodes

In some simulations there are permanently mactive nodes, such as those bounded by a perfect
conductor The algorithm can be adapted to take account of these by including another binary

array (see Figure 5 8). In this case the array, K|[z,, 2] is constant throughout, and contains a

¥ F
+ 4+ 4
+H+++ HEE
+++ +++
T T +44| FFA |+ ++
+++ +4+4 [++4 [+ 44
H [++4 |+ +4| e+ [F
+ w4+ [+ ++4 4 e+t
FoF +t++FFOFF+++ |[r++FFoFT+4+4
+ FHtt+++t R R R
+Ht++++ ++++++ e+t

Figure 5 8 Use of the algorthm with ‘dead’ nodes

mask for a,[z, y, 2] 1e. permanently inactive (dead) nodes are represented by ‘0’ and all others
by ‘1’. Each element of K[z,y, ] is then logic ‘ANDed’ with 1ts corresponding element 1n

alz,y, 2]

Gn41 (m:'y, z) = K(:’L‘, Y, Z).[Gn (-’E! Y, Z’)+

an(:c -1,y z) +an($ +1, yaz)+
51D

an(z,y — 1,2) +anlz,y + 1,2)+
an(mayaz - 1) + an(;t:,y,z + 1)]
This extension to the basic algorithm, has positive imphcations 1 terms of memory usage, since

1t 18 possible to avoid storing nodes which do not take part 1n the simulatron.

544 Operation

The algonithm 1n 1ts most basic form was apphed to a 51 x 51 x 51 node mesh of SCNs and
differing types of excitation were applied. It can be seen from Figure 5.9 that reduced teration
times can be achieved by applying this method and the amount of improvement 1s dependent

on the position of the excitation. The plot also shows that the algonthm has some overhead 1n
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terms of computation time. It has been found that a better result can be achieved by stopping the

update of ay, [z, y, 2] once it is full of ‘1’s. Other tests were conducted with different mesh sizes,
Time
(s)
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06

04

02 | | 1 { | i ]
0 20 40 60 80 100 120 140 160
Iteration number, n

Figure 59 Iteration times tn a 51 x 51 x 51 node TLM mesh for (a) normal simulation, (b) excitation

at the mesh centre, (c) excitation near to a corner and (d) plane wave excitation at z = 0

and by using the algorithm 1n equation (5 11). Using ‘dead’ cells was found to be advantageous,
producing significant savings 1n memory where large volumes bounded by PEC were present in

the model

545 Discussion

It 1s possible to produce an expression for the number of nodes mvolved 1n the calculation
at time step n by considering the way that the pattern shown 1n Figure 5.7 evolves m three

dimensions:

1
Nive = 5(crn3 + 6n% + 8n + 3) (5.12)

The excited volume for an ungraded mesh of SCNs at ime step 7 1s therefore

AR
Viwe = Nie Ala = ‘—3—(4’1’13 + 6n? + 8n + 3) (513)
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It 1s useful to compare this volume to the volume which would be excited in the real world by
a point source radiating in free space. A point source spreading spherically with the wavefront
propagating at ¢ ms~! would excite a volume of:

4 4
Vnwe(real) = §71’1‘3 = Eﬂ(d)s (3.14)

If 1t is assumed that t = 0 when n = 0 and the maximum time step 1n the TLM mesh 1s Al/2,

50
t= ﬂE (515)
2c
Therefore, the volume of excitation 1s.
4 AlNG T
Vhve(real) = Eﬂlcs ('2"5) nd= EAla'ns (516)

The volume of nodes which have voltage impulses travelling on them 1s larger than the volume
produced from the spreading wavefront This 1s to be expected as voltage impulses travel con-

siderably faster on the TLM mesh than waves below the cutoff frequency (see Figure 5 10) By

volume = 63AI[3

volume=9’L2‘N—3
QO
_ _ oAl
n=3

Figure 5 10 Volume of space and equivalent volume of nodes excited around a point source

dividing equation (5.13) by equatton (5 16) it can be shown that for large values of n the volume

of nodes mnvolved n the computation is % times the physical volume bounded by the wavefront

As thus result demonstrates, the TLM mesh is filled with individual impulses much earlier than 1t
s filled with waves. Even in very low-Q simulations the total simulation time should permut the

wave to traverse the workspace several times. Taking this into account, 1t 1s debatable whether
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there 1s any benefit 1n applying an algonthm However, the advantage of using ‘dead’ nodes
1s considerable since the computational ume and memory requirement scales linearly with the

number of nodes

Overall, the algonthm is simple to implement 1n software, and offers some advantages. It 1s
most likely to find application 1n highly optimised systems, such as hardware accelerators for
TLM (e g that described by Stothard and Pomeroy [5.7]). In these systems 1t may be possible to
implement the algorithm drrectly in high-speed logic and thus the overhead may be negligible
There may also be scope for application 1n distributed processing, by using the array to represent
tiles of nodes nstead of individual nodes. The time stepping 1n the algonithm could be a multiple
of the TLM time step appropnate to the tile size This could then form the basts of a “fast start’

routine

5.5 Conclusion

In this chapter some of the 1ssues facing the efficient implementation of TLM have been ad-
dressed. Object-oriented programming techniques have been considered, and an OML model
for 3-D TLM has been presented and evaluated It has been demonstrated that acceptable accu-
racy can be obtatned by using floating point numbers with a mantissa length as low as 15 bats,
although this may only be applicable to specialised TLM processors since most current plat-
forms adhere to the IEEE standard for floating point numbers. Strategies have been proposed
for assessing and reducing the total memory requirement An algonthm has been demonstrated
which activates nodes when required 1n the calculation and by doing so reduces computation

times 1n some circumstances,
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CHAPTER 6:
CONCLUSIONS

THE amm of this thesis was to 1dentify and develop effictent techmques for the electromag-
netic modelling of motor vehicles. The objectives have been achieved by targeting two
key areas: the use of efficient numerical techniques, and the algonthm implementation. This

chapter outlines the contribution of this thesis, and suggests areas for future research

6.1 Contnbution of this thesis

The TLM technique was chosen as a starting point for this thesis as 1t 1s multi-featured and
well established as a numerical technique for EMC simulation. Whole-vehicle simulations are
a particularly challenging class of EM model, due to their high level of geometncal complexity
and the high frequencies involved in tests It 1s essential to conserve computational resources In

order to obtain accurate simulations in a realistic time frame

The development of the TLM method has been cntically reviewed, focusing on the strengths
and weaknesses encountered when applied to automotive EMC problems. A wide range of
techniques are available which can be used to improve the accuracy and efficiency in particular

areas of the model.

Symmetry boundary conditions can be useful for reducing the memory requirement 1 models
A new partial implementation of a Huygens’ surface has been developed which uses a symmetry
condition to produce plane waves for simulatton of EM immuntty, This method improves over

an earlier method by allowing plane wave generation with arbitrary polarisation

The absorbing boundary performance 1n TLM simulations has a significant impact on the overall
efficiency. The traditional matched termination boundary performs poorly when placed in close
proximuty to objects. High-performance techmques, which have been reported in recent years,

such as the one-way equation method and perfectly matched layer can be effective 1n certain cir-
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cumstances Thus allows the boundary to be placed closer to the object and thus preserves com-
putational resources. Due to the ltmited and often unpredictable stability of high-performance

absorbing boundaries, they may in some cases prove unsuitable for use 1n automotive models.

The manner 1n which the TLM algonithm 1s implemented can have adverse effects on the ef-
ficiency, particularly in terms of the numerical accuracy and memory usage Object onented
programming methods have been employed 1n this thesis to construct a TLM program There
are some conceptual advantages in using object onented methods, however these are largely

offset by the latent increase in memory usage and degradation of the execution speed.

Memory usage overall 1s a prvotal factor since the per-node computational time climbs very
steeply once a certain threshold 1s reached. A simple calculation technique has been descrnibed
which can quickly assess the practicality of modelling a particular physical system, or can

alternatively mndicate the upper frequency limit for a grven level of computational resources

A new method has been presented which reduces the total number of calculations by dynami-
cally actvating nodes This method can reduce computation ttme 1n low-Q simulations There
1s particular mert 1n avoiding the storage of nodes 1 volumes where there 1s no sigmficant field

penetration.

6.2 Suggestions for further research

The work 1n this thesis has suggested a number of avenues for further research

6 2.1 Computational performance

It 1s debatable which type of computer offers the most effective and efficient platform for TLM
There 1s much 1nterest 1n using parallel computers, and 1n some cases these have proved very
successful. It is however unclear whether therr hugh complexaty and cost justifies their use,
especially when many of the studies reported to date have indicated that the computer used was
not operating at full capacity. It would be worthwhile to assess the cost per performance unit
for these machines. In addition, 1t would be useful to conduct a survey of the relative suitability

and performance of each for a benchmark TLM program.

1t has been speculated that the future of parallel computing lies 1n using multiple desktop com-
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puters with hugh-performance network connections. A study 1s needed to examine the 1mph-
cations of this type of computer hardware, focusing on the specaific difficulties referred to 1n

Chapter 5 of slow data transfer rate when compared to computation time.

6.2.2 Programming techniques

Another area of research highlighted by this thesis 1s that of code architecture It has been shown
that even relattvely minor changes in software can alter the performance dramatically This
fact has often been 1gnored, although in practical terms 1t can affect the maximum frequency
of the model 1n a manner comparable to the numencal algorithm 1tself More research effort
mto program architecture and wider dissemination amongst the TLM commumity 1s needed to
produce better, faster TLM implementations, and to reduce the amount of repeated research 1n

instetutions.

623 Accuracy of TLM simulations

Improving the representation of curved and sloped boundanes 1s of importance to both the
TLM and FDTD communities. These methods are of particular interest, because they have
the potential to significantly improve model accuracy. Although a number of smooth surface
techniques have been proposed, no comparative study has been reported for TLM, and test cases
have been imuted. Further research 1s required to determine whether these methods are effective

1 complex-geometry problems.

In simple situations and on an indivrdual basis many of the errors observed 1n simulations are
well understood. In general, however, 1t 1s not clear how the cumulative effects mfluence the
overall model error. A study to formalise and predict the magnitude of errors from different
sources would be deswrable. The concept of an ‘error budget’ could be mtroduced, which op-
erates 1n a manner analogous to noise analysts in electronic circuits  For example, if results
are required within a 6 dB accuracy it may be possible to budget for the errors due to sharp
edges, wires, and other factors. This would permit the user to quantify the expected errors from
a vartety of sources, and allow the engineer to alter the model to meet a particular accuracy

requirement.
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624 Developing numerical techmgues for EMC

On the wider subject of modelling in EMC, there are a number of areas which have potential
to improve simulation efficiency. Research has been ongoing for several years into hybrid
methods The purpose of hybridisation is to caprtalise on the best features of a number of
techniques by combining them 1n a single model. Research has been fairly sparse 1n this area,
although some studies have reported very promusing results. Further study 1s required 1 order

to establish which numerical methods can be efficiently and effectively combined

Ata practical level, hybrid methods may imntroduce addittonal problems, such as in pre-processing,
and this needs to be more fully investigated. For instance, 1f a vehicle body shell was modelled
using a combnation of TLM and TDFEM a tetrahedral mesh might be required on the shell (to
make use of TDFEM's conformal meshing) and a cubic mesh elsewhere (to make use of TLM’s

efficient modelling of space).

625 Valdation

Although outside the scope of this thesis, experimental validation of modelling results 1s an
inportant activity So far the TLM method has been demonstrated to give good agreement with
measured results for a wide variety of systems (see Chapter 1 references for more details) It
would be valuable to disseminate the results from a more systematic study, comparing mod-
elling results to expernimental results for a vanety of typical vehicle EMC situations The evi-
dence from such a study would encourage the acceptance of modelling among the wider EMC
commurity. It would also help non-expert users of modelling to understand which problems

can be tackled and to gain realistic expectations of the outcome of the modelling process

6.3 Overall conclusion

To produce efficient whole-vehicle simulations for EMC purposes, various techmques and
strategies are necessary. The particular importance of applying symmetry wherever possible,
using reliable absorbing boundaries, and producing an efficient implementation of the TLM

algorithm itself have been described 1n this thesis.

The TLM method is a powerful, mature technique with many features which can assist the
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user to make the best use of computing resources. Historrcally, the evolution of the method
and the increase 1n computing power have enabled higher model frequencies and greater model
complexity However, legislative requirements for EMC and the demands of engineers have
increased at an even greater rate There 15 no reason to assume that this trend will change 1n
the future Regardless of the improvements 1 computational performance, better models will
always be sought. Therefore, the need to manage resources will remain paramount, particularly

in challenging situations such as the whole-vehicle problems addressed by this thesis.
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