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Abstract

In this thesis the application of the Transmission-Line Matrix (TLM) method to
two dimensional scattering problems is investigated. The method is recognized as an
efficient tool for the analysis of closed structures, since a single simulation using pulse
excitation and Fourier transformations can produce accurate frequency domain results
over a wide bandwidth. The Finite Difference-Time Domain (FD-TD) method is also
a numerical method capable of simulating Maxwell’s equations in space and time. The
FD-TD method has been applied to the analysis of scattering simulations, however
sinusoidal excitation has been used to obtain results at a single frequency. Both the
TLM and FD-TD method require discretization of the entire simulation space, and
therefore require special treatment of artificial boundaries which are applied to limit
the simulation space to a computationally acceptable size. The relationship between the
TLM and FD-TD methods was extensively investigated in two dimensions.

Software capable of modelling arbitrarily shaped scatterers was written to perform
the simulations. To illuminate the scatterer with an accurate incident field and apply
absorbing boundary conditions to only the scattered field, a method (that has been used
extensively with the FD-TD method) was formulated in terms of a time domain
equivalence principle for the excitation of electrical networks in order to implement the
method into TLM programs. Fourier transformation of time domain results was found
to be extremely sensitive to numerical errors, such as those produced by inaccurate
absorbing boundary conditions. Previous methods of match terminating the TLM mesh
were found to be inaccurate for the application considered in this thesis. The absorb-
ing boundary conditions used in this thesis were originally derived for use with finite
difference approximations of the wave equation. Using the relationship established
between the FD-TD and TLM methods, these boundary conditions were applied to the
TLM method.

Scattered far field patterns were calculated for a perfectly conducting square
cylinder, a perfectly conducting circular cylinder, and a perfectly conducting strip (for
both broad side and edge incidence). The TLM results for each geometry are compared
to established solutions over a wide range of frequencies. For the square cylinder,
accurate results (compared to Boundary Element Method (BEM) results using an error
norm) are obtained over a range ka=0.3 to 8. For the circular cylinder accurate results
(compared to an analytical solution using an error norm) are obtained over a range
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ka=0.3 to 6.

As the geometrical complexity of a scatterer increases, the FD-TD method using
sinusoidal excitation becomes more efficient than using integral equation techniques. In
this thesis, it is demonstrated that for scatterers with simple geometries (handled
efficiently by integral equation techniques), the TLM method using pulse excitation
and Fourier transformations to obtain frequency domain results, becomes more efficient
than integral equation techniques as the number of frequency points is increased.
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Chapter 1

Introduction

The Method of Moments (MoM) [1] has been used extensively to analyze elec-
tromagnetic field problems. Applying MoM to an electromagnetic field problem yields
an approximate solution to an integral equation which governs the physical system
being analyzed. The integral equation is formulated on the surfaces and media inter-
faces of the scatterer and therefore, only these surfaces require discretization. Because
MoM provides a time harmonic solution, a single simulation yields results at one fre-

quency.

The Finite Difference-Time Domain (FD-TD) method, originally proposed by Yee
[2], applies central difference approximations to the time and spatial derivatives in
Maxwell’s equations. The FD-TD method, since it is based on an approximation to
differential equations, requires discretization of the entire simulation space. The simu-
lation of an open region problem implies that an infinite space is required. However,
because computer resources are finite, artificial boundary conditions are applied to
absorb outward travelling waves and truncate the simulation space to a reasonable size

[3]. These artificial boundary conditions are called absorbing boundary conditions.

Taflove and Umashankar [4],[5] have applied the FD-TD method to the solution
of electromagnetic scattering problems. Absorbing boundary conditions are used to
limit the size of the simulation space, and accurate results at a single frequency have
been obtained by exciting the mesh with a sinusoidal signal. Taflove and Umashankar
[4] have argued that as the geometrical complexity of the material properties of a

scatterer increases, the computational efficiency of the FD-TD method, despite the



Chapter 1 Introduction

large computer resource requirements, approaches that of MoM.

The Transmission-Line Matrix (TLM) method, originated by Johns and Beurle
[6], is similar to the FD-TD method in that it provides an approximate solution to
Maxwell’s equations in the time domain, and requires discretization of the entire simu-
lation space. The method is based on a lumped element model of Maxwell’s equations
from which a transmission line model is obtained. The method has been recognized as
an efficient and accurate tool for the analysis of waveguides, finlines, and other closed
structures [7]. Recently, the TLM method has been applied to model open structures
[8], and many of the issues regarding the modelling of open region problems such as
absorbing boundary conditions have not been resolved. The main advantage of using
the TLM method is the amount of information that is available from a single simula-
tion. By using a method that simulates Maxwell’s equations in space and time, accu-
rate frequency domain results can be obtained over a wide bandwidth from a single
simulation using pulse excitation and Fourier transformation of the output impulse
response. Because Taflove and Umashankar have used sinusoidal excitation rather
than pulse excitation, their investigations have not taken full advantage of solving
Maxwell’s equations in the time domain. Accurate results have been obtained, but the

full potential of time domain analysis has not been realized.

The purpose of this thesis is to investigate the application of the TLM method to
two dimensional scattering problems. Topics associated with the modelling of open
region problems are discussed. To achieve computational efficiency, the use of pulse
excitation and Fourier transforms to obtain wide band frequency domain results from a

single simulation is investigated.

Chapter 2 provides a review of the basic TLM method and a discussion of
enhancements that have been developed over the past fifteen years. Also included is a

review of previous attempts at applying the TLM method to open region problems.
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Chapter 3 discusses the relationship between the TLM method and two other methods
capable of simulating electromagnetic fields in the time domain, the FD-TD method
and the Spatial Network Method (SNM). Establishing relationships between the TLM
and similar methods will allow the transfer of compatible developments and enhance-

ment of all relevant methods.

Application of the TLM method to scattering problems is discussed in chapter 4.
To accurately model incident and scattered fields, a method that separates scattered
fields from total fields is implemented. This scheme has been used in FD-TD programs
and in chapter 4 is reformulated in terms of a time domain equivalence principle for
implementation into TLM programs. A review of absorbing boundary conditions used
with the FD-TD method is provided, and the application of two types of absorbing
boundary conditions to TLM simulations is discussed. As well, a potentially accurate
absorbing boundary condition applicable to the TLM method (the variable impedance
boundary condition), is derived and discussed. Implementation at the time of writing

this thesis has not been attempted.

In chapter 5, the developments presented in chapter 4 are tested. The
total/scattered field formulation is tested for one and two dimensional simulations. The
absorbing boundary conditions are tested and comparisons are made to the traditional
method of match terminating a TLM mesh. A significant observation discussed in
chapter 6 is that previous methods match terminating a TLM mesh are not accurate,
therefore the implementation of the FD-TD absorbing boundary conditions is a
significant step in improving TLM modelling of open region problems. A description
of the software developed to model the two dimensional scattering problems con-
sidered in this thesis is also provided. Finally, chapter 7 will summarize the work

presented in this thesis and topics of future research will be included.



Chapter 2

Review of the
Transmission-Line Matrix Method

2.1. Transmission-Line Matrix Theory

2.1.1. Lumped Element Model of Maxwell’s Equations

For a lossless space of permittivity € and permeability 1, Maxwell’s curl equa-

tions are
oE
VxH=¢-—= .1
X £ o (2.1a)
JH
VXE = - pu— .
X N (2.1b)

If only two dimensional problems are considered with no variation in the z-direction,
equations (2.1) yield two independent sets of equations. Equations (2.2) represent

Maxwell’s equations for two dimensional transverse electric (TE) propagation (H,=0),

9E,  oH, -
x e (2.22)
OF, OH,, .
ay - p’ a[ ( . )
OH, OH,  OE, s
x oy ° o (2.20)

and equations (2.3) represent Maxwell’s equations for two dimensional transverse
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magnetic (TM) propégation (E,=0).

—_— Z = b
> Sy (2.32)
3H,  OE,
ay =g y (2.3b)
9E.  OF oH

x oy MTa

(2.3¢)

Consider the lumped element network shown in Figure 2.1. The network lies in
the x—y plane and is oriented as indicated in the figure. Spacing between the nodes in
the network is A/ and the values of inductance and capacitance are LAl and 2C Al,
respectively. This network was proposed as a model of Maxwell’s equations in two
dimensions by Gabriel Kron in 1943 [9]. To utilize the equivalent circuit in a practical
sense, "network analyzers" were built consisting of meshes of inductors and capacitors
[10]. With the appropriate excitation and boundary conditions applied to the mesh, a
variety of electromagnetic field problems can be studied. Whinnery and Ramo used a
network analyzer to study field distributions in cylindrical waveguides and the effects
of discontinuities in rectangular waveguides [11]. Whinnery, Concordia, Ridgeway,
and Kron examined field distributions in rectangular cavities of different shapes [12].
This technique yielded acceptable results considering the large amount of experimental
error involved. An interesting account of the various problems associated with build-
ing a network analyzer can be found in a paper by Spangenberg, Walters, and Schott

[10].
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capacitance values 2CAl inductance values LAl

Figure 2.1: Lumped network model of Maxwell’s equations in two dimensions
proposed by Gabriel Kron [9].

Kron derived equivalent circuits to model various physical systems and esta-
blished basic theory related to the construction of circuit models of differential equa-
tions [13]. Three dimensional models of Maxwell’s equations were also derived, how-
ever only the two dimensional models were used in practice. The three dimensional

networks contained ideal transformers and dependent voltage sources making
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construction of a préctical network difficult [14]. Recently, Johns has investigated the
role of these components and determined that they are related to gauge transformations
of Maxwell’s equations [15]. Under certain circumstances the ideal transformers and
dependent sources are not required. Johns derived lumped element models which
satisfy the Coulomb and Lorentz gauges. Johns’ paper, although theoretical (no one
would consider actually building an equivalent network today), provides insight into

lumped element modelling and the theory behind the models.

The analogy between Maxwell’s equations and the equivalent network can be
obtained by using simple circuit theory. In Figure 2.1, the voltage drop between nodes
C and A can be expressed as

Oica
ot

ve—vy= LAl (2.4)

where ic4 is the current flowing from node C to node A (in the negative x direction),
v4 1is the voltage at node A, and v is the voltage at node C. Equation (2.4) can be

written for an arbitrary voltage drop across two adjacent nodes in the x direction.

v(x+Al)—-v(x)___ diy
Al =-L 3 (2.5)

Similarly, equation (2.6) is valid for an arbitrary voltage drop across two adjacent

nodes in the y direction.

YO+ ) %

2.6
Al ot (2.6)
Applying Kirchoff’s current law to node A yields

. . . . vy

ZEA+ lBA+ lCA+ lpa = 20— (27)

ot

where ip, and i, represent currents flowing in the positive and negative x directions

respectively; and ip, and ig represent currents flowing in the positive and negative y
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directions respectively. If these currents are considered to be centered at locations half

way between nodes, equation (2.7) can be written as,

ov
by (0—ALI2) 1y (y+ALI2) — I, (c+AL/2) + iy (y—Al12) =2C Al—g?— 2.8)
or
ALY — i (x=AL12) iy (p+AL2) =iy (y=AL/2 v
_k x _ 50 O )=2c A 2.9)
Al Al or

Recognizing the left hand sides of equations (2.5),(2.6), and (2.9) as simple difference
approximations to continuous derivatives, the network can be considered to be an

approximation to the equations

v aiy
é; _ L_at_ (2.10a)
av _ aix
5; - > (2.10b)
aix aly ov
T Ty Xy (2.10¢)

Examining the set of equations (2.10) modelled by the network and the set of
Maxwell’s equations for two dimensional TE propagation (2.2), the following set of
relationships between field quantities in Maxwell’s equations and circuit quantities in

the lumped network of Figure 2.1 can be established;

E,=v
Hy =—1I,
H, =i,
and u=L , e=2C 2.1D)

A similar equivalence between equations (2.10) and Maxwell’s equations for two

dimensional TM propagation (2.3) can be established
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H,=v
E, =i,
E, =—i
and u=2C ,e=L (2.12)

A review of lumped element modelling as an experimental technique for solving
electromagnetic field problems can be found in a book by D. Vitkovitch [16]. In
modern engineering practice, lumped element modelling is no longer used as an exper-
imenfal method. However, the concepts are important to numerical techniques which

are based upon the lumped element models.

2.1.2. Derivation of the Transmission Line Model

Three possible approaches exist when solving electromagnetic field problems

using lumped element models and the equivalence to Maxwell’s equations.
1) The models could be built and measurements performed directly on the network.

2) The equivalent circuit model could be simulated directly using a circuit analysis

tool specially adapted to take into account the nature of the network.

3) A new model could be constructed from the circuit model from which possible

advantages could be realized.

As mentioned in the previous section, the first approach is unlikely considering the
problems associated with building an experimental mesh, the inflexibility of having a
physical model, and the errors involved in performing measurements on the model.
The second and third approaches are more likely because of the flexibility and power
of computer simulation. Yoshida and Fukai have developed a three dimensional
numerical technique which simulates the lumped element network model of Maxwell’s

equations [17].
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The TLM method is derived by proceeding with the third approach. The lumped
element network of Figure 2.1 can be divided into individual building blocks from
which an entire network can be constructed. The building block is shown in Figure
2.2(a) and can be considered as the intersection of two identical circuits as shown in
Figure 2.2(b). Note the two lumped capacitances of CAl in Figure 2.2(b) combine to
yield the 2C Al capacitance in Figure 2.2(a). The individual circuits in Figure 2.2(b)
are recognized as the equivalent tee network representation for a transmission line with

distributed inductance L, and distributed capacitance C [18] (see Figure 2.3).

LAI2
LAl/2 LAI2
YYYY\L YYYY
LA2
—— 4
(a)
LAI2 LAI/2
YYYY\ IYYYY
CAl—
LAl
LAIR2
—_—

(b)

Figure 2.2: (a) The lumped element node (b) Representation as the intersection
of two identical circuits

10
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The intrinsic impedance of the transmission line is

L
Z=\—= 2.13
N c (2.13)
and the speed of propagation along the line is
v = L (2.14)
VLC '
LAI/2 LAL/2

I

.
v

Al

(a)

LC

A
v

()

Figure 2.3: Equivalent-tee lumped element network representation for a
transmission line [18].

The circuit of Figure 2.2(a) is considered as a lumped element representation of the
intersection of two transmission lines shown in Figure 2.4. This simple transmission

line network is referred to as the TLM shunt node and is the building block from

11
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which an entire TLM mesh can be constructed. The intersecting transmission lines in
Figure 2.4 are realized as two wire transmission lines and referred to as the elemental

transmission lines of the model.

(- o

/ X
<oz g

Al/2

Figure 2.4: The two dimensional TLM shunt node represented as the shunt
connection of two wire transmission lines.

The elemental transmission lines of the model are considered to represent free
space (L=U,,C=¢,). The velocity of propagation on the elemental transmission lines

is
1
Vetemental line =TiE= % =2.984x10%m /s (2.15)

The impedance of the elemental transmission lines is
Z glemental line=VL/C =Z,=377Q (2.16)

The medium modelled by the entire mesh of transmission lines is represented by the
material properties =L, €=2C (equation (2.11)). Therefore, the speed of propagation

through the medium modelled by the mesh of transmission lines is

12
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VRN S S (2.17)
mesh T pe V2LC V2 ‘

NI [L_%
Zmesh £ 2C V2 (-18)

Usually the media properties of the elemental transmission lines are normalized. Hence

and the intrinsic impedance is

the distributed inductance and capacitance of the transmission lines are (L =1, C=1).

The velocity of propagation and the impedance of the elemental transmission lines are

Velemental line™ 1 (219)

and

Zelemental line™= 1 (2‘20)

The media properties of the medium modelled by the mesh of transmission lines are

therefore p=1, £=2. The resulting velocity of propagation, and intrinsic impedance are

1

Vimesh = 5 : (2.21)

and

1
Lposh = 3 (2.22)

It is important to distinguish between the characteristics of the elemental transmission
lines and the characteristics of the medium modelled by the mesh of elemental

transmission lines.

13
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2.1.3. Two Dimensional Series Node

The shunt node (Figure 2.4) can simulate either TE or TM propagation because of
the dual nature of electric and magnetic fields. Another transmission line node can be
derived to simulate either TE or TM propagation in two dimensions. The transmission
line model is obtained from a lumped element model as in sections 1.1 and 1.2 of this
chapter. The lumped element model in Figure 2.5(a) can be used as a building block
from which an entire mesh can be constructed [19]. The mesh can be shown to satisfy

an approximation to [15]

di av,
= = = (2.23a)
oi oV,
9t _ ~%% 2,
5 C—, (2.23b)
0 0 "
Dy Ty 9 (2.23¢)

ox oy ZLE

Examining equations (2.23) and the set of Maxwell’s equations for two dimensional
TM propagation (2.3), the following set of relationships between field quantities in
Maxwell’s equations and circuit quantities in the lumped element network in Figure

2.5(a) can be established;

vy =E,
v, = E,
I =H,
L=2L,ande=C (2.24)

In addition, an equivalence between equations (2.23) and Maxwell’s equations for two
dimensional TE propagation (2.2) can be established. From the lumped element node
in Figure 2.5(a), the transmission line node in Figuré 2.5(b) can be constructed [19].

An entire mesh of transmission lines can be constructed to model either TE or TM

14



Chapter 2 TLM Review

propagation using this node. The transmission lines in this model are connected in

series and the transmission line node is referred to as the two dimensional TLM series

node.
CAl
LAY/ LAl/
LAL2 LAL2
CAl
- CAL
LAI/2 LAL2
LAL2 1.A1/2
CAL
Z
y
(@)
X
<t} il
Alj2
(b)

Figure 2.5: The two dimensional TLM series node represented as (a) lumped
element network and (b) series intersection of transmission lines.

If the elemental transmission lines in Figure 2.5(b) are considered to represent a nor-

malized free space, the medium modelled by the mesh is represented by

15
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1
Viesh = TZ (2-25)

and
Zopesn = V2 (2.26)

The series node is of no value for problems with lossless homogeneous media
because the shunt node can be used to model both sets of equations. For lossy inhomo-
geneous media, modifications to the shunt and series nodes are required. Under these
modifications the shunt node is only valid for TE propagation, and the series node is
only valid for TM propagation. The' dual nature of electric and magnetic fields is no

longer true, both models are only valid for the V =E and I =H analogy.

2.1.4. Representation of an Arbitrary Medium with a Transmission Line Model

In this section the modifications to the shunt node are presented. Maxwell’s equa-

tions for a medium of permittivity €, permeability {1, and conductivity & are given as

Vx H = S-La]f + oE (2.27a)
oH
\v/ =2 )
x E 3 (2.27b)

Considering only two dimensional problems with no variation in the z direction, (2.27)
yields two independent sets of equations. Equations (2.28) represent Maxwell’s equa-

tions for two dimensional TE propagation

3E,  oH

— y
el 1) 5 (2.28a)
9L _ o, 2.28b
oy Mo (2.280)

16
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OHy, oM,  OE,
"5 =t * Ok (2.28¢)

and equations (2.29) represent Maxwell’s equations for two dimensional TM propaga-

tion.
oH, _ B
- o =g 5 + OE, (2.29a)
oH, B oE, - 5
PR =g 3 + oF, (2.29b)
aEy oE, oH,

x oy M (2.290)

To simulate a medium of arbitrary permittivity, an open circuit transmission line
stub of length Al/2 and characteristic admittance Y, is added to the shunt node [20]. A
topological view of the shunt node loaded with an open circuit stub is shown in Figure
2.6(a). The effect of the open circuit line is to slow down the propagation of waves
through the mesh. Part of the energy incident on the node is injected into the open cir-
cuit stub and then returned at the next time step. If the distributed inductance and

capacitance of the open circuit line is selected to be

L .
Lo.c. stub = Y— (2'30)
o
and
Co.c. stub = CYO (2‘31)

The speed of propagation along the line is then identical to that along the other ele-

mental lines

pe 1 - 1 _ 1 _ Al (2.32)

\/Lo.c.stub Co.c.stub L NLC At
?—C Y,

2]

The length of the stub is A//2 and therefore the energy is returned to the node after

17
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one time step Ar. The amount of incident energy delayed by one time step is con-
trolled by the admittance of the line, ¥,,. The increase in permittivity due to the open
circuit stub can be determined from the corresponding increase in capacitance that the
stub adds to the network. The total capacitance of the node without the stub is 2C Al,
and with the stub, 2CAI+Y,C Al/2. The permittivity of the medium modelled by a

mesh of stub loaded nodes is

YO
e=2|1+— (2.33)
4
branch 3 L.C branch 3 L.C
branch 2 branch 4 branch 2 branch 4
open circuit match terminated
stub stub e
’I
L/Y, CY
° 0 branch 1 L/ G0 ’CGO branch 1
(a) (b)

Figure 2.6: Modifications to the two dimensional TLM shunt node to model ar-

bitrary media properties: (a) permittivity stub (b) loss stub.

The stub is terminated in an open circuit adding no inductance to the model. The pro-
pagation velocity and intrinsic impedance of the medium modelled by the mesh of

transmission lines has been made variable by adding the stub, becoming

v L (2.34)

mesh ™= v
Y,
2| 4~
and

18
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Zyesh = (2.35)

1+—=
4

2

To simulate a medium of arbitrary conductivity, a match terminated transmission
line (or infinitely long transmission line) with a characteristic admittance of G, is
added as shown in Figure 2.6(b) [21]. The effect of the match terminated stub is to
allow a portion of the energy incident upon the node to be absorbed at each time step.
The amount of energy absorbed is controlled by the admittance of the line G,. The

distributed inductance and capacitance of the match terminated line is

L
Loatched sup = R (2.36)
o
and
Cmatched stub = CGo (2.37)

The conductivity of the medium is related to the characteristic admittance of the line

G, = oAz‘\/ 2— (2.38)

(4

by [21]

In TLM terminology, the open circuit line and match terminated lines are called per-
mittivity and loss stubs respectively. For conductive mediums, the analogy between
electric and magnetic fields no longer holds, because of the different form of equations
(2.28) and (2.29). Therefore, the shunt node can only be used to simulate TE propaga-
tion and the series node can only be used to simulate TM propagation. The implemen-
tation of stubs for the series node is given in [21]. For a lossless medium, the shunt
and series nodes are capable of modelling either TE or TM propagation. The permit-
tivity stub of the shunt node would become a permeability stub, if TM propagation

were considered.
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2.1.5. Three Dimensional TLM

Consider the operation of shunt and series nodes in which the analogy
(E=V,H=]) is always maintained. For an arbitrary two dimensional problem, a
shunt node would be required to model TE propagation and a series node to model
TM propagation. For an arbitrary three dimensional field problem, a shunt and series
node would be required in each coordinate plane (x-y,y—z,z—x) to model all possi-
ble field distributions. In addition, the nodes in each coordinate plane must be intercon-
nected to couple the fields in each plane. This interconnection of series and shunt
nodes is the original three dimensional TLM node [22] and is referred to as an
expanded node network. The elemental transmission lines of the shunt and series nodes

are realized in two wire transmission lines (see Figure 2.7).

Although this node has been used extensively to model three dimensional field
problems [23],[8],[24], there are problems associated with the use of the expanded
node network. Consider a plane, parallel to one of the coordinate planes of the mesh.
This plane intersects both series and shunt nodes due to the physical layout of the node
(see Figure 2.7). To apply a boundary condition on the plane, voltage reflection
coefficients are applied to the shunt nodes, and current reflection coefficients to the
series nodes (as will be explained in section 3 of this chapter). For this reason, the
application of boundary conditions is confusing and prone to error [25]. As well, prob-
lems with inhomogeneous material properties, dielectric and magnetic interfaces are
separated from electric and magnetic walls by half a space step. This mis-allignment

causes modelling errors in the analysis of microstrip and finline structures [7].
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Figure 2.7: Three dimensional expanded node consisting of an interconnection
of series and shunt nodes realized in two wire transmission lines [22].

To overcome the difficulties associated with the use of the expanded node, Johns
has developed the symmetric condensed node [25] (see Figure 2.8). Again the elemen-
tal transmission lines making up the node, are two wire transmission lines. The node
appears symmetric when viewed along each coordinate axis, thus eliminating the prob-
lems associated with applying boundary conditions. Field components are condensed
to the centre of the node and all types of boundary conditions are applied at half space
steps between nodes. This eliminates the misalignment difficulties of the expanded
node. An additional benefit of using the symmetric condensed node is its superior pro-

pagation characteristics compared to the expanded node [26].
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Figure 2.8: Three dimensional symmetric condensed node [25].

2.2, Computer Simulation of the Transmission Line Network

In the previous section a general method was shown to be capable of solving
Maxwell’s equations in the time domain. To provide a solution to a specific problem,
boundary conditions and initial conditions are required. The details of solving the

transmission line network by computer simulation are provided in this section.
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2.2.1. Algorithm

The TLM algorithm operates by scattering impulses off the transmission line
junctions and then transferring the impulses from one node to the next. Since the ele-
mental transmission line elements are considered to be ideal, the impulses propagate
without dispersion or distortion. As well, the scattering event is characterized by exa-
mining the impedance discontinuity encountered by an impulse approaching a junction.
For these reasons, an exact solution to the impulse response of the transmission line

network can be obtained.

In general, the TLM algorithm can be classified as comprising of a scattering

event S relating incident impulses to reflected impulses at each time step at each node,
V' =SV (2.39)

and then transferring the reflected impulse to become incident impulses on adjacent
transmission lines, at the next time step. The transferring is accomplished by a connec-

tion matrix C,
Vi=CV (2.40)

where V¢ and V’ are vectors containing incident and reflected voltages respectively, at
each node. This formulation of the TLM method has been used by Johns [27] and
Johns and Butler [28] to perform some theoretical investigations of the method. In a
practical situation a TLM computer program does not operate exactly as (2.39) and
(2.40). At each node, (2.39) is performed where S would represent the scattering
matrix of a single node, and the vectors V¢, V" are the incident and reflected impulses
at the node. The scattering matrix of a shunt node without permittivity or loss stubs
can be obtained by examining the transmission and reflection coefficients seen by an
impulse incident on the transmission line junction. Consider the shunt node in Figure

2.9(a) with a unit magnitude voltage impulse v, incident on line 1. In a normalized
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transmission line mesh, the impedance of each elemental line is 1. Looking into the
junction, the impulse will see three lines of unit impedance connected in parallel, or a

load impedance of 1/3. The voltage reflection coefficient seen by the impulse is

ZL—ZO 1
S Zi+zZ, 2 (240)
The transmission coefficient seen by the impulse is
Z,-Z
T = L1 (2.42)
Z,+2Z;p 2

After the scattering event takes place, the reflected impulses due to the incident
impulse vi=1,v5=0,v5=0,vi=0 are vi==1/2,v5=1/2,v5=1/2,v4=1/2 (see Figure
2.9(b)). Due to the symmetry of the node, the same type of behavior is observed for a

unit impulse incident on any branch with no other excitation.

A 12
1/2
< .
1/2
1 A& 12V
(a) (b)

Figure 2.9: Scattering of a unit magnitude impulse incident on branch I of a
Shunt node without stubs, (a) before scattering event (b) after scattering event.

The property of superposition can be applied to determine the behavior of the mesh

with more than one non zero incident pulse. The voltage scattering matrix of a shunt
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node without stubs is

1
1
1
i

r i
"1 111 1) |
val 1|1 -1 1 1| |v3
vi| = I 1 -1 1| |4 (2.43)
v 1 1 1 -1 v i |
In a TLM computer program the scattering event is implemented as
v’=i[§v§} —_—y (2.44)
n j n .
2|3
J
The reflected impulses are transferred to adjacent nodes using [6]
vi(xy) = v (x,y-Al) (2.452)
vh(x,y) = vi(x-Aly) (2.45b)
vE(x,y) = vi (x,y+Al) (2.45¢)
vi(ey) =vh(x+Aly) (2.45d)

The propagation of an impulsive disturbance through a mesh of shunt nodes is shown

in Figure 2.10 [29].
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Figure 2.10: Propagation of an impulsive disturbance through a mesh of shunt
nodes.

The scattering matrix for the shunt node loaded with permittivity and loss stubs is
derived by examining the reflection and transmission coefficients on each line. The
effect of the loss stub is only to extract energy from the node. The voltage impulse
transmitted into the stub is not stored, although the effect of the stub is included. The

scattering matrix for the stub loaded shunt node as derived by Akhtarzad and Johns
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[21] is
1111 %
5 11117
sz—f 11117, -1 (2.46)
1111y
1111
i Y, |

where Y=4+Y_,4+ G, and I is the unit matrix.

For the case G,=0, the scattering matrix is unitary (i.e., $S*=I) [30] indicating a
lossless junction. Obviously with the inclusion of the loss stub, it will no longer be

unitary.

2.2.2. Boundary Conditions

Boundary conditions are enforced by terminating the elemental transmission lines
using reflection coefficients specified at points half way between nodes, or at the centre

of nodes. This requirement is to ensure synchronism of impulses at nodal points.

To apply the proper reflection coefficient, the type of mesh used (series or shunt)
and the relationship between field quantities and circuit quantities must be established
(V=E,I=H or V=H,[=E). A transmission line matrix consisting of shunt nodes
simulates a wave equation of the voltage in the mesh. Therefore, voltage reflection
coefficients are used to specify boundary conditions. The voltage reflection coefficient

I', for load impedance Z; in a medium with intrinsic impedance Z,, is

Z, -2
= © (2.47)
Z,+Z,

Similarly, a transmission line matrix consisting of series nodes simulates the wave
equation of the current in the mesh. Therefore, current reflection coefficients are used

to specify boundary conditions. The current reflection coefficient associated with a load
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impedance Z; in a medium of characteristic impedance Z,, is

Zo _ZL
¢ Z,+7

(2.48)

In the above discussion, the impedances refer to the impedances as defined for the
circuit quantities in the model and not the field quantities they represent. As noted in
section 1.2 of this chapter, the TLM shunt and series nodes are capable of representing
both TE and TM propagation. If a mesh of shunt nodes is used to simulate TE propa-
gation, the V=FE,I =H analogy is used. For these cases, the circuit impedance values
Zc=V/I correspond to the field impedance value Zp=FE/H and therefore, either Z, or
Zr should be used in the expressions for the reflection coefficients. However, if the
V=H,I =E analogy is used, the circuit impedance value Z~=V/I corresponds to the
field admittance value Yp=H/E and therefore Y should be used as the impedance

value Z; in the expressions for the reflection coefficients.

Boundary conditions frequently found in TLM simulations are: perfect conduc-
tors, magnetic walls, material interfaces, and free space boundaries. Perfect conductors
are represented by reflection coefficients corresponding to Zp=0. Magnetic walls are
used to reduce the size of a problem without altering the results of the simulation. In
waveguide problems, symmetry can be exploited to reduce the size of the simulation
space. Special treatment of material interfaces are sometimes required [20]. These
boundaries are realized by using reflection and transmission coefficients between nodes
on either side of the boundary. In the past, free space boundaries have been realized by
match terminating the TLM mesh. To match terminate a TLM mesh, the elemental
transmission lines are terminated in the intrinsic impedance of the medium modelled
by the mesh. A shunt mesh loaded with permittivity stubs represents a medium with

permittivity
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YO
€= 2 1+T (2.49)
permeability
p=1 (2.50)
and therefore an intrinsic impedance of
1
Z, = —— (2.51)
Y
V2 [ 1+—2
4
The reflection coefficient required to achieve match termination of the mesh is
! -1
Y,
\/5 1+‘—4?—
I'= : - (2.52)
1
— +1
Y
V2 |1+
. 4

Again, the difference between the elemental transmission lines and the medium they
represent is obvious. The reflection coefficient (2.52) does not match terminate the ele-
mental transmission lines (a reflection coefficient I'=0 would be required) but it pro-
vides a match termination of the medium modelled by the mesh of elemental transmis-
sion lines. In practice, terminating the elemental transmission lines in (2.52) provides
accurate absorption of waves with normal incidence to the boundary. Waves incident
at arbitrary angles are not accurately absorbed. Chapter 5 discusses the general topic of

absorbing boundary conditions.

One of the limitations of the TLM method compared to finite element or boun-
dary element techniques is the requirement of enforcing boundary conditions at loca-

tions half way between nodes. An example of fitting a rectangular grid to a smoothly
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curved boundary is shown in Figure 2.11. Finite element and boundary element

methods use isoparametric elements to accurately model curved surfaces.

&

Figure 2.11: Modelling of a curved boundary with a rectangular TLM mesh.

In practice, the errors caused by the approximation of curved boundaries with a
piece wise straight boundary are only noticeable at high frequencies. At low frequen-
cies the wavelength is large enough so that the inaccuracies in the boundaries are not
resolved. However, at high frequencies the poorly modelled boundary is resolved by

the small wavelength thus producing errors.

Johns and Butler [31] developed a scheme that models curved boundaries. The
scattering events at nodes neighboring the boundaries are reformulated to account for
elemental transmission lines of arbitrary length. Unfortunately, the approximations used
in the reformulation of the scattering event are only valid at low frequencies, therefore

not correcting the problem noted above.
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2.2.3. Obtaining Frequency Domain Results from a Time Domain Simulation

To obtain the time domain response of a structure, an output point is specified. At
each time step, the desired field quantity is computed from circuit quantities on the
elemental lines. To obtain the frequency response, an impulsive excitation is used and
the desired field quantity is computed and stored at each iteration step. The real and
imaginary parts of the frequency response F (Al/A) are calculated by Fourier transform-
ing the impulse response:

A

Re {F (Al/L) }= _;]VV;I” cos(2nn }f )

n=]1

Al

N
Im {F (AL/A) }z > 1, sin(2nn )f )

n=]
where I, is the value of the impulse response at the n” time step N is the total
number of iterations. Thus the entire frequency response is obtained from the single

TLM simulation of the model.

2.3. Errors in TLM Simulations and their Correction
In general, three types of errors are present in a TLM simulation.
1)  truncation error - due to the finite duration of the impulse response

2) velocity error - the dependence of the velocity of propagation through the mesh

on the wavelength (and direction of propagation)

3) coarseness error - the inability of the TLM mesh to resolve highly non uniform

field distributions

The three groups of errors have been summarized by Hoefer in his review paper [7].

Each error is discussed along with methods for minimization.
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2.3.1. Truncation Error

Truncation error occurs only if time domain results are Fourier transformed into
the frequency domain. This error does not occur if only time domain data is required.
The truncation error occurs because the iteration process must be stopped at a finite
point in time. Two methods are used to minimize truncation error. The first method is
to increase the number of iterations at the expense of cpu time. The second is to use a
filter while performing the Fourier transformation. Saguet and Pic have demonstrated
that a Hanning window provides increased accuracy of frequency domain results and a
corresponding decrease in the number of iterations required to provide convergent

results [32].

2.3.2. Velocity Error

Velocity error is due to the dependence of the velocity of waves through the
mesh on both frequency and direction of propagation. The mesh can be considered as
a periodic structure for diagonal and axial propagation. Expressions for the ratio of
phase velocity of waves travelling through the mesh, to the velocity of impulses on the
elemental lines can be determined from analysis of the periodic structure. The velocity
error is not significant at low frequencies A//A<0.1, because the propagation charac-
teristics of the mesh are independent of frequency and direction. Therefore the electri-
cal size of the problem modelled and frequency range of interest should be considered
during the layout of the TLM simulation space. Dispersive errors in TLM simulations

and time domain methods in general are discussed in Chapter 3.
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2.3.3. Coarseness Error

Coarseness error results from the inability of the TLM method to resolve rapid
variations in the field distributions. To reduce this error, a fine mesh can be used to
increase the accuracy of the simulation. However, the use of a fine mesh throughout
the entire problem is unnecessary and results in excessive computational costs. A vari-
able mesh scheme was developed independently by Saguet and Pic [33] and Al-
Mukhtar and Sitch [34],[35]. The variable mesh allows fine discretization in regions
containing rapid field variation and a coarse discretization in regions of slowly varying

fields.

All three errors are present in any TLM simulation and steps should be taken to
minimize them. Truncation error is present in all time domain methods in which
impulsive excitation and Fourier transformation are used to obtain frequency domain
results. Coarseness error is present in all numerical methods and is a result of the
discrete nature of computational models. The accuracy of the TLM propagation model
is characterized by the velocity error, or the dispersion characteristic of the method

(discussed in Chapter 3).

2.4. Applications of the TLM Method

The TLM method has been successfully applied to the analysis of transmission
line structures. A comprehensive list of the applications can be found in Hoefer’s
review paper [7]. Most of the applications deal with the analysis of microwave cir-
cuits. The TLM method has also been used to perform transient analysis of non-linear
circuits [36],[37] and to solve diffusion problems [27],[28]. This thesis covers the
application of the TLM method to electromagnetic scattering problems. Problems of

this nature have not received much attention. The following section provides a review
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of the previous attempts at applying the TLM method to open region problems and

examines the boundary conditions used to terminate the simulation space.

2.4.1. TLM and Open Region Problems

Pompei er al used the TLM method to examine the group and phase velocity on
microstrip lines [38],[8] and to characterize dipole and microstrip antennas [39]. Two
methods were used to model an infinite simulation space. The first method described
utilizes a sufficiently large mesh so that the iteration process is terminated before the
waves reflected by the imperfect exterior boundaries return to the observation points.
Although this method accurately simulates an infinite mesh, cpu time and storage
requirements are excessive for complicated problems. The second method used is to ,
terminate the elemental transmission lines of the model in the intrinsic impedance of
the medium modelled by the mesh (discussed previously). Accurate results are
presented for group and phase velocities on microstrip lines. The impedance and
resonant frequency calculations for the microstrip antennas differed from experimental
and moment method calculations by a few percent [39]. An improved mesh termina-

tion condition would increase the accuracy of the results.

Ney and Yue applied the TLM method to two dimensional scattering by a dielec-
tric cylinder [40]. To match terminate the TLM mesh, they also terminated the elemen-
tal lines in the impedance of the medium modelled by the mesh. Sinusoidal excitation
rather than a pulse was used and results for the scattered field at a single frequency
were presented. Significant errors were present in the results. Ney and Yue suggest
two reasons for the poor results. The first reason is the iteration process was ter-
minated before a steady state condition was reached. The second is that the boundary
condition used to terminate the mesh was inaccurate. A significant point made by Ney

and Yue not previously mentioned in the literature, was that termination in the
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impedance of the medium modelled by the mesh, does not provide a reflectionless ter-

mination of the simulation space. This point will be discussed in Chapter 4.

Ney and Yue made two suggestions to improve the termination condition. The
first suggestion was to modify the impedance values used to terminate the mesh until
no standing waves are observed. This type of scheme would be very inefficient as
several simulations would be required before the impedance values were adjusted to
obtain suitable accuracy. In addition, re-adjustment of impedance values would be
required for each new frequency selected or scattering object. The second suggestion
made by Ney and Yue was to use artificial walls consisting of nodes loaded with per-
mittivity and conductivity stubs, to gradually absorb the outgoing waves. This type of
scheme was investigated by Taflove and Brodwin in the early development of FDTD
methods for scattering applications [41]. At the mesh boundary, Taflove and Brodwin
suggest using linearly increasing values of conductivity to gradually absorb the outgo-
ing radiation. The distance required to absorb the waves was found to be of the order
of one wavelength. This is an unacceptably large distance for use with FDTD and
TLM algorithms as excessive cpu time and memory storage would be required for
such distances. Recently, these types of absorbing boundary conditions have received
attention among FDTD researchers. Taflove and Umashankar [42], and Taflove and
Strickel [43] have investigated the use of electric and magnetic losses to absorb outgo-
ing waves. A wave absorber placed around the exterior of the mesh is synthesized in
non physical layers of varying permittivity, permeability, and electric and magnetic
conductivities adjusted using non linear optimization. In addition, Yoshida and Fukai
[44] have used absorbing materials along the outside edges of the mesh as absorbing
boundary conditions. This type of termination is not suitable in this investigation

because it is only effective over a narrow bandwidth.
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German er al used the TLM method to perform full wave analysis of passive
microstrip components [45] and microstrip antennas [46]. They state "... very highly
absorbing continuation boundaries" [46] and "... perfectly absorbing boundary condi-
tions" [45] have been developed, however, references or details regarding the boundary
conditions are not included. In addition, the authors state "... reflectionless truncation
of the problem space is straightforward" [46] and the conditions developed are for use
with graded and anisotropic meshes. The work performed by Ney and Yue [40], by
Pompei er al [38], and the results presented in Chapter 6 indicate that reflectionless
termination of the problem space is not straightforward. It is likely that German er al
have used the traditional match termination procedure and have extended this to graded
and anisotropic meshes. Such conditions are less than perfectly absorbing, indicating

that the results reported could be improved upon.

Johns er al have applied the TLM method to examine three dimensional scattering
problems [26]. The purpose of the paper [26] was to apply the three dimensional sym-
metric condensed node (introduced in a companion paper [25]) to various electromag-
netic field problems. The electromagnetic pulse (EMP) response of an F-111 aircraft
was examined. Time domain results for the axial current density on the top face of
the fuselage are given. Results reported agree with measurements and finite difference
simulations. Again, termination of the elemental lines in the impedance of the medium

modelled by the elemental transmission lines is used to terminate the TLM space.

The research reviewed represents initial investigations of the TLM method to the
solution of unbounded field problems. All of the researchers indicate the TLM method
is a simple yet powerfull tool for the analysis of electromagnetic field problems. The
accuracy and efficiency of TLM simulations of open region field problems can be
increased by improving the absorbing boundary conditions used to model an infinite

space.
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Comparison of
TLM and Similar Methods

The TLM method simulates electromagnetic fields in both space and time. In this
chapter, TLM is compared with two other methods also capable of simulating elec-
tromagnetic fields in space and time, the Finite Difference-Time Domain method (FD-
TD) and Beregeron’s method. The FD-TD method as developed by Yee [2] is based
on difference approximations of Maxwell’s equations. The method has been success-
fully applied to a variety of problems as summarized by Taflove [47]. Some previous
comparisons of the TLM and FD-TD methods have been made in the past [48]. The
relationship in two dimensions is thoroughly investigated in this chapter. Beregeron’s
method or the Spatial Network Method (SNM), as developed by Yoshida and Fukai
[17],[44] is theoretically similar to the TLM method, as it is based on the equivalent
circuit of Maxwell’s equations. Its relationship with the TLM method and the accuracy

of lumped element models of Maxwell’s equations is discussed.

The FD-TD method has been extensively and successfully applied to open region
problems while the TLM method has only recently been applied to such problems.
Establishing relationships between similar numerical methods will allow developments
made in one method to be more easily applied to the other, helping researchers using

either method.
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3.1. Comparison of TLM and FD-TD

In this section the relationship between the TLM and FD-TD methods is exam-
ined. A review of previous comparisons of TLM and FD-TD methods is provided
along with a brief review of the FD-TD method in two dimensions. The relationship
between the two methods is established in two ways. First, by showing that the TLM
method can be operated in such a way that it satisfies the FD-TD equations in two
dimensions (as stated by Johns for three dimensional simulations [48]). Second, by
deriving dispersion relations for the methods in a medium with arbitrary permittivity
and conductivity and determining the conditions for which the dispersion relations are

identical. Both comparisons explicitly show the relationship between the two methods.

3.1.1. Previous Comparisons of TLM and FD-TD

Previous comparisons of TLM and finite difference methods in electromagnetics
[48] and in diffusion problems [27],[28] have involved the complete solution of a
problem including boundary conditions. In this chapter the emphasis is placed on wave

propagation mechanisms by examining individual nodes.
In previous comparisons the formulation of the TLM method is expressed as,
(V=8 V¢ (3.1)
and
raVi=C V7 (3.2)
where V' and V" are the vectors of the incident and reflected voltages at all nodes
at time step k, S is the scattering event involving all nodes in the mesh, and C is the
connection matrix describing how nodes are connected to each other (including boun-

dary conditions). These two equations include all information required to solve the

transmission line model, including boundary conditions.
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Johns has shown mathematically that for TLM and finite difference simulations to
be equivalent, the connection matrix C must satisfy CC=1I [27]. This means physi-
cally that boundary conditions in the TLM model are expressed in terms of field quan-
tities only as is the case in finite difference algorithms. This is not the usual way of
specifying boundary conditions in a TLM simulation. In TLM simulations boundaries
are located half way between nodal locations and operate by means of reflection
coefficients (as discussed in Chapter 2). However, for an arbitrary boundary termina-
tion, the TLM description consisting of reflection and transmission coefficients can not
be expressed in terms of the field quantities alone, and therefore does not correspond
to a condition that can be incorporated into FD-TD simulations. Although the two
methods are shown to propagate waves in the same manner, the entire simulation is
not identical because of the unique specification of boundary conditions for each

method.

3.1.2. Comparison of Time Stepping Procedures

The previous comparisons of the TLM and FD-TD methods have required the
formulation of the TLM method in terms of global scattering and connection matrices.
In this section, the relationship is established by examining the scattering and transfer-
ring of individual impulses on small groups of nodes over a few iteration steps.
Although the comparison techniques are simplistic, they allow better visualization of
how the scattering of impulses off transmission line junctions and transferral to adja-
cent nodes satisfies the FD-TD equations. Comparison of the methods through exami-
nation of individual nodes is considered to be important because most developments
are implemented at the level of individual nodes. Establishing relationships at the level

of individual nodes will help the transfer of developments between methods.

39



Chapter 3 TLM and Similar Methods

3.1.2.1. Review of the FD-TD Method

An extensive review of the TLM method was presented in the previous chapter.
The following is a brief description of the FD-TD method. A detailed discussion of
the algorithm can be found in [2] and [41]. Sufficient detail is provided to allow fami-

liarity with the method.

The original paper describing the FD-TD method was written by Yee in 1966 [2].
A concisé description of the FD-TD algorithm used to model two dimensional elec-
tromagnetic fields for transverse electric (TE) propagation can be found in a recent
paper by Blaschak and Kriegsmann [49]. Maxwell’s equations for two dimensional TE

propagation independent of the z direction are,

JE, 3H, i
y - M (3:32)
3L, 3H, -
x Mo (3.30)

OH, oM, O, .

o gy SR TET (3.30)

The FD-TD algorithm discretizes equations (3.3) in both space and time using the fol-

lowing central difference expression,
A
...f n_._n

e 2
an An O(An) (3.4)

In order to apply the difference expression to equations (3.3) the electric and magnetic
field components are placed at half space increments from each other and evaluated at
alternate time steps [2]. The physical layout of the positions at which field components

are defined are shown in Figure 3.1 [49].
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Figure 3.1: Physical layout of field quantities on a two dimensional FD-TD
grid [49].

Considering a non conductive medium (6=0) equation (3.4) can be used to

discretize equations (3.3),

gt t+At ' _é!.
E, T (xy+Al) - E, T(x,y) H; (x,y+ Ly C i+ 2L
—H (3.52)

Ay At

p A t+ A t+At _ Iyt _é__
E, To+bly) B Tay) @+ 5 )~ B )
Ax =H At

(3.5b)
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Al Al Al Al
Hj(x+— > ) - H; (=5 Hé(x,y+7) —Hi(x,y—T)

Ax Ay

P.Y; - At
E, T@y)-E, T (xy)
=g ¥ (3.5¢)

The space steps in the x and y directions are chosen to be equal (Ax=Ay=Al), and

the time step Az must be chosen to satisfy the Courant stability limit [41],

Azl

<7 (3.6)
Equations (3.5) can be re-arranged in order to obtain
( At At
H;+A‘(x,y+—%£) = Hixy +_) - ﬁ% E T (xy+Al) - Eb T (x S ERD
At At
H’+A’(x+—,y) = H! (x+£,y) + % E T (e+Aly) — Eb % (x ¥)| (3.7b)

At

t+%£ —
E, “(xy)=E, “(xy)+

Sl me St - me-Sy) s ey -2 - Hley | G
Al 2
Expressions (3.7) relate the field quantities at a particular time step to field quantities
at previous time steps. This enables the creation of a simple algorithm to iteratively

calculate the field distribution in space as time progresses.

This scheme and its extension to three dimensions has generically become known
in the electrical engineering literature as the Finite Difference Time Domain (FD-TD)
method. Mathematically it is a finite difference algorithm using difference approxima-

tions of second order accuracy and a leap frog time stepping procedure [50].
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3.1.2.2. Modified TLM Scheme

The two dimensional TLM shunt node developed by Johns and Akhtarzad [21] to
model equations (3.3) is discussed in Chapter 2. The open circuit stub of characteristic
admittance Y,, and match terminated stub of characteristic admittance G, are used to
model the permittivity and conductivity of the medium respectively. The media proper-

ties of the medium modelled by a mesh of these nodes are,

Y
=2 11+-2 )
e =2 |1+~ (3.8)
GO 80
= - 39
o Al ™ (3.9)

Consider a TLM mesh conforming to a discretized coordinate system (iAl,jAl) in the
x—y plane, where i and j represent discretized coordinates in the x and y directions
respectively. Each iteration step corresponds to a progression in time of Az. In the ori-
ginal formulation of the TLM method [6] the field quantities are defined in time, when
pulses are incident on the node (t=nAr) and in space at the centre of nodes (i Al,jAl).

The field quantities are defined in terms of the circuit quantities as,

E, =V, (3.10a)
Hy =-1, (3.10b)
H, =1, (3.10c)
and in terms of the incident pulses on the transmission line model as,
E, = —;—(v‘i+vé+vé+vé) (3.11a)
H, =v§ —vi (3.11b)
H, = vh —vi (3.11c)

where v{, vh, v4, v} are incident pulses at a node at a particular iteration step [6].
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In the original TLM formulation, electric and magnetic field quantities are defined
at the same point in time and at the same point in space. Consider the following

changes to the definitions of field quantities.

1) The electric field (E,) is defined in space at the centre of the nodes
x=iAl,y=jAl, but half a time step after pulses appear on the branches of the
node r=(n+1/2)At, or in other words an infinitesimally small time step prior to

the scattering event.

2) The magnetic fields (H,,H,) are defined in time when pulses first appear on the
branches of a node (nAr), and in space at positions where adjacent vertical and
horizontal nodes join (H, defined at x=(@+1/2)Al ,y= JAL; Hy defined at
x=iAl ,y=(+1/2)Al).

The relationships of the field quantities and circuit quantities (3.10) remain. These

changes do not affect the operation of the node, but only the manner in which field

quantities are defined in terms of the voltage impulses. Note that the new definitions
for field quantities correspond in space and time to those used in FD-TD simulations

shown in Figure 3.1.

The group of five nodes in Figure 3.2 can be used to illustrate the modified
scheme. Consider this group of nodes as part of a larger mesh. The nodes are num-
bered from 1 to 5 as shown and branch numbers correspond to the orientation given in
Figure 2.6. The permittivity and loss stubs have been omitted for simplicity. To dis-
tinguish distinct pulses on different nodes, the following terminology is used. A pulse
defined as v, ,, refers to the pulse incident on branch m of node n at time ¢. If a

pulse is not an incident pulse (i.e., a reflected pulse) it is stated so explicitly.

At time step ¢ pulses first appear on the branches of the nodes (see Figure 3.2(a)).
The electric field is not defined at this time step. The magnetic fields H, and H, are

defined at this time step and spatially at locations A,B; and C,D respectively as,
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Hi(A) = - I,(A) = = (v} —v3) (3.122)
HYC)=-1,(C) =~ (v§;—v}3) (3.12b)
Hi(B) =I,(B) = wi,-vi4) (3.12¢)
H{(D) =L,(D) = (v}, ) (3.12d)

Note that magnetic fields are defined using impulses on adjacent nodes. In the original

scheme, fields are always defined using pulses on the same node.

At time step 7=1,+At/2 (just before the scattering event takes place) pulses have
reached the centre of the nodes (see Figure 3.2(b)). The electric fields are defined at

this point in time using (3.11a). The electric field at nodal location 1 is,

At
E 7 (nodel) = V,(node 1) = %(V‘L1+v’1’2+v’1,3+v‘1’4) (3.12)

The definition of E, at nodes 2, 3, 4, and 5 is defined in the same manner. After the
scattering event takes place, the scattered pulses travel away from the centre of the
nodes and at time £+Az, new pulses v/ %3 are incident on the nodes. The new pulses
are the reflected pulses from adjacent nodes at the previous time step. The magnetic

field quantities H, and H, are again defined at locations A,C and B,D respectively

using (3.12).

The modifications to the TLM scheme are not to suggest a new way of operating
the mesh in practice. The modifications are used to show how the TLM algorithm can
be operated in such a way that it will satisfy the difference approximations (3.7) to

Maxwell’s equations.

45



Chapter 3 TLM and Similar Methods
14
A4 Vis y T y
vl i
32 x x
> < > \ 4 <
3 Via A3
t
: T A
v C '
YV v v Va3 C
i t
iz B 114 Va2 B v
P 4 b < P b1 e
v v Ll ~d
2 Vs Vi 1 D 4 Ve 2 L D 4
1
t vx.l
A Ag . A
VS,J
vl
52
> 4; :.:VfJ
5 Vsa 2 5 .
) tme =t + At/2
vstl A ume =t
(a) ®)
Y y I
X
B <3
> ]
3
Via A
\4 wu§ C N4
Vi3
++AL +at
B Via V4;
b— b <> <4
+AL [+
2 Vi Vi 1 D 4
VI+A.!
A A A A
1+AL
Ysa
B <3
- g
5 .
time =1t + At
A
(©)

Figure 3.2: Operation of a group of five TLM nodes through one time step (a)
time t, (b) time t+—2—, and (c) time t+At.
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3.1.2.3. Equivalence of Modified TLM and FD-TD

In this section the difference approximations (3.7) to Maxwell’s equations are
obtained by examining the operation of the modified TLM scheme. Consider the
group of two nodes shown in Figure 3.3. These two nodes are again considered to be a
part of a larger TLM mesh. Node 1 is located at x=x,,y=y,, and node 2 is located
at x=x,,y=y,+Al. At time ¢ (see Figure 3.3(a)), H; is defined at x=x,,y=y,+Al/2

as,

Al
Hy (o yo+—7) = i1 = Vi3 (3.14)

At time t=t+At/2 (see Figure 3.3(b)), E, at nodes 1 and 2 as,

g L O S S
EZ <x0 9y0) = -5 Vl,l + Vl,z + V1‘3 -+ V1’4 (315)
and,
i+ %i 1 I t t t
EZ (xo ,y0+AZ) = 5‘ Vz‘l + V2,2 + V2,3 .+ V2,4 (316)

At time t+At (see Figure 3.3(c)), the value of H, at x=x,,y=y, +Al/2 as,
X (2} (2}
t+AL Al L+AL t+AL
H,. ™ (x, ,y0+—2——) =Vvy1 — Vi3 (3.17)

The incident pulses v5%¥ and v{*{* are the reflected pulses from adjacent nodes at the

previous time step,

v (incident) = v4 5 (reflected) (3.18a)
vi¥¥ (incidenr) = v} | (reflected) (3.18b)

These reflected pulses are expressed in terms of the incident pulses at time ¢ at nodes

1 and 2 as,
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Vi = vl s (reflected) = % [vzm +vig —Vis + th,ki] (3.192)
and
Vi = vh | (reflected) = —;* [ —Vvhy +vhy +vhy + V§,4] (3.19b)

respectively. Therefore the value of H!*%(x, ,y0+—A2£) can be written in terms of
incident pulses on nodes 1 and 2 at time r. Substituting equations (3.19) into (3.17)
yields,

t+AL Al —_ 1 ! 4 ! t I ! I !
H 0o yo+ 20 = 5 [V1,1+V1,2“V1,3+V1,4+V2,1“%,2“"2,3—"2,4}

Expanding the right hand side, to

t+AL Al — i t 1 t t I3 I t { I t
Hy o yot5) =va =iy + ("1,1+V1,2+V1,3+V1,4—V2,1‘%,2“’2,3“"2,4]
.. . . . Ar .
and recognizing expressions for H, at time ¢ and E, at time t+7 yields

Al Al
HE(x, ,y0+7) = Hi(x, ,yo-f—?) -

t+%.‘_ t+2A£
E, (X5, +AY) — E, (x, Yo ) | (3.20)

which is equivalent to the difference approximation (3.7a) with =1 and Az/Ay=1.
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Figure 3.3: Operation of two nodes adjacent in the y direction at (a) time ¢ ,
(b) time t+7t, and (c) time ¢+At¢

Equation (3.7b) is obtained in the same manner, by considering two nodes adjacent to

. N Al . . .
each other in the x direction. H!™(x +—, can be written in terms of incident
Yy [4] 2 yO

. ‘ fo Al 1+ 4t t+ 4t
pulses at time ¢. Expressions for H, (x0+—§—,y0), E, ©(x,+Al,y,), and E, “ (x,.y,)
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are written in terms of incident impulses at time ¢ and yield,

H‘*A‘(x LA ,yo) = Hy(x, +A

5 Vo) + E, T(x +ALy,) - E, 2“<xo,yo> (3.21)

which is equivalent to the difference approximation (3.6b) again with p=1 and %zl.
Yy

Equation (3.7¢) is obtained by considering a group of five nodes configured as in

Figure 3.2. The electric field at node 1 at time t+A¢/2 is

t+%_t 1 t t t t
E, “ &)= SVttt (3.22)

and the electric field at node 2 at time r—Az/2 is

t_At 1 B
E, T(xo,yo>=§-{m MAEIRd ERd A‘} (3.23)

A property of the scattering matrix of the TLM node is either incident or reflected
pulses can be used in the definition for the electric field. Use of either will result in
identical E, values. In expressions (3.22) and (3.23) the pulses are considered as
reflected pulses. The reflected pulses on node 1 at time r—Ar become incident pulses

on adjacent nodes at time ¢.

v& 3 (incident) = vi{ (reflected) (3.24a)
vh 4 (incident) = vi§ (reflected) (3.24b)
v} 1 (incident) = vl“A‘ (reflected) (3.24¢)
Vi Gincident) = v (reflected) (3.24d)

r+ .
The electric field E, % at node 1 is expressed in terms of incident pulses on adjacent

nodes as

50



Chapter 3 TLM and Similar Methods

t+ B¢ 1
E, T (®,y,) = 5 [Vi,z + 5y +vhy + Vi, (3.25)

At

r+ A t—
The difference between E, 2_(xo o) and E, 2_(xo .Y, ) can be written as

1+ 41 -4
Ez (xo ayo) - Ez (xo ,}’0) =

1
5 Vi tViatiz v s, —V5,4‘V§,1“V2,2] (3.26)
Using the definitions for magnetic field quantities in (3.12), (3.26) can be re-written in

terms of field quantities alone as,

t;—ﬁ Ii-_g 1
Ez (x’y)_Ez (x7y>:5

Al Al
Hy‘(x+7,y) - Hj(x——f,y)]

(3.27)

1 Al Al
o) [H,i(x,y+7) — Hi@y="7)

which is equivalent to (3.7c) with €=2 and Ar/Al=1. As expected, the grid of

transmission lines simulates a space characterized by u=1, e=2. The apparent violation
of the stability criterion 2—;&—;— required by the FD-TD algorithm [41] is discussed
c

in section 1.3.3 of this chapter.

3.1.3. Comparison By Propagation Analysis

The previous sections have shown that the TLM method can be operated in a
manner that will satisfy difference approximations to Maxwell’s equations. In this sec-
tion the characteristic equations governing wave propagation in the TLM and FD-TD
methods are compared. In general, time domain numerical methods capable of simu-
lating wave propagation do not propagate waves ideally, because approximations are
required in the formulation of the method. These errors are either dispersive (waves at

different frequencies travel at different speeds causing waveforms to change shape as
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they propagate) or dissipative (waves are attenuated as they propagate) [50]. Both
errors can be present in a time domain propagation model, however the TLM and FD-
TD methods cause dispersive errors only. A characteristic equation can be derived
from the propagation model that governs wave propagation in the method. For non-
dissipative models this equation is called the dispersion relation. A general discussion
of dispersion relations for finite difference models of the wave equation can be found

in [50].

The dispersion relation is derived by substituting an exact solution to the govern-
ing differential equation into the approximate equation of the model. For the case of
finite difference approximations to the wave equation, representation of an ideal plane
wave travelling at an arbitrary direction is substituted into the difference approximation
to the wave equation. The dispersion relations for both the FD-TD and TLM methods
are derived for an arbitrary medium. From these relations it can again be shown under

what conditions the propagation mechanisms are identical.

3.1.3.1. Dispersion Relation of FD-TD Method

Maxwell’s equations for two dimensional TE propagation as given in (3.3) can be

combined to yield the lossy wave equation,

0’E,

0%E, oE, 0°E,
ox? " dy?

=GHE—'+8H 8[2

(3.28)

The above differential equation can be discretized using the difference expressions,

An, _4An
azf:f(mz) 2f(M) +f(n 2)
on? An?

O(An)? (3.29a)

and
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ANy e AN
_@j_zf(mz) fn+=5)

an An

Applying (3.29) to both space and time derivatives in (3.28) and using equal space

0(An)? (3.29b)

increments Ax=Ay=Al equation (3.28) becomes,

I3 t t
E;(x,+ALy,) = 2E,(x,,y,) + E,;(x,-Aly,)
Al?

t t t
. E,;(x,,y,+Al) = 2E,°(x,.y,) + E,(x,,y,—Al)

Al?
t +A t —At
=0 EZO (xo Yo ) = Ezo (xo ’yo)
H 2At
t +A? t t —At
EZO (xo ’yo) - 2E20(x0 ’yO) + EZO (xo ’yO)
rep 5 (3.30)

A solution of equation (3.28) can be written as

Ezzejcot+ycos¢x+ysin¢y (3.31)

which represents a plane wave traveling through the medium characterized by a com-
plex propagation constant Y=o+ at an angle ¢ to the x axis. Inserting solution
(3.31) into the difference approximation (3.30), along with cancelling common terms

and using trigonometric identities, the following relationship is obtained

(3.32)

- gl——s

Ginn2 YCOSOAL . o YSingAl _ . OUAI? sinwAt Al? 2 QAT
2 At 4 Az2 2

For the case of a non conductive medium (a=0), (3.32) reduces to the familiar result

[50].

o BcosoAl | . 5 BsindAl  Al% ., wAr
sin s + sin 5 = el e sin > (3.33)

The above relationships govern the manner in which the second order leap frog
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scheme propagates waves.

3.1.3.2. Propagation Analysis of the TLM Node

Johns and Brewitt-Taylor [19] have applied the concept of determining the disper-
sion relation to TLM models and have referred to it as propagation analysis. The
same technique that is used to calculate dispersion relations is applied, but instead of
substituting the analytical solution of the lossy wave equation into a difference approx-
imation, it is substituted into an equation governing the behavior of voltages on the
transmission line model. Johns and Brewitt-Taylor have performed propagation
analysis of a two dimensional shunt node without permittivity and conductivity stubs
[19]. In this section propagation analysis of a two dimensional shunt node complete
with permittivity and conductivity stubs is performed. As well, the analysis is given in
terms of basic transmission line circuit theory, simplifying the analysis of Johns and
Brewitt-Taylor [19].

The two dimensional node complete with permittivity and loss stubs is shown in
Figure 2.6. In order to occupy the same area of space as the difference approximation
(3.29) the arms of the node are extended to the centre of adjacent nodes. Considering
the operation of this node in a time harmonic situation, the node can be analyzed using
simple transmission line theory and superposition. Exciting the node with v, and

suppressing nodes 2,3, and 4, the equivalent circuit of the node is shown in Figure 3.4.
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Y, , A2
$——{———"—3—o0 open circuit

G,,Al2
e—7F "3+ match termination

Vl Zo7A1 V5 Zo, AI

or,

Z,, Al v,

T_<!

Figure 3.4: Equivalent circuir of TLM shunt node loaded with permittivity and
loss stubs. All branches except branch 1 are terminated in a short circuit. Note
that the intrinsic impedance Z,, is assumed to equal 1.0

The load impedance Z; is made up of three short circuit stubs of length A/ and unit
characteristic impedance, one open circuit stub of length A//2 and characteristic admit-

tance Y,, and one match terminated line with a characteristic admittance of G,, all in

parallel. The impedance Z; is expressed as,
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Zr = [ 3 +jY0tan—[y + G,

JjtanPBAl 2 (3.34)
Simple transmission line theory can be used to write [18],
vy =vd { cosPAl + JsinpAl (3.35a)
43
or solving for v{,
1
vd = - (3.35b)
[ cospAl + JsinBAL
L

Noting the symmetry of the node, and applying the principle of superposition, the vol-
tage vs can be expressed as a summation of the voltages v as,
4
vs= > v§ (3.36a)
n=1

Yn

5 which leads to
Jj sinBA/
Al + A=/
cosP >

where v2 =
{ L

cosPAL + J—S%‘QA—I (3.36b)

4
zvn = Vs
n=1 L

and substituting the expression for Z; and using trigonometric identities equation

(3.36) become,

(3.37)

4 : .2 BAL .
2. Vp = Vs | 4sinBAl - 2Y,sin - + j G,sinPBA/
n=1

Equation (3.37) governs the behavior of voltages on the transmission line model. A
plane wave traveling through space at an angle ¢ to the x axis is given by (3.31). This
plane wave travels through the TLM mesh as a voltage wave with the exact solution |

being
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Vz - Vo ej(x)t + Ycosdx +ysindy (3.38)

Substituting (3.38) into (3.37) along with cancelling common terms and using tri-

gonometric identities, the following expression is obtained

'
14 22 | sin2BAL (339

2

- G
sinhz———YC0§¢Al + sinh”“’;bAl = j—-sinBAL +2

where Yy =0+j3 and G, and Y, are defined in (3.8) and (3.9). If a medium with zero
conductivity is considered (0=G,=0) (3.39) reduces to the result obtained by Johns
and Brewitt-Taylor [19].

sinz—-——BCO;q)Al + sinn2BSIN0AL _ 5

142 |sin2BAL (3.40)

3.1.3.3. Equivalence of Propagation Characteristics

Although the propagation characteristics of both the two dimensional TLM node
and FD-TD method are well known [19],[20], [50], the equivalence between the two
methods has not been established. In this section the equivalence between dispersion
relations is established. In addition, the difference between modelling philosophies and
the implications regarding the FD-TD stability factor [41] are discussed. Examining
equations (3.39) and (3.31), the conditions under which the TLM and FD-TD

correspond are defined by,

=1
=2|1+—=
GO
o=
)
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20 -
and Al (3.41)

From the conditions above it appears that the TLM algorithm violates the stability
criterion (3.6) for FD-TD simulations [41]. This should not cause any concern as the
stability of the TLM algorithm has been established [27]. The apparent violation of
the stability criterion is caused by the difference in modelling philosophies between the
two methods. In TLM simulations the reference medium to which media properties are
normalized is that of the elemental transmission lines. The medium modelled by the
mesh does not represent a normalized free space, the properties of the elemental
transmission line represent a normalized free space. In expression (3.6), ¢ refers to
the free space velocity of waves through the FD-TD mesh, and for a normalized simu-
lation space ¢=1. However, in a TLM mesh the free space velocity of waves is

c=1N2. The stability criterion as applied to TLM simulations should be written as,

At
— <1 3.42
Al (342)

and therefore FD-TD and TLM algorithms correspond when the FD-TD algorithm is

operated at the upper limit of its stability range.

Operating the FD-TD algorithm at its stability limit has benefits in that the
amount of dispersion introduced by the algorithm is minimum for all directions of pro-
pagation [51]. As well, for certain test cases, simulations indicate that accuracy is
optimal [52].

Johns has discussed the significance of comparisons and the philosophy behind
the two methods [48]. The two methods are distinct in that they are based on different
ideas. The TLM method is based on a model for wave propagation realized as a mesh
of intersecting transmission lines and the FD-TD method is based on mathematical
differencing. It is interesting to find that distinct concépts produce equivalent numerical

methods.
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3.2. TLM and Beregeron’s Method

Beregeron’s method is theoretically similar to the TLM method as it is based on
the equivalent circuit of Maxwell’s equations. The TLM method provides an exact
solution to a transmission line model, while Beregeron’s method provides a numerical
solution to a lumped element model using a trapezoid rule integration scheme [17].
Applications of this method have been in the area of transient analysis of microstrip
discontinuities [17],[531,[54] and more recently to investigate the behavior of perfectly
conducting targets coated with absorbing materials [55],[44].

Johns and Brewitt-Taylor have performed propagation analysis of both transmis-

sion line and the lumped element models of Maxwell’s equations [19].

Consider the lumped element and transmission line models in Figure 2.2(a) and
Figure 2.4 respectively. The nodal equations for voltages on the lumped element and

transmission line models are [19] respectively,

4
3 v, = jouAlH o+ we)vs (3.43)
n=1
4 . 2, YAl
3 v, = 8sinh (T)vs (3.44)
n=1

where,
| OOLL )
},2 = JO (o+j we)

If the sinh? term in (3.44) is expanded into an infinite series and only the first term of
the infinite series is retained, equation (3.44) is reduced to (3.43). This implies the
lumped element model is an approximation of the transmission line model. Substitut-
ing the exact solution of a plane wave travelling through the medium (as was done in

sections 4 and 5) the dispersion relations are obtained for the lumped element network,
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sin2 “;fl cosd + sin? “;fl sind = %A—l (3.45)
and for the transmission line network,
. oAl . 2TCCA1 . . 2 TtAl
sin“———cos¢ + sin sing = 2 sin“~——=— 3.46
w O w e V21 (3.46)

To examine propagation parallel to an axis of the mesh, ¢=0 is substituted into
(3.45) and (3.46). From the resulting equations a ratio of v/c can be found for the

lumped element network,

R 2 S S (3.47)
c

and the transmission line network,

-‘C’—= n% L (3.48)
sin~! [“/Esin(% J

The characteristics (3.47) and (3.48) are plotted in Figure 3.5. To examine diagonal
propagation through the mesh, ¢=45° is substituted into (3.45) and (3.46). From the

resulting equations a ratio of v/c can be found for the lumped element network,

1
nAlJ

v _TAl
Y. 3.49
c 2 1 G4
sin

V22

and the transmission line network,
Y1 (3.50)
c

The characteristics (3.49) and (3.50) are plotted in Figure 3.6.
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1.20 e R R TIes SRR .
: : —tline_network_0 zero |:
: : ——lumped_element_0 zero
1.00 §
< 0.80 1 §
0.60
0.40 | I 1 !
0.00 0.09 0.18 0.26 0.35

(mesh spacing)/lambda

Figure 3.5: Ratio of velocity of propagation and free space velocity for the t-
line and lumped element network for diagonal propagation

1.20 I R T T PP ISIRITE e :
: : —tline_network_45 forty_five :
: : —— lumped_element_45 forty_five
1.00 =t §
g 0.80 oo, ............................ \\\ ..................
: : : \\
\
5 : 5' : :
0.60 _ ............................. ............................
0.40 l T ] 1
0.00 0.13 0.25 0.38 0.50

(mesh spacing)/lambda

Figure 3.6: Ratio of velocity of propagation and free space velocity in t-line
and lumped element network propagation parallel to a mesh axis
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Figure 3.5 and Figure 3.6 indicate waves travelling in the transmission line network
experience less dispersion than those in the lumped element network. For propagation
at 45 to a mesh axis, waves in the transmission line network travel with no dispersion
at all. In general, for all angles of propagation the transmission line model is con-

sistently more accurate than the lumped element model [19].
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Chapter 4
Application of the TLM Method
to Scattering Problems

This chapter outlines the application of the TLM method to two dimensional
scattering problems. In the first section of this chapter, the configuration of the mesh is
discussed. To accurately model incident and scattered fields, a method that separates
scattered fields from total fields is implemented. This scheme has been used in FD-TD
programs [4],[5] and is reformulated in terms of a time domain equivalence principle
in order to achieve implementation into TLM simulations. In the second section,
absorbing boundary conditions are presented. An absorbing boundary condition to
match terminate a TLM mesh is developed, however, it does not lend itself to practical
implementation for an arbitrary scattering problem. Absorbing boundary conditions for
use with FD-TD simulations have been extensively investigated. Since the relationship
between the FD-TD and TLM methods has been discussed in the previous chapter, one
class of FD-TD absorbing boundary conditions will be applied to TLM simulations.
The last section of this chapter discusses the calculation of scattered far field patterns
from near field patterns. The efficiency of various techniques applied to calculated fre-

quency domain scattered far field patterns is also considered.
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4.1. Configuration of the Mesh

The problem considered in this thesis is shown in Figure 4.1. The scatterer is
considered as infinite in the z direction and illuminated by an E polarized plane wave.
The fields in the region at an arbitrary point in time consist of both scattered and
incident fields (i.e., E[0" = Escatered  pincidenty  Only a 7 component of the electric
field and x and y components of the magnetic field are present. The presence of these
field components has been described in previous chapters as TE propagation because
the electric field is transverse to the direction of propagation [56]. The situation
described in Figure 4.1 is referred to as TM scattering because the magnetic field is
transverse to the axis of the scatterer [57]. The outline of the scatterer is given by the
contour S in Figure 4.1. A perfectly conducting cylinder is modelled by placing
reflection coefficients (I'=-1.0) to best fit the contour S. Dielectric cylinders are
modelled by loading nodes within the contour S with permittivity stubs. The incident

plane wave is modelled by placing impulses along a line x=x,.

To model the problem in Figure 4.1, the TLM mesh must be truncated to limit
the infinite simulation space surrounding the scatterer along the lines
X=X, X=X,, y=y; and y=y,. One possible choice is to use absorbing conditions on
all exterior boundaries to accurately model the outgoing scattered field. However,
along the boundaries y=y,, y=y, absorbing boundary conditions would interfere with
the incident plane wave. An ideal plane wave travelling along the x axis is infinite in
extent in the y direction, therefore magnetic walls are required along y=y, and y=y,.
Absorbing boundary conditions placed along all exterior boundaries accurately models
the scattered fields but interferes with the incident field. Therefore, this formulation
models scattering by something other than an ideal plane wave. Clearly, if the incident

field is inaccurate the final results will not be accurate.
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Y=Yo e e Rl 1
| X | y
l X I
l X !
! X ! z X
| X |
| X |
I X I
I % I
! X S | — — — . mesh boundary
i |
! X ! X excitation points
| X I
! X I
y:yl l _________________ l
X=X, X=X X=Xy

Figure 4.1: Two dimensional scattering problem: arbitrary shape, arbitrary
material properties.

A second choice of boundary conditions is to place magnetic walls along
y=Y1, y=Yy, and absorbing boundary conditions along x=x, x=x,. This formulation
accurately models an incident plane wave, however the scattered fields are not
absorbed by the magnetic walls and inaccurate scattered fields result. Ney and Yue
[40] have used this scheme to model two dimensional scattering problems. To reduce
the errors introduced to the scattered field by the magnetic walls, the simulation space
was extended in the y direction. The mesh was made sufficiently large so that
reflections from the magnetic walls do not reach the output points before the iteration
process stops. This scheme provides accurate modelling at the expense of cpu time and
memory storage requirements. A formulation of the TLM method is required that
allows excitation of the scatterer with an accurate incident field while applying absorb-

ing boundary conditions to only the scattered fields.
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A formulation of this type has been developed for the FD-TD method by
Merewether er al [58] and by Umashankar and Taflove [5]. Merewether describes the
formulation as a numerical Huygen’s source scheme and Umashankar and Taflove
describe the formulation as a separation of total and scattered fields. The implementa-
tions above are developed explicitly for use with FD-TD simulations and are based on
the equivalence principle. Although the relationship between TLM and FD-TD has
been discussed in the previous Chapter, due to the difference between the basic algo-
rithms (difference approximations versus scattering of impulses off transmission line
junctions) the formulations in the references given above are not applicable to TLM
simulations. Harrington provides a description of the equivalence principle for time
harmonic steady state fields [57], including a circuit theory analogue. Because the
TLM method is essentially a time domain circuit simulation, the purpose of the next
section is to develop an analogue of the equivalence principle applicable to the excita-

tion of electrical networks in the time domain.

4.1.1. Time Domain Equivalence Principle

Consider the circuit shown in Figure 4.2 consisting of a source network S con-
nected to a load network L by n ideal transmission lines. Examining the excitation of
this network allows the development of the required formulation. To allow simplified
adaptation to TLM simulations, the following assumptions regarding the nature of the
network are made:

1)  the load network L consists of passive frequency independent components,
2) the source network S consists of passive frequency independent com-

ponents and ideal independent voltage sources, and

3) the ideal independent voltage sources in S produce impulsive excitation.
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If the sources in S are energized at time =0, at a future point in time, pulses will be
travelling throughout both networks and between them on the n ideal transmission
lines. An impulse travelling from L to S is considered as a reflected impulse, and on
the j™ transmission line these impulses are defined as vi(t). An impulse travelling
from S to L on the j* transmission line is a superposition of impulses originating
from the sources within S and re-reflections of impulses v 7(¢) reflected back to L. This

train of impulses travelling from $ to L is defined as v j’ ).

source network S load network L

S5

[

O ideal independent voltage source

A K0 N P

!: passive frequency independent element

Figure 4.2: Electrical network used to formulate the time domain equivalence
principle.

Two methods of providing an equivalent excitation to the load network L are
considered. Both require that the impulse trains, v J-’ (¢) and v} (r) be known from either

previous simulations or a simultaneous simulation.
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Method 1:

The source network S is removed and matched sources are connected to the n
transmission lines as shown in Figure 4.3(a). The source function used to excite the
j* line is v} (¢), for all n transmission lines. A matched source is used to absorb any
pulses reflected by L. The re-reflection of these pulses from S in the original problem

back into L are accounted for by the source functions v j‘ ().
Method 2:

An alternative excitation of the load network L can be provided with the source net-
work connected to the n transmission lines as shown in Figure 4.3(b). The independent
sources in § are turned off, leaving S a passive network. To excite the load network
L, source functions of vf(t) and v} (z) are applied to each of the n transmission lines

(j=L2, -+ - n). The source functions are applied such that at a time Z,,

(i) a pulse travelling from S to L on the j* line has the value v/(t,) added

to it, and

(i) a pulse wavelling from L to S on the j* line has the value vj(z,) sub-

tracted from it.

Applying (i) and (ii) at every time step and on every line, this method provides an
equivalent excitation of the load network L. Operation (ii) has the same effect as the
matched source impedances used in Method 1. The voltage in S is zero at every time
step since no impulses originate from S (the independent sources have been turned
off), and any impulse entering S is eliminated by operation (ii). These reflected pulses
are eliminated because the re-reflections are already accounted for by the source v} ().
Although the voltage throughout the source network is zero, an explanation of why it
remains connected in the circuit will become obvious when TLM scattering simula-

tions are discussed.
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load network L
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Figure 4.3: Equivalent excitation of the network in Figure 4.2 (a) with the
source network disconnected and matched sources applied to the n transmission
lines and, (b) with the source network connected and operations (i) and (ii) ap-
plied to the n transmission lines.

Both of the methods described are capable of applying an excitation equivalent to

that in the original problem, and can be considered as circuit theory analogues of a
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time domain equivalence principle.

4.1.2. Use of Equivalent Excitation in TLM Simulations

Consider the TLM mesh in Figure 4.4 in which magnetic walls are placed along
the boundaries y=y,, y=y, and absorbing boundary conditions along X=Xy, X=X,. An
ideal plane wave can be generated in this mesh by applying impulses as initial condi-
tions along a line x=x, from y=y; to y=y,. 'fhe TLM mesh consists of ideal
transmission lines which are passive non dispersive circuit elements and the excitation
applied as initial conditions can be considered as ideal independent voltage sources
placed at nodes in the mesh. The TLM mesh can be partitioned into two regions.
Region I containing all of the excitation points and Region II consisting of the remain-
ing portion of the mesh. Regions I and I correspond to the source and load networks
respectively of the circuit in Figure 4.2. The only restrictions on the placement and
location of the two regions is that the union of the two regions is the entire mesh, the
intersection of the two regions is empty, and Region I contains all excitation points.
Since the TLM mesh of Figure 4.4 satisfies the assumptions 1) - 3) (described in sec-

tion 1.1 of this chapter), the methods of equivalent excitation can be applied.
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Figure 4.4: TLM simulation of a plane wave propagating through free space.

Regions I and II are separated by the contour C (as shown in Figure 4.4) which
intersects the elemental transmission lines at midpoints between nodes (n intersections
exist around C). At every iteration step two voltage impulses cross C, one passing
from Region I to II, the other passing from Region I to I. On the j* elemental
transmission line crossing C, the impulses passing from Region I to II and from
Regibn II to I represent the signals vf(r) and v/(z) respectively. These signals are
required in the equivalent excitation of Region II. These two signals can be obtained
by two methods. The first method is to run the simulation of Figure 4.4 and store the
values of v}(t) and v}(z) at each of the n points on C and at every time step. The
second method requires a simulation be run simultaneously with the original problem
of Figure 4.4 and therefore the signals v ]‘ (t) and vj’ (z) can be taken directly from the

simultaneous simulation. Although this method requires an additional simulation, it is
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more efficient than the first method because of the reduced memory storage require-
ments. In addition, for plane wave excitation the symmetry of the mesh can be util-

ized to reduce the simultaneous simulation space to a single layer of nodes.

Y e e = e e - 1
| Scattered Field Region | y
| (region I) I
! |
Total Field Region
I (region IT) I
| I z X
| !
| I
| |
! | — — — absorbing boundary
I C I
| |
I |
| |
y:yl e e o e e e e e e |
X=X, X=Xy

Figure 4.5: TLM simulation space used to model two dimensional scattering
problems.

To apply equivalent excitation to Region II with Region I remaining in the simu-
lation space, the operations (i) and (ii) are performed at n points along the contour C
and at each time step. A plane wave is generated in Region II with zero fields
throughout Region I.

Consider altering Region II by loading nodes with permittivity and conductivity
stubs and placing reflection coefficients to model an arbitrary scatterer (as in Figure
4.1). This corresponds to making alterations to the load network L of the original cir-

cuit problem. The impulses crossing the contour C from Region II to I no longer
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represent the signal vj(r) and non zero impulses are present in Region I. These

impulses represent fields caused by the changes made to Region II.

The impulses throughout Region II can be considered as a superposition of origi-
nal impulses V;(x,y,t) and a set of impulses produced by the change in network L,
Valx,y,t). The operations (i) and (ii) allow proper modelling of the impulses
Valx,y.t) in both regions. Operation (ii) is required to model the impulses Valxy,t)
which pass from Region II to I, and operation (i) is required to model the re-reflection

of these impulses back into Region II.

The simulation described above can be used to model the scattering problem of
Figure 4.1. The impulses V;(x,y,t) are non zero in Region II only and represent an
ideal plane wave. The set of impulses V ,(x,y ) represent the impulses caused by the
placing an object into Region II (or the fields reflected by the object) and are non zero
in both regions. Therefore, the set V;(x,y,r) represents the incident field and the set
Valx,y,t) represents the scattered field. In Region II the superposition of incident and
scattered fields represents the total field and in Region I only the scattered field exists.
To properly absorb the outward travelling scattered waves, absorbing boundary condi-
tions are required along the exterior of Region I. The situation described above is
shown in Figure 4.5 and represents a general formulation of the TLM method that can

be used to model two dimensional scattering problems.

The formulation described above allows illumination of a scatterer by an accurate
incident field while applying absorbing boundary conditions to only the scattered
fields. The scattered fields are separated from the total fields along the contour C. The
only requirement on the placement of C is that all non zero initial conditions are
located outside of Region II. The signals representing the incident field used in the
operations (i) and (ii) performed along C can be obtained from a simultaneous simula-

tion. The formulation is general in that an arbitrary incident field (not necessarily a
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plane wave) can be used, and the incident field can be generated from analytical
expressions rather than a simultaneous simulation. The concepts and logic used to
derive the time domain equivalent excitation are similar to those used in applying time

domain diakoptics to TLM simulations [59].

4.2. Absorbing Boundary Conditions

In the previous section a general formulation has been developed to model gen-
eral two dimensional scattering problems using a TLM mesh. The errors present in a
general TLM time domain simulation are coarseness error and velocity error (as dis-
cussed in Chapter 1 section 4). In a TLM simulation that uses the configuration shown
in Figure 4.5 two additional errors are present. The first error is caused by the separa-
tion of total and scattered fields along the contour S and is only present if analytical
expressions are used to generate the incident fields. If a simultaneous simulation is
used to generate the incident fields this error does not exist. An analytical expression
does not consider the actual propagation characteristics of the TLM mesh and as a
result does not accurately model the waveform as it propagates through the mesh. The
second error is introduced by the absorbing boundary conditions truncating the scat-
tered field region. This error is dependent upon the accuracy of the absorbing boundary
condition and the distancé from the scatterer to the boundary of the mesh. To increase
the efficiency of TLM simulations of scattering problems the simulation space should
be as small as possible. The use of accurate absorbing boundary conditions is essential
in maintaining the accuracy of the simulation without requiring excessive cpu time and

memory storage.
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4.2.1. Match Termination of a TLM Mesh

A two dimensional TLM shunt mesh loaded with permittivity stubs represents a

medium with characteristic impedance

Zooih = @.1)

2 [ 1+—2
4

In the past, to match terminate the mesh a reflection coefficient of

1 -1
(
Y
2| 1+—2
4 7
Cppeh = ; 4.2)
> +1
2 1+—Yi
\ 4 /

is used to terminate the elemental transmission lines of the model (see Chapter 2 (sec-
tion 3) and [6]). However the use of (4.2) only provides accurate match termination of
the mesh for waves striking the boundary at near normal incidence. If a TLM simula-
tion of waves travelling diagonally through the mesh is considered, the use of 4.2)

will cause imperfect matching,

Waves travelling through a unloaded TLM mesh diagonally experience no disper-
sive effects [6]. Therefore an impulsive plane wave travels as a set of ideal impulses.
In this case it is intuitively obvious that a reflection coefficient of zero is required to
absorb this wave (this can be verified numerically). Using the reflection coefficient
(4.2) would cause non-physical reflections to appear in the TLM simulation space. This
contradicts the conclusion regarding match termination of the TLM mesh. A similar
example is a plane wave travelling with near grazing incidence to a boundary.
Reflection coefficients of approximately 1.0 (magnetic walls) are required along the

boundary. As noted by Ney and Yue [40], the reflection coefficient (4.2) does not
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provide accurate match termination of the TLM mesh for cases in which near normal

incidence is not encountered.

The conflict in reflection coefficients can be resolved by noting that although (4.2)
is a mesh quantity, it is applied to the elemental transmission lines which lie along the
x and y axes. This termination does provide accurate termination for waves travelling
along the x and y axes. However, to absorb waves travelling at an angle ¢ through the
mesh, the reflection coefficient (4.2) should be applied in the ¢ direction. Since boun-
dary conditions are enforced by terminating the elemental transmission lines, a
modification of (4.2) is required to accurately absorb waves travelling at an arbitrary

angle through the mesh.

The required modification to (4.2) can be obtained by examining the propagation
of a uniform plane wave through space at an arbitrary angle and the corresponding
TLM simulation. In Figure 4.6 an E polarized plane wave propagates in the x—y plane
at an angle ¢ to the x axis, in a medium with characteristic impedance Z, . The electric

and magnetic fields associated with this wave are
E=a,F, (4.3)
and
H =a, H,sing — a,H,cosd (4.4)

where Z,=E,/H,. Along an observation plane located at x=x, the wave impedance

in the x direction is given by [57],

Z, =——2 = (4.5)
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Figure 4.6: E-polarized plane wave travelling through space at an angle ¢ to
the x axis, crossing the observation plane x=x,,.

Consider the corresponding TLM simulation of an E polarized plane wave propagating
at an angle ¢ to the x axis in a medium with characteristic impedance Z,, but now the
above observation plane represents the boundary of the TLM mesh. The wave
impedance in the x direction for the plane wave indicates that the mesh should be ter-

minated with

ZO
Zinasch ey (4.6)

to achieve a reflectionless termination. This polarization is best represented by a mesh
of shunt nodes. A mesh of shunt nodes models a medium of characteristic impedance

(4.1) and therefore the voltage reflection coefficient required is,
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~1
Y,
cosd 2 1+—4~—
1—‘match = 1\ - (47)
+1
YO
cosd \f 2 | 1+—

Considering an unloaded TLM mesh (Y, =0), this expression fits three angles of propa-
gation for which the proper termination is already known. For normal incidence
(9=0°) the result (4.2) is obtained. At 45° incidence, I'=0 agrees with the numerical
experiment discussed previously. As well, for =90° (grazing incidence) The expected

result of I'=1 (a magnetic wall) is obtained from the expression above.

The case of an H polarized wave travelling through the x—y plane at an arbitrary
angle ¢ to the x axis can be modelled by a mesh of series nodes. Following the same

steps as above the required voltage reflection coefficient for match termination of a

\/ 2 ’1+—-0 | -1
cosod 2

1_‘series mesh = E = (48)
Yo
cosd \f 2 1+—4— + 1

J

series node is given by,

Again this fits three angles of propagation for which the reflection coefficient is known
(0=0,45, and 90 degrees).

Johns and Akhtarzad [21] noted that the voltage scattering matrix for the shunt
node is the same as the current scattering matrix for the series node. As expected, in
order to achieve match termination, the voltage reflection coefficient for the shunt node

is the same as the current reflection coefficient for the series node.

The absorbing boundary condition discussed above will be referred to as the vari-

able impedance absorbing boundary condition, since the impedance value used to
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terminate the mesh varies with the angle of incident waves. The implementation of this

boundary condition is discussed in the next section.

4.2.2. Implementation of the Variable Impedance Boundary Condition

For plane wave propagation it is easy to see that accurate match termination of
the TLM mesh can be obtained at frequencies where the velocity error is negligible.
The velocity error and therefore the match termination of the mesh is its worst for
axial propagation and at its minimum for diagonal propagation. In an unloaded mesh
of shunt nodes simulations were run to determine the reflections caused by (4.2) at
normal incidence. Only £0.3% of the incident wave was reflected indicating extremely
good absorption of the incoming waves. Since matching is at its worst for axial pro-
pagation, (4.2) would reflect less than +0.3% for all other angles of incidence (no

reflections are introduced for ¢ =45° in a mesh of unloaded nodes).

This condition while theoretically accurate, may not be easily applied to practical
problems because the angle of incident waves must be known to apply (4.2). Two
methods can be used to implement the variable impedance boundary condition for use
in general scattering simulations. The first method is to assume the direction of propa-
gation of the scattered waves incident on the exterior boundary. For simple problems
such as scattering from a circular cylinder, a good estimate for the angle ¢ can be
made. However, for objects with complex material properties and shapes an estimate
for the angle ¢ is not known prior to the simulation. A poor estimate for ¢ would
introduce errors into the scattered field results. Therefore, this implementation would
only be accurate for cases in which the advance knowledge of the scattered fields is
known and is therefore not practical for general scattering simulations. The second
method to implement the variable impedance absorbing boundary condition is to use a

simple algorithm to estimate the angle of incident waves at each time step using the
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field values at nodes adjacent to the boundary. The errors introduced by using this
method would be related to the algorithm used to estimate ¢. This method, while more
complicated than the first, lends itself well to implementation in general scattering

simulations.

The implementation of either scheme has not been investigated. The first method
is limited to simple geometries, and the accuracy of the second method depends on the
algorithm used to calculate the angle of incidence. For these reasons practical imple-
mentation of the variable impedance boundary condition has not been attempted.
Absorbing boundary conditions used in FD-TD simulations of scattering problems have
received extensive attention in the literature [3], [49]. The absorbing boundary condi-
tions used in this thesis were originally derived for use with the FD-TD method and
have been modified for use with the TLM method. After the work contained in this
thesis was completed it came to the author’s attention that an absorbing boundary con-
dition using an algorithm to estimate the angle of incidence has been successfully
implemented into FD-TD simulations [60]. Therefore it may be worth while to inves-

tigate the variable impedance boundary condition in future work.

4.2.3. FD-TD Absorbing Boundary Conditions

A summary of absorbing boundary conditions has been recently presented by
Moore er al [3]. The paper reviews various absorbing boundary conditions used in

FD-TD simulations. A brief summary of the material presented in [3] follows.
Two classes of absorbing boundary conditions are discussed, the first class being
mode annihilating differential operators. In general the scattered field can be written in

spherical coordinates (r,0,0) as an infinite series of the form [61],

i = f (8,
Ur8.9) = er zf fnq)) (4.9)
n=1
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The operators attempt to annihilate as many terms (or modes) as possible in (4.9). The
operators are considered as higher order forms of the Sommerfeld radiation condition
which eliminates only the first mode of the expansion. This type of boundary condi-

tion has not received much attention in electromagnetic field problems.

The second class of absorbing boundary conditions presented are based on
approximations to one way wave equations. A one way wave equation is a partial
differential equation which permits wave propagation in only one direction, and is
derived by factoring the multi-dimensional wave equation. The two dimensional wave

equation can be written as
LU=0 (4.10)
where U is the wave function and the operator L is defined as

N O

L = —_——
ox? dy? c? or?
L can be factored as
L=L'LS (4.11a)
or
L = Ly+ Ly‘ (4.11b)
where
32 12
3 9 oty
L= - 2| 1- 4.12
* T % T o 32 (4.122)
0%t

and permits wave propagation in only the positive x direction, and
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a2
Lx—=—a?;+§t- 1—%2-21— (4.12b)
2

and permits wave propagation in only the negative x direction. Similar expressions
for L;’ and L, can be obtained. Considering a two dimensional simulation of the
wave equation (see Figure 4.5) outward travelling waves can be exactly absorbed by
placing the operators L.,", L,”, Ly+, and L,” on the boundaries x=x,, x=x, y=y, and
y =y, respectively. However, the analytical operators must be discretized by applying
difference approximations to the derivatives in (4.12). A significant portion of the work
involving the application of absorbing boundary conditions of this class has been

involved with higher order approximation to the radical and discretization of the resul-

tant approximation [49].

4.2.4. Higdon’s Absorbing Boundary Conditions

The absorbing boundary conditions used in this thesis were developed by Higdon
and are formulated for finite difference simulations of the wave equation [62],[63].
The conditions outlined in the previous section are difference approximations to the
analytical absorbing boundary conditions for the governing differential equations. Hig-
don has developed discrete absorbing boundary conditions directly applicable to the
difference approximation to the wave equation [62]. A summary of the conditions

developed by Higdon follows.

4.2.4.1. General Formulation

Consider the simulation space of Figure 4.5 as a finite difference simulation of a
function U that satisfies a two dimensional difference approximation to the two dimen-

sional wave equation. At a location y along the boundary x=x;, and at a time step
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n+1 an absorbing boundary condition can be expressed in the following form,
B [K ,Z-l] U™t xy) =0 (4.13)

where K and Z denote shift operators with respect to the spatial coordinate x and time

¢t respectively and are defined by
KU™(x,y) =U"(x+Al,y) (4.14a)

ZU"(x,y) = U (xy) (4.14b)

The boundary condition B [K ,Z‘l] is an operator that will predict the boundary

value of U™ (x,,y) using values at previous time steps and spatial positions located
inside the simulation space. The following sections outline the two conditions derived

by Higdon.
An Averaging Method:
The first condition developed is referred to as an averaging method. This type of

condition is defined by,

I+z71
2

I+K
2

I - Urtl(x1y) =0 (4.15)

where p is any positive integer, / is an identity operator ¢ U™ (x,y) = U™ (x ,y)) and
Z and K are the shift operators defined in the previous section. The integer p defines
the order of the boundary condition (i.c., a p** order averaging condition). As would
be expected higher order conditions provide better accuracy. The first and second order

forms (p=1 and p=2) of the boundary conditions are, repectively,

Urlx,y) = L Ul +ALy) + U™ (x,y) + U™ (x (+ALy) (4.16a)
1 3 1 1 1

83



Chapter 4 TLM and Scattering Problems

Urlxy) = é— [ [6 U +ALy) = U (x 424l ,y>]
+ [6U”(x1,y) +4 U (x+ALy) =2 U”(x1+2Al,y)]

- [U"‘l(xl,y) + 2 U N x+ALy) + U"‘l(x1+2Al,y)H (4.16b)
The term averaging arises because the two bracketed terms in expression (4.15) are
averages between time steps and space steps respectively.
Space Time Extrapolation:

The second condition developed by Higdon is referred to as space time extrapola-

tion. These conditions are defined by,
P
[ - Z‘lK} Url(x;y)=0 4.17)
The first and second order forms of this condition are, respectively,
Urtl(xy) = U (x +Aly) (4.18a)
Urtl(x,y) =2 UM (x (+ALy) - U (x+2A1 ) (4.18b)
The term space time extrapolation arises because the field values on the right hand side
of the expressions are diagonal patterns in the (x,r) plane. Note that to achieve the

same order of approximation p the space time extrapolation conditions require less

computation and less storage as compared to the averaging conditions.

4.2.4.2. Stability and Accuracy

To achieve an arbitrarily accurate boundary condition, the value of p could be
increased as desired, at the expense of increased storage and computation. For the
boundary conditions presented in the previous sections this is not possible. For values
p23, the possibility of instability increases. This effect is discussed in detail by Hig-

don [62]. In practical situations this instability can be ignored because the conditions
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for p=1 and p=2 provide sufficient accuracy.

Both conditions have one-dimensional stencils, meaning that spatial data is only
required along a single line perpendicular to the physical boundary. The higher order
conditions presented in section 2.3 of this chapter have two dimensional stencils
requiring additional spatial data at points along a line parallel to the physical boundary.
Conditions that have two dimensional stencils require special treatment in the corners
of the mesh increasing the complexity of the implementation. A one dimensional sten-
cil does not imply that only waves at normal incidence to the boundary are absorbed.
The conditions have strong multidimensional effects suitable for two and three dimen-
sional simulations under situations with wide angles of incidence. The accuracy of the

boundary conditions is demonstrated in the next chapter.

The reflection coefficient R of a p* order boundary condition is,

A—cosH
A+cosO

: "o [Ar] (4.19)

where A=Ar/Ax, and 6 is the angle of incidence measured relative to normal incidence
[62]. Higdon considers a boundary condition with reflection coefficient as in (4.19) as
providing near perfect absorption for an angle 6 which satisfies cosd=A. Absorbing

boundary conditions have been developed by Higdon which have reflection coefficients |

of the form,
R p | cosB;~cos® |P o [A ] (4.20)
= — —_— -+ r .
P ]I;II cos8;+cosh
and provide perfect absorption at angles +6,,£6,, - - - 10,. Conditions with reflection

coefficients of the form (4.20) are consistent with analytical one way wave equations
[63]. The conditions used in this thesis are a special case of these boundary conditions
(0;=0,=" - =0,=X). In the above discussion it is clear that an ideal boundary condi-

tion is considered as providing a reflection coefficient of zero for all angles of
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incidence. The angles 6 ; are chosen to best minimize the reflection coefficient of the
boundary condition. The implementation of boundary conditions that have reflection
coefficients of the form (4.20) are more complicated than the averaging and space time

extrapolation methods and do not have one-dimensional stencils.

The reflection coefficient (4.19) can also be considered as the load reflection
coefficient that a wave sees as it approaches the boundary. To match terminate a TLM
mesh the variable impedance boundary condition presented in section 2.1 of this
chapter can be used. A reflection coefficient (4.2) is applied to the elemental lines of
the model. In Chapter 3 it was shown that TLM and FD-TD methods propagate waves
in identical manners if the ratio of the time step to the space step is chosen as 1/V2 in
the FD-TD simulation. Substituting A=1/2 into (4.19) and considering the case for
p=1, the reflection coefficient required to match terminate the TLM mesh is identical
to the reflection coefficient that Higdon’s boundary conditions present to incoming
waves. Therefore Higdon’s boundary conditions can be considered as absorbing boun-
dary conditions which automatically satisfy the condition Z,,,.,=Z,/cos8, and
represent a match termination of the TLM mesh as long as the dispersive nature of the

TLM mesh is neglected.

4.2.4.3. Application of Higdon’s Conditions to TLM Simulations

In a FD-TD simulation boundary conditions are specified by setting the value of
the appropriate field component along the boundary. In the case of applying an
absorbing boundary condition the algorithms (4.16) and (4.18) are used to calculate the
field component along the boundary. Boundary conditions in a TLM mesh are
specified by reflection coefficients along boundaries of the mesh. In the case of
absorbing boundary conditions, rather than determine the reflection coefficient at a par-

ticular boundary location, the value of the voltage impulse that should be injected back
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into the simulation space can be determined. In Figure 4.5, along the boundaries
X1,XY1, and y, the impulses v5,v},v5, and v}, respectively, are the unknown
impulses that must be injected back into the simulation space at every point on the
boundaries and every step in time.

The boundary conditions reviewed in the previous sections are general in that
they can be applied to an arbitrary quantity as long as it satisfies a difference approxi-

mation to the wave equation.

Consider a general two dimensional electromagnetic field problem with field com-

ponents E,, H,, and H, present. All of the field components will satisfy the wave

equation,
W(E,)=0 (4.21a)
W(H,)=0 (4.21b)
W(H,)=0 (4.21c)

where W is the two dimensional wave equation operator,
2 2 2
W={a—+—a————eu o } (4.22)

In Chapter 3 (section 3.1.2.3) it was shown that a modified TLM scheme is equivalent
to the FD-TD method and therefore represents a second order difference approximation
to the wave equation. The field components in the mesh therefore satisfy the difference

approximation to the wave equation

W) (E,)=0 (4.23a)
W) (H,)=0 (4.23b)
Wy (H,)=0 (4.23¢c)

where Wy, is the difference approximation to the wave equation operator, and E,, H,,
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H, are defined using the modified TLM scheme (Chapter 3 section 3.1.2.2). W, can
be expressed in terms of the spatial shift operators (K, for a shift in the x coordinate;
and Ky, for a shift in the y coordinate) and the time shift operator (Z), defined in

(4.14a) and (4.14b), respectively, as

K.-2+K ! K,-2+K1 _ -1
WD—{ x x y Z-2+7Z } (4.24)

- —ep

Al? Al? Ar?
In a TLM mesh of unloaded nodes, impulses incident upon a node at a particular time
step, scatter off the transmission line junction, and become incident impulses on adja-

cent nodes at the next time step. Therefore, at any time step, sets of incident impulses

on adjacent nodes are independent.

Consider two adjacent nodes in a TLM mesh of unloaded shunt nodes located at
(x,y) and (x+Al,y). Using the modified TLM scheme to define the magnetic field, Hy
can be defined at (x+A//2,y) in terms of the impulses on the elemental transmission

lines as,
Hy (x+Al72,y)=vh (x+Aly) = v (x,y) (4.25)

where vi (x+Al,y) denotes an incident impulse on branch 2 of the node located at
(x+Al,y) and v (x,y) denotes an incident impulse on branch 4 of the node located at

(x,y). Substituting (4.25) into (4.23c), yields,
Wp (v (x+ALy) = vh (x,y)=0 (4.26)

The two impulses in (4.26) are incident impulses on adjacent nodes and are therefore

independent. Therefore, each impulse must independently satisfy Wp()=0,
Wp (vh (x+ALy)=0 (4.27a)
Wy (vh (x+Aly)=0 (4.27b)

Since the positions of the two adjacent nodes in the mesh is arbitrary, the impulses
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incident on branches 2 and 4 will always satisfy Wp ( )=0. Similarly, examining two
nodes adjacent in the y direction (and using the definition of H,), impulses incident on
branches 1 and 3 will always satisfy Wj ( )=0. The above argument proves that the
individual impulses travelling on the elemental transmission lines satisfy the difference
approximation to the wave equation. Therefore the operations (4.16) and (4.18) can be
applied to predict future values of the voltage impulses that should be injected back

into the simulation space.

4.3. Calculation of Far Field Patterns

Accurate absorbing boundary conditions allow the simulation space to be trun-
cated to within a small distance from the scatterer which is in the near field region.
Although this allows the method to be computationally efficient, this disallows obtain-
ing the scattered far field distributions directly from output points within the simulation
space. A method is required to calculate the far field distributions from the data avail-
able from the simulation. Three methods are presented and all use equivalent sources
to calculate the scattered fields in the far field region. The first method uses the sur-
face currents on the scatterer as the sources of the scattered field. The second method
uses the near scattered fields to obtain equivalent sources for the scattered field in the
far field region. The third is similar to the second, but it operates in the time domain

rather than the frequency domain.

4.3.1. Surface Current to Far Field Transformation

Considering only the case of TM scattering, an object of arbitrary media proper-
ties has electric and magnetic currents (/, and M, , respectively) flowing on its sur-

face. These currents are the physical sources of the scattered field and can therefore be
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used to calculate the scattered field at any point in space. The magnetic and electric
vector potentials at a point (p,0) in the far field can be calculated using [57]

A, (p.9) = dg_’/}_ HJ (p e kPeose— g’ (4.28)

and
Fyy(p9) = f f xy (P Y P oS40y 4’ (4.29)

respectively where " corresponds to the surface of the scatterer and (p’,¢”) is a point
on the surface, and k£ is the wave number at a particular frequency. The electric field
at any point in space can be obtained from the magnetic and electric vector potential

using,
E, = ~jouA, + jk(F,cos¢—F,sing) (4.30)

The electric and magnetic surface current distributions can be determined from the
relations J,=AxH, , and M, ,=—AxE, where £ is the outward pointing unit vector
normal to the surface of the scatterer. Boundaries in TLM simulations are defined at
locations half way between nodes and field quantities are defined at nodes. The values
of the electric and magnetic fields (to calculate the magnetic and electric currents .
respectively) available from the TLM algorithm are located half a mesh spacing away
from the surface of the scatterer. Because of this an assumption that the field will not
change significantly over half a mesh spacing is required. In general this assumption is
valid because over the frequency range of interest half a mesh spacing is a small frac-
tion of a wavelength. However, when considering scatterers with corners or edges such
as rectangular cylinders, the fields change rapidly in the vicinity of the corner or edge
because of the singularity in the field distribution. Near these singularities the above
assumption is false and as a result the surface current distributions is not accurate. In

addition, for arbitrarily shaped scatterers output points must be reconfigured for each
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change in the geometry of the scatterer.

4.3.2. Near Field to Far Field Transformation

A more general and more accurate method is to use the scattered near fields as
the source of the scattered far fields. Output points are placed along a contour S in
the scattered field region as shown in Figure 4.7. Because output points are not placed
on the surface of the scatterer the near-to-far field transformation eliminates the prob-
lems associated with the surface current to far field transformation for modelling prob-

lems with singularities in the field distributions.

VY=, T e e m e — - 1
Scattered Field Region y
(region
T T T T T 1
Total Field Region
(region II) , «

— =~ — absorbing boundary

———— contour along which
the near to far field
transformation is
performed

Figure 4.7: TLM simulation space used to model two dimensional scattering
problems with the contour S” along which the near- to-far field transformation
Is performed.

Along the surface S, equivalent electric source current Jf and the equivalent

magnetic source current My, are obtained from the scattered magnetic and electric
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fields, respectively. The scattered far field is calculated using expressions (4.28-4.30).

4.3.3. Direct Transformation to the Far Field in the Time Domain

The two transformations presented in the previous sections are frequency domain
transformations. The TLM method operates in the time domain and therefore the time
domain results must be Fourier transformed before far field results can be calculated.
Recently, a method has been presented [64],[60] to extrapolate time domain scattered
fields directly to the far field without first Fourier transforming to the frequency
domain. The time domain far fields are then Fourier transformed to obtain frequency
domain far fields. The method is identical to the near-to-far field transformation
presented earlier except the transformation is performed in the time domain. For the
two dimensional TM scattering problems considered in this thesis the electric field is
obtained by evaluating

AJE(F, oME (P r—
EZ(P,z)=_%fﬁx{..z_(a7’__i)xﬁ}dS'— 411wf ’y;t 70 xfdS’ (4.31)

where r represents the observation point (p,0) and T=r—r/c. The method became
known to the author at the time of writing this thesis and implementation or testing has

not been possible.

4.3.4. Calculation of Frequency Domain Scattered Fields from Time Domain

Field Simulations

The goal of this thesis is to investigate the use of the TLM method to simulate
scattering problems. The TLM method operates in the time domain, therefore

sinusoidal excitation or pulse excitation and Fourier transformations are required to
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obtain frequency domain results. Three methods are outlined to obtain frequency

domain far fields from a time domain simulation.
Method 1:

In the past, sinusoidal excitation has been used to illuminate the scatterer and the algo-
rithm has been run to a near steady state condition (requiring 2-3 cycles of the incident
wave). One of the frequency domain far field transformations presented in the previous
two sections is then used to calculate the scattered far fields at the excitation fre-
quency. This scheme requires no Fourier transformations but for each new frequency
the entire field simulation and a transformation to the far field is required. The relative

cpu time required to obtain results at N ¢ frequency points is
cpu time; o N,TL +N:NppT (4.32)
1 f fIVEFIN SF

where T%,, is the time required to perform a TLM simulation with sinusoidal excita-
tion, Ngr is the number of far field observation points, and Ty_,r is the time required

to perform a frequency domain near-to-far field transformation.
Method 2:

A second method to obtain frequency domain far fields is to use a pulse excitation
from which a single simulation and multiple Fourier transformations at the output
points will yield frequency domain near scattered fields or surface currents. At each
frequency a far field transformation is required. The relative cpu time required to

obtain results at Ny frequencies is
cpu time, o T, + NyNg Tpr + NeNpp T - (4.33)

where Tg;, is the cpu time required to perform a TLM simulation with pulse excita-
tion, Ng is the number of output points along the contour S’, and Tr7 is the time

required to perform a Fourier transformation. The times T, and Tf _ are approxi-

Sim

mately the same [5]. Note that the cpu time required to perform a single Fourier
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transformation or a near-to-far field transformation is much less than the time required
to perform the TLM simulation. For this reason this method is more efficient than
Method 1 above. The cpu time required for Method 1 is approximately a linear func-
tion of Ny while the cpu time required for Method 2 increases only slightly with N iz
If Method 2 is used to obtain frequency domain far fields the efficiency of the TLM
method approaches that of the Boundary Element Method if results over a wide

bandwidth are required.
Method 3:

The previous two methods use the frequency domain far field transformations
presented in section 3.1 and 3.2 of this chapter. The third method presented uses the
time domain near-to-far field transformation presented in section 3.3 of this chapter. A
pulse is used as excitation and the time domain fields along the contour S’ are used
directly in the near-to-far field transformation. At each observation point in the far
field a Fourier transformation is required to calculate the frequency domain scattered

fields. The cpu time required to obtain results at Ny frequencies is
cpu time3 (04 T.sfzm + T]{/_,p + NfNF'FTF.T. (4.34)

where T§,_,r is the time required to perform a time domain near-to-far field transfor-
mation. Depending on the number of far field observation points and the number of
points along the contour S’ this method may or may not be more efficient than Method
2. Note that Ny frequency domain near-to-far field transformations are required for
Method 2 while only one time domain near-to-far field transformation is required in
this method. The time domain near-to-far field transformation requires significantly
more cpu time and memory storage than the frequency domain near-to-far field
transformation. As previously mentioned the time domain near-to-far field transforma-
tion became known to the author at the time of writing this thesis. Comparing the

accuracy and efficiency of this method to Method 2 has not been investigated.
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In the previous chapter a complete formulation of the TLM method for general
two dimensional scattering simulations was presented. The purpose of this chapter is
to test two important topics discussed in the previous chapter; the time domain
equivalence principle and absorbing boundary conditions. Section 1 of this chapter
verifies the time domain equivalence principle for one and two dimensional simula-
tions. In section 2 the absorbing boundary conditions are tested in the presence of
waves normally incident upon the boundary and for waves with arbitrary incidence.
Finally, section 3 discusses the software developed to model the two dimensional

scattering problems considered in this thesis.

5.1. Validation of the Time Domain Equivalence Principle

Consider the TLM mesh shown in Figure 5.1(a), which models a plane wave nor-
mally incident upon a surface characterized by the surface impedance Z,. Magnetic
walls are placed along the boundaries y=0 and y=10A/, and a match termination is
placed along the boundary x=0. To generate the incident plane wave, nodes are
excited along the line x=x,. Instead of exciting the surface as shown in Figure 5.1(a),
the incident plane wave can be generated by applying the time domain equivalence
principle. The mesh is partitioned into two regions, x <65A/ and x > 65A/ correspond-

ing to the source and load networks respectively (as shown in Figure 5.1(b)). For this
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one dimensional simulation the contour C which separates the total and scattered field

regions (see Figure 4.5) becomes a plane defined at x=65A/. An additional simulation

is required to obtain the equivalent excitation signals used by the operation performed

along C (see Chapter 4 (section 1.1)). The additional simulation is tun simultaneously

to reduce memory storage requirements, and models a plane wave travelling through

free space.
y=10A1 -
> “
y:
x=0 X=X x=130A1
(a)
. I .
RegionI | Region I
y=10Al LT T] LTI TTTT
UREREE] I T T HT T
otal Fields ; Scattered Fields
t Zg
]
y=0 *
X= x=65A1 x=130Al
(b)

Figure §.1: (a) Mesh used to model a plane wave normally incident upon an
arbitrary surface. (b) The mesh used to model the problem in (a) using an
equivalent excitation. Note thar magnetic walls are placed along the upper and
lower boundaries of the mesh.

Two simulations were run with different surface impedances applied along

x=130Al. The first surface impedance applied is the intrinsic impedance of the

medium modelled by the mesh, or a boundary to free space. The simulation therefore
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models a plane wave propagating through free space. Since the load network used in
the simultaneous simulation is identical to the load network of Figure 5.1(b), no scat-
tered fields are produced. Therefore in Region I (the scattered field region) zero fields
are expected and in Region II (the total field region) only the incident field, a plane
wave travelling in the positive x direction, will exist. Frequency domain results for
the magnitude and phase of the fields in the simulation space are shown in Figures
5.2(a) and 5.2(b) respectively. As expected, the magnitude of the electric field is zero
throughout Region I (zero scattered fields) and constant throughout Region II (incident
plane wave). The positive phase progression shown in Figure 5.2(b) indicates the wave

is travelling in the positive x direction.

The second surface impedance considered is that of a perfect conductor
(I'=-1.0). For this case, the expected scattered field is a plane wave travelling in the
negative x direction. Frequency domain results for the magnitude and phase of the
electric field throughout the simulation space are shown in Figures 5.3(a) and 5.3(b)
respectively. As expected, in Region I (scattered field region) a constant magnitude is
observed with a negative phase progression, indicating a plane wave travelling in the
negative x direction. In Region II (the total field region) the expected standing wave
pattern is observed, and ranges in magnitude from +2.0 to 0.0 (indicating a perfectly
conducting load). The ripples in the curves of Figure 5.2 and 5.3 are a result of trunca-
tion error due to the finite duration of the iteration process and the resulting errors in

the Fourier transformation.
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Figure 5.2: Frequency domain results obtained from the simulation of Figure
5.1(b) with the mesh terminated in the intrinsic impedance of the medium
modelled by the mesh, (a) magnitude (b) phase.
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Figure 5.3: Frequency domain results obtained from the simulation of Figure

5.1(b) with the mesh terminated in a reflection coefficient I'=—1.0 (a perfect
conductor), (a) magnitude (b) phase.
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The time domain equivalence principle has yielded fundamentally correct scat-
tered and total field distributions in the appropriate regions for the one dimensional
propagation problems considered. The use of equivalent excitation for these problems
is of no practical value because the problem can be accurately modelled using the
mesh of Figure 5.1(a). However, these problems provide good insight into the opera-
tion of the time domain equivalence principle and serve as good tests to validate the

formulation.

To test the implementation for two dimensional problems, the simulation of Fig-
ure 4.5 (see Chapter 4 section 4.1.2) was run with no scatterer in Region II. No scat-
tered fields are produced by this simulation and therefore only incident fields are
present in Regibn II with zero fields throughout Region I. Figure 5.4(a)-(j) shows the
field distribution throughout the simulation space at 10Ar intervals. As expected, no
scattered fields are produced (zero fields in the scattered field region) and an accurate

plane wave propagates through the total field region.

The separation of total and scattered fields is a general formulation which is
exact, i.e., in Figures 5.4(a)-(j) the fields throughout the scattered field region are
identically zero. As well, the placement of C is arbitrary as long as the scatterer being .
modelled is completely contained in the total field region. The technique is general in
that scattered fields produced by small changes in the geometry of targets can be deter-
mined. If another simulation is run simultaneously, with a small change made to the
object in Region II, the field distribution in Region I for this simulation would
represent the fields produced by the change made to the scatterer. This could be a
potentially useful tool for applications in which the scattered field produced by an

object requires minimization by altering the geometry of the object.
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Figure 5.4: Equivalent excitation of Region II without a scatterer present in
the simulation (results shown in intervals of 10At).
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Figure 5.4: (cont’d)

5.2. Testing of the Absorbing Boundary Conditions

As discussed in Chapter 2 (section 2.2), to match terminate the TLM mesh the
elemental transmission lines of the model are terminated in the intrinsic impedance of
the medium modelled by the mesh. Ney and Yue [40] are the only researchers to
suspect that this condition provides imperfect matching of the TLM mesh. In Chapter

4 (section 2) an explanation of why this condition provides imperfect matching was
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presented. A variable impedance boundary condition was discussed that provides per-
fect match termination of the TLM mesh as long as the dispersive nature of the mesh
is ignored. It should be noted that terminating the elemental lines in the intrinsic
impedance of the medium modelled by the mesh is equivalent to using the variable
impedance boundary condition and assuming all waves strike the boundary with nor-
mal incidence. This assumption is false in a general scattering simulation and will
therefore introduce errors into the scattered fields. For brevity, termination in the
intrinsic impedance of the medium modelled by the mesh will be referred to as match
termination for normal incidence throughout the remainder of this thesis. This section
compares the match termination for normal incidence condition to the TLM implemen-
tation of Higdon’s boundary conditions. The boundary conditions are tested for waves
striking the boundary with normal incidence and for waves striking the boundary over

a wide range of angles.

5.2.1. Normal Incidence

The mesh shown in Figure 5.5 is used to test the performance of the boundary
conditions for normal incidence. Magnetic walls are placed along the boundaries y=0
and y=20A/; excitation points are placed along the line x=x,; the absorbing boundary
conditions are placed along x=100A/ and the mesh is extended a sufficient distance in
the negative x direction in order to eliminate reflections caused by the boundary x=0.
To determine the amount of reflection caused by the boundary, the simulation is run
until the pulse is absorbed by the boundary and then the field within the mesh is exam-
ined. The pulse width of the incident wave is selected to minimize its dispersion
through the mesh in order to distinguish reflections caused by the boundary from the
dispersive waves trailing the pulse. Figures 5.6(a)-(g) shows a gaussian pulse travelling
through the mesh at 10Az intervals. The pulse is absorbed by the boundary x=100A/

at r=70Ar. To determine the amount of reflection caused by the absorbing boundary
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condition the field distribution at r=90Ar is shown in Figure 5.6(h). The reflected
wave ranges in magnitude between +1.95x1073 to —1.03x1073 or +0.195 to —0.103%
of the incident wave. Similar simulations were run for first and second order space

time extrapolation and for the first and second order averaging method.

y=20Al
W Absorbing
Boundary
Condition
y=0 '
x=0 X=X, x=100Al

Figure 5.5: Mesh used to test the performance of the boundary conditions with
a normally incident plane wave. Magnetic walls are placed along the upper
and lower horizontal boundaries of the mesh.

In Table 5.1 the peak to peak reflections caused by the boundary conditions are
presented. All boundary conditions perform well, the largest reflections are less than
3% of the incident wave. In general, absorbing boundary conditions perform well for
waves striking the boundary with normal incidence. The results of Table 5.1 indicate
that match termination for normal incidence is more accurate than Higdon’s conditions.
The match termination for normal incidence is a special case of the variable impedance
boundary condition for normal incidence. Recall that worst case reflections for the
variable impedance boundary condition occur at normal incidence because dispersion
in the mesh is at its worst for axial propagation. The results indicate that the variable
impedance boundary condition is a potentially accurate method of match terminating
the TLM mesh if coupled with an algorithm to estimate the angle of incoming waves.
The results in the table also indicate the second order (p=2) conditions perform better

than the first order (p=1) conditions as expected.
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5.2.2. Arbitrary Incidence

The TLM simulation shown in Figure 5.7 is used to test the performance of the
absorbing boundary conditions for waves striking the boundaries over a wide range of
angles. A perfectly conducting square cylinder is used as a scatterer to reflect waves in
a variety of different directions and therefore provides a good test for the boundary
conditions. Output points are placed at four positions in the scattered field region. The
dimensions of the mesh and locations of the output points are also shown in Figure
5.7. The incident plane wave approaches the scatterer from x=eco, travelling in the
negative x direction. Therefore in the figure, output point 1 refers to the back scatter

direction, and output point 4 refers to the forward scatter direction.

To assess the accuracy of the scattered fields obtained with each boundary condi-
tion at each of the four output points a benchmark solution is required. A TLM simu-
lation with absorbing boundary conditions placed around the exterior of the mesh is
supposed to model an infinite TLM mesh. A simulation was run in a mesh sufficiently
large (approximately 240A/ by 240Al) so that waves reflected by the boundaries do
not reach the output points before the simulation is complete. This scheme has been
used by Pompei et al [39] to model open region problems and can be considered as a
model of an infinite TLM mesh. The response obtained at the output points can be
considered as the solution obtained from using an infinite TLM mesh, and is therefore
used as the benchmark solution. The simulation of Figure 5.7 is run five times, each
time using a different method to truncate the scattered field region. The time domain

response is calculated over the range r=0 to r=200A¢.
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Figure 5.7: Mesh used to test the boundary conditions for arbitrary incidence.

In Figure 5.8(a) the time domain response of the cylinder at observation point 1
obtained from using the first order averaging method and match termination for normal
incidence, are compared to the benchmark solution. In Figure 5.8(b) the time domain
response of the cylinder at observation point 1 obtained from using the second order
averaging method and match termination for normal incidence, are compared to the
benchmark solution. Note that in Figure 5.8(b) an expanded scale is used in order to
notice the difference between the second order averaging and .benchmark solutions.
Figure 5.8 indicates that the match termination for normal incidence, yields results
comparable in accuracy to the first order averaging method (errors = 3% of the incident
pulse). The second order averaging method, yields the best results (errors =1% of the

magnitude of the incident pulse).
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Figure 5.8:

Time domain response obtained at output point 1, (a) comparing

match termination for normal incidence and first order averaging to the bench-
mark solution and, (b) comparing match termination for normal incidence and
Second order averaging to the benchmark solution
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Results obtained from terminating the scattered field region with the first and
second order space time extrapolation method are not included in the figures. The
results obtained from using space time extrapolation and the averaging method (of the
same order) are almost identical. In Figure 5.9, the responses at observation point 1
obtained from using space time extrapolation and the averaging methods are compared
for first and second order cases. The differences between the two first order curves and
the differences between the two second order curves are very small. The same trend is
noted at the other three observation points. The similarity between the two conditions
results from the fact that both have identical forms for their characteristic reflection
coefficients and both are consistent with the same analytical absorbing boundary condi-
tions [62]. The data resulting from using the space time extrapolation boundary condi-
tions is not included in the figures because the additional curves will only clutter the

results and not introduce any additional information.
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Figure 5.9: Time domain repsonse obtained at output point 1, the averaging
method is compared to space time extrapolation, for p=1 and p=2.

In Figure 5.10(a) the time domain response of the cylinder at observation point 2
obtained from the first order averaging method, and match termination for normal
incidence are compared to the benchmark solution. In Figure 5.10(b) the time domain
response of the cylinder at observation point 2 obtained from using the second order
averaging method and match termination for normal incidence are compared to the
benchmark solution (again with an expanded scale). The results indicate that the first
order averaging method is more accurate than the match termination for normal
incidence, and again, the second order condition yields the best results. The poor per-
formance of the match termination for normal incidence is a result of the location of
observation point 2. Because it is located near the corner of the mesh, waves do not
strike the boundary with normal incidence, and therefore are not absorbed well by the

boundary.
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Figure 5.10: Time domain response obtained at output point 2, (a) match ter-
mination for normal incidence and first order averaging compared to the
benchmark solution, (b) match termination for normal incidence and second
order averaging compared to the benchmark solution.
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Figures 5.11 and 5.12 contain the results obtained at observation points 3 and 4,
respectively. These results show the same trends as at observation point 1. The first
order averaging method yields accuracy comparable to the match termination for nor-

mal incidence and the second order condition yields the best results.

The results presented in Figures 5.8 to 5.12 indicate that the second order condi-
tions are consistently more accurate than both the first order conditions and the match
termination for normal incidence. Clearly, these tests indicate that the match termina-
tion for normal incidence is not an accurate method of modelling a free space boun-

dary. Therefore the results presented in [40],[45],[46], and [39] can be improved.

Although the errors caused by the match termination for normal incidence and the
first order conditions are relatively small (=5% in most cases), remember that one of
the goals of this thesis is to calculate frequency domain far field patterns. Before the
frequency domain near-to-far field transformations presented in Chapter 4 (sections 3.1
and 3.2) can be applied, the time domain near fields must be Fourier transformed to
the frequency domain. Zhang er al [65],[66] have noted that Fourier transformations of
time domain results are very sensitive to numerical errors, such as those caused by
imperfect treatment of open boundaries. Therefore it is important to use an accurate

absorbing boundary condition in order to achieve the best possible results.
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Figure 5.11: Time domain response obtained at output point 3, (a) match ter-
mination for normal incidence and first order averaging compared to the
benchmark solution, (b) match termination for normal incidence and second
order averaging compared to the benchmark solution.
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Figure 5§.12: Time domain response obtained at output point 4, (a) maich ter-
mination for normal incidence and first order averaging compared to the
benchmark solution, (b) match termination for normal incidence and second
order averaging compared to the benchmark solution.
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Theoretically, the order of the boundary condition can be increased arbitrarily to
obtain any desired level of accuracy. However, Higdon suggests that for p >3 instabili-
ties may arise because of the contradictory goals in the formulation of the boundary
conditions [62]. The possibility of instabilities increases if low frequency waves are
incident upon the boundary. The third order space time extrapolation condition for

implementation along a line x=x; (with the simulation space located for x2x,)is
Ul (x,y) =3 Ur(x+ALy) = 3 U (x 4240 y) + Ur2(x +3ALy)  (5.1)

The simulation of Figure 5.7 was run using the third order space time extrapolation
method to truncate the scattered field region. The response obtained at observation
point 2 is compared to the benchmark solution over the range r=0 to t=390A/ in Fig-
ure 5.13. At approximately tr=150Ar the boundary condition becomes unstable and
oscillations as produced. The instability occurs after most of the wave has passed
through the simulation space and only low frequency waves remain. This simulation

clearly demonstrates the instabilities predicted by Higdon.

In Figure 5.14 an expanded scale plot of the response at observation point 2
obtained from the third order space time extrapolation, second order averaging, and
match termination for normal incidence are all compared to the benchmark solution.
The results indicate the increase in accuracy that the third order boundary condition

provides (before the instabilities occur).

The third order boundary condition may still be of some practical value even
though its stability can not be ensured. A contour of high pass filters could be placed
just inside of the exterior boundaries of the scattered field region. These filters could
remove the low frequency content of the signals and effectively eliminate the possibil-
ity of instabilities. The high pass filters could be implemented into the mesh using the
same formulation of the TLM method that has been applied to circuit analysis prob-

lems [36],[37].
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If greater accuracy than that provided by the second order boundary conditions is
required, other types of absorbing boundary conditions could be investigated such as
the one way wave equations. Stable higher order absorbing boundary conditions based

upon one way wave equations have been developed for the FD-TD method [49].
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Figure 5.13: Time domain response obtained at output point 2, comparing
third order space time extrapolation to the benchmark solution.
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Figure 5.14: Time domain response obtained ar ourpur point 2, comparing
third order space time extrapolation, second order averaging, and match termi-
nation for normal incidence to the benchmark solution.

5.3. Software

Three separate programs are used to model the two dimensional scattering prob-
lems considered in this thesis. The first program (TLM _scar) is used to perform the
TLM simulation and calculate the frequency domain scattered near fields. The second
and third programs (scan and Near_to_Far) are used to perform the near-to-far field

transformations to obtain frequency domain scattered far fields.

5.3.1. TLM_ scatt

Problem Specification

One of the advantages of the TLM method is its simplicity and flexibility. A

general purpose two dimensional program capable of analyzing waveguides of arbitrary
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shape and arbitrary media properties can be written in only 80 lines of FORTRAN.

Because of the general nature of the TLM algorithm, all specifications regarding the

geometry of a problem and the material properties are specified in the input file.

Therefore, for each new class of scatterer considered, reformulation of the method is

not required, as is the case with other numerical methods such as the method of

moments [1].

1

2)

3)

4)

5)

6)

An input file for the program TLM scatt contains the following information:

size of the TLM simulation space - usually selected to be approximately 80A! by

80A!, depending on the frequency range desired and the size of the scatterer.

geometry of the scatterer - specified by placing reflection coefficients at appropri-
ate points in the mesh corresponding to the boundary of the scatterer, and by

loading nodes within the scatterer with permittivity and/or conductivity stubs.

number of iterations - depends on the size of the mesh and complexity of the
scatterer, usually 500 to 1000 iterations are sufficient to provide convergent fre-

quency domain results.

location of the contour C - as noted in section 1 of this chapter, the location of
C (which separates the total and scattered field regions) does not affect the accu-
racy of the simulation, typically it is placed 3 to 10A/ from the surface of the

scatterer.

pulse width of the incident gaussian pulse - this topic will be discussed later in

this section, usually a pulse width of 15 to 20A/ is sufficient.

location of the contour S’ - the contour around which the frequency domain scat-
tered near fields are calculated is usually placed a few Al outside of the contour

C.
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7)  frequency domain outpur points - these values are specified in units of normalized
frequency (Al/A) and are selected so that the incident gaussian pulse contains
sufficient frequency content and velocity and coarseness error are not significant

(Al/A£0.15).

Incident Fields

As noted in Chapter 4 (section 1), an additional simulation is required to generate
an accurate incident field. If this incident field is selected to be a plane wave, the addi-
tional simulation can be reduced to a simulation such as that of Figure 5.5 with a sin-
gle layer of nodes in the y direction. Therefore, the additional simulation (if run simul-
taneously) does not significantly add to the cpu time or memory requirements of the
entire simulation. TLM_scart uses this technique to generate the incident plane wave. If
the simulation is run separately, the signals at each point on the contour C, and at
each iteration step must be stored. This would significantly add to the memory storage

required to run the simulation.

If only time domain results are desired, the program TLM scart can be altered so
that results are printed at each time step at each output point. The portion of the pro-
gram that performs the Fourier transformations can be deleted. A program of this type -
was used to generate the results displayed in Figures 5.8 to 5.14. In general the
response of a scatterer to an arbitrary time domain signal can be accurately deter-
mined, as long as the frequency content of the signal is such that velocity error does

not significantly affect the time domain results.

Two methods can be used if the response in the frequency domain is required.
The first method is to apply a sinusoidal incident field to excite only a single fre-
quency and run the time domain simulation until a near steady state condition is

reached. If multiple frequency points are required the entire simulation must be
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performed multiple times. This scheme has been used extensively by Taflove and
Umashankar [4],[5]. As mentioned in Chapter 4 (section 3.4) this method is very
inefficient because of the large amount of cpu time required to perform a single TLM
or FD-TD simulation. A far more efficient method is to excite the scatterer with a time
domain signal which contains a wide range of frequencies and then, through the use of
Fourier transformations calculate frequency domain results. This method is much more
efficient because only a single TLM simulation is required and frequency domain

results over a potentially wide bandwidth can be obtained.

The response of a scatterer over a wide bandwidth can be obtained if a pure
impulse is used as excitation and Fourier transforms are performed at the output
points. However, a pure impulse contains equal content of all frequencies from zero to
infinity, and as a result, is dispersed significantly by the mesh (which is non-dispersive
at only low frequencies). Because of the dispersion, a large number of iterations are
required to obtain convergent frequency domain results. A Hanning window can be
used to filter the time domain response while performing the Fourier transformations
[32]. This decreases the number of iterations required to obtain convergent frequency

domain results.

Another method of obtaining frequency domain results over a large bandwidth is
to use a smoothly varying time domain signal (i.e, one that is not excessively
dispersed by the mesh) that has sufficient frequency content over a wide bandwidth. A
gaussian pulse satisfies the above criteria. Zhang and Mei [66] have discussed the use
of a gaussian pulse to excite FD-TD meshes used to simulate microstrip structures.
Defining the pulse width, T to be the distance between two symmetric points which
are 5% of the maximum value, Zhang and Mei have determined a relationship between
the pulse width and maximum frequency for which sufficient frequency content exists.

A gaussian pulse travelling in the positive x direction at a time ¢ has the following
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form

exp (5.2)

where v is the velocity through the medium (1/¥2 in an unloaded mesh of shunt
nodes) and the pulse has its maximum at x=x,, when t=t,. A property of a gaussian
pulse is its form is invariant with respect to Fourier transformation. The Fourier

transform of (5.2) in the frequency domain has the form
exp [—Tcsz fz] (5.3)

Consider a system §, with impulse response 4, (z). The response of S to a sinusoidal

signal with frequency , is given by

H)=F {h (z‘)} (5.4)

where F() denotes the Fourier transform. If S is excited by a signal x(¢) the time

domain response is given by

r(t)=h()* x(@) (5.5)
where * denotes convolution. The frequency domain response R (@) is given by

R(w) = H(w) X (w) (5.6)

where R (®), and X (w) are the Fourier transforms of r(¢) and x(z) respectively. If a
gaussian pulse is used in a TLM simulation, the response of the scatterer at a particu-
lar frequency ®, can be determined from

B R(w,)
X (0,)

H(®,) (5.7)

where R (w,) is the Fourier transform of the response obtained at a particular point on
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S”, and X (w,) is the frequency content of the gaussian pulse at a frequency ©,.
Therefore the pulse width must be chosen such that the response H(w,) can be accu-
rately determined over the desired bandwidth. Numerical experiments have indicated
that a pulse width of 15A/ yields sufficient frequency content (=5% of the pulse con-

tent at @=0) up to a normalized frequency of Al//A=0.10.

Flowchart of TLM_scatt

The use of TLM and similar methods require large amounts of memory and cpu
time. Therefore it is important to take advantage of any situations in which either cpu
time or memory storage requirements can be reduced. The simulations considered in
this thesis have typically 120 output points, 20 frequency points, and require = 500
iterations to obtain convergent frequency domain results. Before a flowchart of the
program TLM_scart is discussed consider the flowchart of a simple TLM program
shown in Figure 5.15(a). Note that in this configuration of a TLM program, the

impulse response at each iteration step, and at each output point, would require
120(output points ) x 500(iteration steps ) x (4x1073 kbytes Ireal number)
= 240 kbyres

which is more than the amount of memory storage requirements for an entire 80 by 80

mesh.
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read input file

read input file

apply intial conditions apply intial conditions
perform boundary operations perform boundary operations
[ [
scatter and transfer impulses scatter and transfer impulses
throughout the mesh throughout the mesh
\ I 4 ]
store impulse response perform partial Fourier
at output points transforms at output points
I |

——"{finished iterations ?) L—{(fwished iterations 7)

yes

yes
perform Fourier transforms M
at output points

(@ (b)

Figure 5.15: (a) Flowchart of a typical TLM program. Impulse responses at all
output points are stored and Fourier transforms are performed after the itera-
tions are complete. (b) Flowchart of a modified TLM program. Fourier
transforms are performed during the iteration process, partial transforms are
stored for each frequency point at all outpur points.

The real and imaginary parts of the frequency domain response R at a frequency

Al/A aré calculated from

N Al
Re\R@AIA) (=37, cos(ZTEnT)

n=1

(5.8a)
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A

N
Im {R (AL/N) }= Y. r,sin(2nn kl ) (5.8b)

n=1

where § is the number of iterations, and r, is the value of the time domain response r
at iteration step n. Expressions (5.8a) and (5.8b) do not require that the iteration pro-
cess be complete before the summations are started. Therefore at an iteration step n a
portion of the summation can be performed. Usually, the output frequencies are
known prior to starting the iteration process, therefore each step in the summation can
be performed at each iteration step. This procedure does not require that the response
at each iteration step for each output point be stored. The partial Fourier transforma-
tions at each frequency point for each output point must be stored. For the type of
simulations considered in this thesis, the number of frequency points is much less than
the number of iteration steps and therefore, the storage required for output points can
be significantly reduced. In the typical TLM simulation considered above, the total
storage required for output points if Fourier transformations are performed on the fly

would be,
120(output points ) x 20(output frequencies ) x
2(real and imaginary parts ) x(4x1073 kbytes /real number)
= 38.4 kbytes

only 15% of the memory required if the time domain responses are stored. A
significant reduction in memory storage has been achieved by this simple
reconfiguration of a TLM program. In addition, this method makes the program
independent of the number of iterations, and lends itself well to implementation of an
automated scheme to terminate the iteration process once the Fourier transforms have
converged to within a given range. A flowchart of the altered scheme is shown in Fig-

ure 5.15(b).
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Figure 5.16: Flowchart of TLM scar.

Validation and Testing

A flowchart of the program TLM scart is shown in Figure 5.16. The program

incorporates all the features discused in this thesis:

1)  excitation using a gaussian pulse,
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2)  use of a simultaneous simulation to generate an accurate incident field,

3)  separation of total and scattered fields, and application of the incident field along

the contour C,

4) second order space time extrapolation absorbing boundary conditions applied to

the boundaries of the scattered field region, and

5)  Fourier transforms performed on the fly to reduce memory storage requirements.

Output from TLM_scart consists of frequency domain scattered near fields along the

contour S”.

5.3.2. Calculation of Scattered Far Field Patterns

The programs scan and Near_to_Far are used to calculate the scattered far field

patterns from the scattered near fields on the contour S”.

scan:

The program scan is used to search through the TLM scart output file and indivi-
dually group the scattered near field results at each frequency. An input file for scan .
contains the name of the TLM_scait output file to be searched and the frequency points
at which the near scattered fields are desired. Separate fields are produced for each

selected frequency.

Near_to_Far:

This program reads an output file from scan and calculates the scattered far field
patterns using the frequency domain near-to-far field transformation discussed in

Chapter 4 (section 3.2). Recall that the electric field E, at a point (p,0) in the far field
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is calculated using

E}=—joud, + jk (F cos¢—F, sind) 5.9
where,
A (p,0) = ~8—\/_-=—k—'[ J (p ") Jkpcos(0~0 Yds' (5.10a)
and
= e ik p'cos(9—0"
Fx,y (X)) W". My (p )ej )dS (5.10b)

The equivalent currents J7 and My, are known at discrete points on the contour .
Therefore the integrals in expressions (5.10) must be approximated. Near_to_Far uses
third order gauss quadrature integration to approximate the integrals. The integrations
are performed in a style similar to what would be found in a Boundary Element
Method program. The equivalent currents at adjacent groups of three nodes are
expanded into a quadratic function through the use of expansion functions [67]. This
method is superior to pulse and trapezoidal integration scheme and lends itself well to

implementation in a structured computer program.

The radar cross section (RCS) of a scatterer is defined as,

2
E’(p.9)

RCS =2mp i

(5.11)

where E°(p,0) is calculated from (5.9) and E' is the strength of the incident field. A
convenient quantity that can be calculated is the square root of the radar cross section
divided by the wavelength of the incident plane wave (m). This quantity is cal-
culated by Near_to_far at various observation angles ¢ and the results at a particular

frequency are written to an output file.
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Results

In this chapter, the programs described in this thesis are applied to several two
dimensional TM scattering problems. Sections 1, 2 and 3 examine the perfectly con-
ducting square cylinder, the perfectly conducting circular cylinder, and a perfectly con-
ducting thin strip, respectively. In each section, frequency domain scattered far field
patterns are calculated over a wide bandwidth. To assess the accuracy of the TLM
results a benchmark solution is presented in each section. The problems considered in
this thesis have been examined extensively by many authors [1]. The solutions to the
problems are not of great importance, but the application of the TLM method to these
types of problems is important. By solving problems which have well known solutions
(or well known solution techniques) the accuracy of the TLM solutions to these types

of problems can be established.

6.1. Perfectly Conducting Rectangular Cylinder

The first scatterer examined is the perfectly conducting square cylinder. The mesh
used to simulate this problem is shown in Figure 6.1. A square cylinder with radius
a =15.5Al is placed in the centre of a 70Al by 70A/ mesh. The contour C, which
separates the total and scattered field regions, is located 3A/ from the surface of the
scatter, and the contour §’, along which the near-to-far field transformation 1S per-
formed, is located 3A/ from the contour C. Various output frequencies are selected

within the range 0.000726 <A//A <0.726, which corresponds to a range in the electrical
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size of the scatter from 0.0225% to 2.25\. Usually in scattering simulations the electri-
cal size of the scatter is expressed as the product ka, where & is the wavenumber of
the incident field (given by 2n/A), and @ is the radius of the scatter. The above fre-
quency range corresponds to a range in ka of 0.1 to 10. A plane wave travelling in the

negative x direction (from x=eo) is used to excite the cylinder.

Field distributions in the simulation space, displayed at time intervals of 10At, are
provided in Appendix A.l. These distributions provide a good physical description of
the problem at hand, however, they are not useful in establishing the accuracy of the

simulations. For this reason they are not included in the main body of this thesis.

|
|
\\\\Q I
& \155/313 3A1'3A1: 0

' |
NN
| &\\\ R

R

Figure 6.1: Simulation space used to analyze a perfectly conducting square
cylinder.

To assess the accuracy of the TLM results for this geometry, a Boundary Element

Method (BEM) program was written. BEM is a well established frequency domain
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integral equation method that has been used extensively to solve electromagnetic field
problems [68],[69], [70], and [71]. The program is capable of analyzing arbitrarily
shaped perfectly conducting objects illuminated by either a plane wave or a line

source. Features of the program include:

1) isoparametric quadratic elements - to accurately model curved surfaces and

expand the current distribution as a quadratic function [67],

2) Galerkin’s method (i.e., expansion and testing functions are the same) - to ensure

convergence of the solution,
3) addition/subtraction method is used to evaluate the self element terms [71],
4)  Gauss-Quadrature integration used to calculate numerical integrations, and

5) variable element sizes are permitted to allow concentration of elements in regions
containing rapid changes in the current and field distributions (such as near the

corners of the square cylinder).

The accuracy of the prograin was established by analyzing a circular cylinder and
comparing the results with the analytical solution, and also by analyzing rectangular

cylinders and comparing results with previously published numerical results.

The frequency domain scattered far field patterns, calculated from the simulation
of Figure 6.1, are compared to the BEM results at various frequencies in Figures 6.2 to
6.9. Polar plots for ka=0.8 and ka=6.0 are provided in Figures 6.10 and 6.11, respec-
tively. The polar plots provide physical insight into the scattered field produced by the
rectangular cylinder, however they do not provide a good view of the differences
between the BEM and TLM results over all observation angles. For this reason most
of the data is plotted in rectangular coordinates. Since the incident plane wave
approaches the cylinder from x=eo, 6=0° and 6=180° correspond to back scattering

and forward scattering, respectively.
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Figure 6.2: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=0.2.
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Figure 6.3: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=0.4.
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Figure 6.4: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=0.6.
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Figure 6.5: Frequency domain scattered far field patern Jfor a perfectly con-
ducting square cylinder, ka=0.8.
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Figure 6.6: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=4.0.
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Figure 6.7: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=6.0.
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Figure 6.8: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=8.0.
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Figure 6.9: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=10.0. *
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Figure 6.10: Frequency domain scattered far field pattern Jfor a perfectly con-
ducting square cylinder, ka=0.8 (polar coordinates).
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Figure 6.11: Frequency domain scattered far field pattern for a perfectly con-
ducting square cylinder, ka=6.0 (polar coordinates).
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As mentioned in the introduction, one of the goals of this thesis is to obtain fre-
quency domain results over a wide bandwidth, from a single TLM simulation. The
results in Figures 6.2 to 6.11 indicate good agreement between the BEM and TLM
results for most frequencies displayed. Before examining the frequency domain results
in more detail, the upper and lower frequency limits of the bandwidth of accuracy are

discussed.

First consider the upper frequency limit, above which accuracy may be dimin-
ished. Typically, when applying numerical methods to electromagnetic field problems,
a spatial discretization of 10 to 15 sampling points per wavelength is required. In a
TLM simulation, velocity and coarseness errors (see Chapter 2 section 3) begin to
affect the accuracy of results at frequencies corresponding to a normalized frequency
Al/A=0.1 (which corresponds to a spatial discretization of 10 points per wavelength).
The observations noted above indicate that a reasonable upper limit of accuracy for the
discretization of Figure. 6.1 is between ka=8 and 10. Note that the discretization and
layout of the scatterer in the mesh determines the upper frequency limit. Therefore,
accurate results at high frequencies can be obtained if the size of the scatterer and

simulation space (in A/) are made sufficiently large, at the expense of cpu time.

In typical TLM simulations there is no lower bound on the frequencies at which -
accurate results are obtained. However, for the TLM simulations considered in this
thesis, the absorbing boundary conditions will cause errors at low frequencies and
therefore determine the lower frequency limit of accuracy. The errors introduced by
the absorbing boundary conditions will affect results at all frequencies, but, the effects
on low frequency results is more severe than at high frequencies. In the mesh of Fig-
ure 6.1 the distance from the scatterer to the absorbing boundary is 20A/. The frequen-
cies at which near fields are calculated, range from Al/A=0.0007 to 0.0870,

corresponding to a range in electrical distance from 0.0141A to 1.41\. Any small
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errors introduced by the absorbing boundary conditions will affect the interaction of
the fields surrounding the scatterer. Since at low frequencies this distance is electrically
small (only a thousandth of a wavelength), the effects are more pronounced than at
higher frequencies. Quantitative analysis of the absorbing boundary conditions has not
been performed to determine the frequency content of the errors introduced by them,

however, this could be a topic of future research.

From the discussion above, it is expected that accurate results will be obtained
across a bandwidth (called the bandwidth of accuracy) which has an upper limit related
to the discretization of the scatterer, and has a lower limit related to the accuracy of
the absorbing boundary conditions. To examine frequency domain results in more
detail, an error norm is used to examine the differences between the BEM and TLM
results at each output frequency. For this particular application, the error norm would
be more appropriately discussed as a difference norm, since the TLM results are being
compared to other numerical results, and not an analytical solution. Since an analytical
- solution to the problem does not exist, and the Boundary Element method is recog-
nized as an accurate method of analyzing scattering problems (results should be within
a few percent of the exact solution), the differences between the TLM and BEM

results are considered to be errors. The error norm used is defined by,

RCS1rp (0;) = RCSppps (0;)

1 N
E=— 6.1
N El RCSpry (9;) 1)

where N =180, and ¢; ranges from 0° to 180°. The application of (6.1) should provide
a general information regarding the accuracy of the TLM results over all observation
angles. An error norm of 0.01 would correspond to a one percent difference between

TLM and BEM results over all ¢;.

In Figure 6.12 the error norm is plotted as a function of ka over a range ka=0.1

to 10. Note, at low frequencies, ka<0.5, the difference between the two curves
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increases very quickly. This indicates that the low frequency bound (determined by the
absorbing boundary condition) is very sharp. In a practical situation, care must be
taken to ensure output frequencies are above the lower frequency limit, or significant
errors will result. As ka increases the error norm increases to a value of 0.05 for
ka=10. If an error norm of 0.05 (approximately 5% accuracy over all observation
points) is considered to be acceptable, the bandwidth of accuracy ranges from ka=0.3
to 10. If an error norm of 0.03 is considered to be acceptable, the bandwidth of accu-

racy ranges from ka=0.3 to 8.

0.16 _‘. ............................................................

—Difl _BEM_TLM E_norm] :

0.08

Error Norm

0.04

0.00 : : : —
0.10 257 5.05 7,52 10.00
ka

Figure 6.12: Error norm versus ka for a perfectly conducting square cylinder.

To illustrate the need for accurate absorbing boundary conditions, the simulation
of Figure 6.1 was run using first order (p=1) conditions to truncate the scattered field
region. Results of the error norm versus frequency for this simulation are provided in
Figure 6.13. For this case if an error norm of 0.05 is considered acceptable, only the

frequency points ka=2 and 4 are close to the acceptable level of accuracy, and there is
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no significant bandwidth of accuracy. In addition, the low frequency bound at which a
sharp increase in the error norm is noticed, occurs at approximately ka=1.5. Compar-

ing the error norms of Figure 6.12 and 6.13 illustrates the need for using accurate

absorbing boundary conditions.

[— Df_BEM_TLM_p=1 E_norm| :

0.08

Error Norm

0.04

0.00 : : :
0.10 257 5.05 752 10.00
ka

Figure 6.13: Error norm versus ka for a perfectly conducting square cylinder,
with first order boundary conditions used to truncate the scartered Jield region.

The bandwidth of accuracy can be increased further by implementing stable third
order (or higher) absorbing boundary conditions. This would improve the accuracy of
the TLM results across the entire frequency range, but would have the greatest affect
at the low end of the bandwidth of accuracy. By increasing the bandwidth of accuracy,

the efficiency of the TLM method to analyzing scattering problems also increases.
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6.2. Perfectly Conducting Circular Cylinder

The second scatterer considered is the perfectly conducting circular cylinder. The
mesh used to simulate this problem is shown in Figure 6.14. A circular cylinder with
radius @ =15.5A/ is placed in the centre of a 70A/ by 70Al mesh. The rectangular
contour C, which separates the total and scattered field regions, is located 3A! from
the surface of the scatter, and the rectangular contour S’, along which the near-to-far
field transformation is performed, is located 3A/ from C. Note that §” is located in the
same position as for the mesh used to analyze the square cylinder. By utilizing the
near-to-far field transformation rather than the surface current-to-far field transforma-
tion, the surface S” is independent of the shape of the cylinder and as a result the pro-
gram is more flexible. Scattered far field patterns are calculated over the same fre-
quency range as considered in the previous section (ka=0.1 to 10). A plane wave

travelling in the negative x direction (from x=eo) is used to excite the cylinder.

Figure 6.14: Simulation space used to analyze a perfectly conducting circular
cylinder.
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The field distributions in the simulation space, displayed at time intervals of

10Az, are provided in Appendix A.2.

To assess the accuracy of the TLM results for this geometry, an analytical solu-
tion is used. The analytical solution for a perfectly conducting circular cylinder
illuminated by an E polarized plane wave can be found in [72]. The magnitude of

VRCS /A is proportional to,

VRCS n Jntka)
— o - Z g, 1)t —— H(l)(k ) cosn ¢ (6.2)

where €, =1, for n=0 and 2 for n21, J, is the n** order Bessel function of the first

kind, and H,(" is the n™ order Hankel function of the first kind.

The frequency domain scattered far field patterns, calculated from the simulation
of Figure 6.14, are compared to the analytic results at various frequencies in Figures
6.15 to 6.22. Polar plots for ka=0.8 and ka=6.0 are provided in Figures 6.23 and
6.24, respectively. In the Figures, 6=0° and 6=180° correspond to back scattering

and forward scattering, respectively.
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Figure 6.15: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=0.2.
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Figure 6.16: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=04. .

143



Chapter 6 Results

— Anal_ka=0.8 RCS |
——TLM ka=0.8 RCS|!

0.00 T T T ]
0.00 90.00 180.00 270.00 360.00
theta (degrees)

Figure 6.17: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=0.6.
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Figure 6.18: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=0.8.
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Figure 6.19: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=4.0.
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Figure 6.20: Frequency domain scattered Jar field pattern for a perfectly con-
ducting circular cylinder, ka=6.0. '
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Figure 6.21: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=8.0.
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Figure 6.22: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=10.0.
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Figure 6.23: Frequency domain scartered far field pattern for a perfectly con-
ducting circular cylinder, ka=0.8 (polar coordinates).

— Anal_ka=6.0 RCS
——TLM_ka=6.0 RCS
90.00 =

L,

180.00 0.00

225.00 T ......

1 sqrt(RCS)/lambda
270.00 theta (degrees)

Figure 6.24: Frequency domain scattered far field pattern for a perfectly con-
ducting circular cylinder, ka=6.0 (polar coordinates).
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The results of Figures 6.15 to 6.24 indicate good agreement between the analyti-
cal solution and TLM results for most frequencies shown. Recall from Chapter 2 (sec-
tion 2.2) that curved boundaries must be modelled in a step wise fashion and cause
errors at high frequencies. The errors caused by the rectangularization of the circular
shape are expected at frequencies in the upper range of the bandwidth of accuracy,
because the wavelength of the incident field is able to resolve the non-circular shape.

These errors will reduce the upper limit of the bandwidth of accuracy.

The error norm defined in (6.1) can be used to provide an indication of the accu-
racy of the TLM results over the entire frequency range considered. In Figure 6.25, a
plot of the error norm versus ka is displayed. Again, as was the case for the perfectly
conducting square cylinder, the accuracy of the TLM results decreases rapidly for
ka<0.3. As ka increases the error norm increases to a value of approximately 0.05 at
ka=9 and 10. Comparing Figures 6.25 and 6.12, indicates that the TLM results for the
circular cylinder are not as accurate as the TLM results for the rectangular cylinder
near the upper range of the bandwidth of accuracy. A probable cause for this error is
the rectangularization of the circular shape in the mesh. If an error norm of 0.05
(approximately 5% accuracy over all observation points) is considered to be accept-
able, the bandwidth of accuracy ranges from ka=0.3 to 10. If an error norm of 0.03 is

considered to be acceptable, the bandwidth of accuracy ranges from ka=0.3 to 6.
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Figure 6.25: Error norm versus ka for a perfectly conducting circular cylinder.

Inspection of the frequency domain scattered far field patterns for both the square
and circular cylinders, indicates that errors in the TLM results are more noticeable near
0=0° (which corresponds to back scattering). A possible explanation for this is that
the errors introduced by the absorbing boundary conditions affect results at output
points located on the incident side of the cylinder more than results at output points on
the opposite side of the cylinder. Non-physical reflections caused by the absorbing
boundary conditions will reach the output points on the incident side of the cylinder
before reaching any other output points. While the incident pulse may still be interact-
ing with the scatter, the reflections will interfere with the field distributions at the out-

put points.
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6.3. Perfectly Conducting Thin Strip

The third class of scatterer considered is a perfectly conducting thin strip. The
mesh used to simulate this problem is shown in Figure 6.26. The length of the con-
ducting strip is 30A/ and the object is placed in the centre of a 70A! by 70A! mesh.
The locations of the contours C and §” are the same as in the two previous cases. A
plane wave travelling in the negative x direction (from x=e0) is used to excite the
cylinder. To simulation space shown in Figure 6.26 corresponds to exciting the strip
with broadside incidence. To analyze the strip for the case of edge incidence (i.e., the
strip in Figure 6.26 rotated by 90°), an additional simulation was run. If an integral
equation technique such as the MoM or BEM was used, it is possible to obtain solu-
tions for arbitrary angles of incidence from a single solution with minimal extra effort.
The comparison .of the efficiency of using TLM versus BEM for scattering simulations

is discussed in the next section.

¢=O

Figure 6.26: Simulation space used to analyze a perfectly conducting thin strip
for broadside incidence.
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The field distributions in the simulation space, displayed at time intervals of

10At, are provided in Appendix A.3.

To assess the accuracy of the TLM results, comparisons are made to an analytical
solution formulated by Elsherbini and Hamid [73]. The frequency domain scattered
far field patterns, calculated from the simulation of Figure 6.26, are compared to the
results from [73] for ka=1 and 5 in Figures 6.27 and 6.28, respectively. In the two
figures, the solid curves represent the TLM results, and the encircled data points
represent data taken from [73]. Good agreement between the two sets of data is

observed at both frequencies.

The mesh of Figure 6.26 was altered to examine the case of edge incidence. Fig-
ures 6.29 and 6.30, compare TLM results to data taken from [73] at ka=1 and 5.

Again good agreement between the two sets of data is observed at both frequencies.
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Figure 6.27: Comparison of TLM results and data Jrom [73] for the case of a
perfectly conducting thin strip with broadside incidence Jor ka=1.0.
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Figure 6.28: Comparison of TLM results and data from [73] for the case of a
perfectly conducting thin stwrip with broadside incidence for ka=5.0.
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Figure 6.29: Comparison of TLM results and data from [73] for the case of a
perfectly conducting thin strip with edge incidence for ka=1.0.

2.10
O
S
0
&
O
~
N
W
@)
el
N’
ot
| -
o
D)
0.00 I T I
0.00 90.00 180.00 270.00 360.00
theta

Figure 6.30: Comparison of TLM results and data from [73] for the case of a
perfectly conducting thin strip with edge incidence for ka=5.0.
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6.4. Accuracy and Efficiency of TLM Scattering Simulations

In sections 6.1, 6.2, and 6.3, TLM results were presented for three different
scatterers and in each section comparisons to a benchmark solution were provided. In
this section the accuracy and efficiency of using the TLM method to solve scattering
problems is discussed. In the following section, the use of pulse excitation and Fourier
transformation to obtain frequency domain results is compared to previous formula-
tions which use sinusoidal excitation of the simulation space. In section 6.4.2, the

efficiency of the TLM method is compared to integral equation techniques.

6.4.1. Comparison of Pulse and Sinusoidal Excitation

Before a general discussion regarding the efficiency of the TLM program used in
this thesis is presented, the accuracy of the TLM results should be discussed. Taflove
and Umashankar report that for two dimensional simulations, their FD-TD programs
yield far field patterns (for the same class of objects considered in this thesis) to be
within £2.5% of values predicted by MoM programs [5]. The results provided in the
references are at frequencies which correspond to ka=0.6 and ka=1.0. The accuracy
of the FD-TD results using sinusoidal excitation over the frequency range considered
here has not been reported. The size of simulation spaces used in [5] are roughly the
same as those used in sections 6.1, 6.2, and 6.3. In Figure 6.31, TLM far field patterns
for a perfectly conducting square cylinder are compared to BEM results for ka=0.6
and 1.0. The results in the figure indicate that TLM results agree with BEM results to
within £2.5%, and therefore, using pulse excitation and Fourier transformation will be

considered to yield results of the same accuracy as using sinusoidal excitation.
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Figure 6.31: Comparison of TLM and BEM Jar field parterns for a perfectly
conducting square cylinder, for ka= 0.6 and 1.0.

For the TLM simulations, if an error norm of 0.03 is considered acceptable, the
bandwidth of accuracy corresponds to a range from ka=0.3 to 8 (for the square
cylinder) and ka=0.3 to 6 (for the circular cylinder). To increase the efficiency of the
TLM simulations, the bandwidth of accuracy should be extended. Two methods can be
used to extend the bandwidth of accuracy. The first method is to increase the accuracy
of the algorithm, and therefore increasing the accuracy of results over all frequencies.
This would lower the error norm values at all frequencies and increase the range of
frequencies which fall within the acceptable level of accuracy. The second is to use
multiple simulations of the program used in this thesis over continuous frequency

ranges.

To increase the accuracy of the algorithm, stable-higher order absorbing boundary

conditions could be implemented, such as those reported in [49]. Another improvement
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would be to use a graded mesh scheme which has been developed for use with the
TLM method [33],[34],[35]. A graded mesh can be used to increase the density of
nodes near the corners or edges of scatterers (useful for the square or strip scatterers)

or, to obtain a finer discretization of curved surfaces (useful for the circular cylinder).

Another method to increase the bandwidth of accuracy would be to use multiple
simulations to calculate the scattered fields over different, but continuous frequency
ranges. The simulation space used in section 6.1, 6.2, and 6.3 is characterized as
discretizing the scatterer to have a radius of approximately 15A/, and the distance from
the scatterer to the absorbing boundary condition to be approximately 20A/. This simu-
lation space yielded acceptable results over the range ka=0.3 to ka=6. In section 6.1,
the lower limit of the bandwidth of accuracy was determined to be a function of the
electrical distance from the scatterer to the absorbing boundary condition. To decrease
this lower limit, an additional simulation could be run with the distance (in Al) from
the scatterer to the absorbing boundary condition increased. This additional simulation
could be used to yield results for ka=0.05 to 0.5. The upper limit of the bandwidth of
accuracy was determined to be limited by the size of the cylinder in A/. Therefore to
increase the upper limit of the bandwidth of accuracy, an additional simulation could
be run using a finer discretization of the scatterer, and also a corresponding increase in
the distance from the scatterer to the absorbing boundary condition, to keep this electr-
ical distance constant. This simulation could yield accurate results over a range ka=6.0
to 20.

To obtain more information regarding the limits of the bandwidth of accuracy,
sensitivity analysis could be performed using the various parameters (such as the
electrical distance from scatterer to absorbing boundary condition, and the size of the
scatterer in absolute size, Al). This type of study would be computer resource inten-

sive, but useful in establishing guidelines for obtaining accurate results over wide
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frequency ranges.

Taflove and Umashankar [4],[5] have developed general two and three dimen-
sional FD-TD programs to analyze scattering problems. The program developed in
this thesis is fundamentally equivalent to the two dimensional program of Taflove and
Umashankar in that the simulation space is separated into total and scattered field
regions, and near fields are transformed to obtain scattered far field patterns. A
significant difference between the approach used here and that of Taflove and
Umashankar is that a gaussian pulse is used to excite the scatterer in the present pro-
gram, and a single frequency sinusoidal wave is used by Taflove and Umashankar to
provide excitation. The results given in sections 6.1, 6.2, and 6.3 were obtained from a
single TLM simulation using pulse excitation and Fourier transforms, while Taflove
and Umashankar’s program would require re-execution for each frequency selected.
Taflove and Umashankar note that although the cpu time required for a simulation
using a pulse to excite the scatterer requires the same amount of time as for sinusoidal

excitation, they choose sinusoidal excitation for two reasons [4].

The first reason is that a pulse is dispersed as it travels through the mesh and pro-
duces numerical noise which must be filtered before Fourier transformation. To correct
some of the errors caused by dispersion, and increase the rate of convergence of the
Fourier transformations, a Hanning window could be used [32]. Implementation of the
Hanning window requires no additional memory storage, and minimal additional com-
putation,

The second reason Taflove and Umashankar provide for using single frequency
excitation is that the Fourier transformations would add significantly to the total
requirements for computer storage and cpu time. In Chapter 5 (section 5.3.1) a
reconfiguration of the basic TLM algorithm was presented which allows partial compu-

tation of Fourier transformations at each iteration step for all frequencies. The
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reconfigured program, reduced the memory requirements to a fraction of the storage
required by the mesh itself. As well, the cpu time required to perform the Fourier
transformations is minimal when compared to the cpu time required for the field simu-
lation itself. Therefore, the cpu time for a TLM simulation increases only slightly as

the number of frequency points is increased.

Zhang et al [65],[66] have applied the FD-TD method to the calculation of fre-
quency dependent propagation characteristics of microstrip structures. They note that
time domain numerical methods have been applied to the analysis of microstrip struc-
tures in the past, however when pulse excitation is used, only qualitative results are
provided. If frequency domain data is required, investigators switch to sinusoidal exci-
tation, which compromises the advantage of using a time domain approach [65].
Zhang et al state that Fourier transformation of time domain results are very sensitive
to errors, such as those caused by absorbing boundary conditions, and conclude that
this may be the reason why many investigators mysteriously reverted to sinusoidal sig-
nals while it seems obvious that a pulse in the time domain could have been used to
advantage [65]. The dependence of the accuracy of the frequency domain far field
patterns on the accuracy of the absorbing boundary conditions was noted in section 6.1
(Figure 6.13). Therefore, although the results in Chapter 5 indicate the second order
boundary conditions perform well, derivation of stable and accurate third order condi-
tions for use with TLM simulations is essential to increasing the accuracy of the simu-
lations.

For the reasons stated above, the TLM scattering program presented in this thesis
is potentially more efficient than that of Taflove and Umashanker because wide band
frequency domain results can be obtained for a single simulation. However, the accu-
racy of the wide band data must be of the same order as that obtained from using

sinusoidal excitation. Traditionally, one of the advantages of using the TLM method
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has been the large amount of information available from a single simulation [7].
Therefore, exciting the mesh with a sinusoidal incident field eliminates one of the

implicit advantages of the method.

6.4.2. Comparison of the Efficiency of TLM and Integral Equation Methods

This section compares the efficiency of the TLM and integral equation methods
for analyzing scattering problems. Before a comparison of the cpu times required by
the two methods is discussed, a brief review of integral equation techniques for solving
scattering problems is presented. In general, integral equation techniques apply approx-
imation to the governing integral equations (the electric field integral equation (EFIE)
for perfectly conducting scatterers [1]), by discretizing the surfaces of the scatterer and
the interfaces between different media. The integral equation is reduced to a matrix

equation of the form,
Ax =b (6.3)

where A is the system matrix (geometry dependent, but excitation independent), x is
the vector of unknown currents on the surfaces and interfaces, and b is the excitation
vector (geometry dependent and excitation dependent). After the problem has been
discretized, and the system matrix and excitation vector are filled, the solution is

obtained through inversion of A,
x=A"1p 6.4)

Note that if the same scatterer is examined under different excitation conditions (i.e.,
different angles of incidence for plane wave excitation, or a line source at different
spatial locations), the system matrix A does not change. Therefore for each change in
excitation, only the excitation vector b requires re-calculation, and the new solution is
obtained by pre-multiplying b by AL The cpu time required to re-calculate b and

premultiply by A7, is insignificant when compared to the original cpu time required to
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fill and invert A. This is a significant advantage that integral equation techniques pos-
sess, when compared to techniques such as the TLM method. For each change in exci-
tation, the entire TLM simulation must be re-calculated (as noticed for the case of the

conducting strip for edge and broadside incidence).

An advantage that TLM and FD-TD methods possess over integral equation tech-
niques is the simplicity of the programs and ability to model scatterers with complex
media properties. In TLM simulations (see Chapter 2 section 2.1.4) media properties
are specified by loading the nodes of the matrix with open circuit and match ter-
minated transmission line stubs. The TLM algorithm is basically the same for arbitrary
media properties, and therefore the material properties of the scatterer can be specified
in an input file and a general program can be written capable of analyzing arbitrary
scatterers. Typically the effort required to write an efficient BEM program is
significantly more than that required to write a basic TLM program. As well, to model
different classes of scatterers (perfectly conducting, dielectric, dielectric/perfectly con-
ducting) reformulation of the entire BEM program is required, while a basic TLM pro-

gram can be used to model problems with arbitrary media properties.

In addition, the discretization of the problem and memory storage requirements
are independent of changes in the media properties of the scatterer for the TLM
method. A program based on integral equations requires additional memory storage as
the material properties of the scatterer increases because all surfaces and media inter-
faces require discretization. Taflove and Umashankar [4] have argued that the
efficiency of their FD-TD program, in terms of memory storage and cpu time
approaches that of a MoM program as the complexity of the scatterer increases.
Therefore, TLM and FD-TD programs should be ideally suited to analyzing scatters
with complex media properties. As well, since the program developed in this thesis

can be considered to be more efficient than Taflove and Umashankar’s two
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dimensional program, one can conclude that the efficiency of the TLM program
developed in this thesis should easily exceed that of a MoM program for scatterers
with complex material properties, and approach that of MoM programs for scatterers

with simple geometries.

As well, as the electrical size of the scatterer is increased the TLM and FD-TD
methods require less memory storage, and can be applied without concern of system
matrix stability or truncation error in computationally expensive methods of solving
matrix equations. Taflove and Umashankar have applied their FD-TD programs to
electrically large three dimensional scatterers, having an electrical size kd=60 [74]
(where d is the diameter of the scatterer). A discretization of A/=0.1\ was used, and
for this relatively coarse discretization, results were obtained with an accuracy of
11.0dB (with respect to measurements) over a 40dB dynamic range of radar cross
section values. Memory requirements for the FD-TD simulations were reported to be
in the range of 6 Mbytes. For a surface patch MoM program with acceptable discreti-
zation, memory requirements were quoted [74] as being in the range of 900 Mbytes, a

computationally restrictive number.

The scatterers considered in this thesis are simple objects with well known solu-
tions. These objects were chosen to establish the accuracy of the TLM method. These
types of geometries are handled efficiently by integral equation techniques. The per-
fectly conducting square cylinder of Figure 6.1 was selected as a test case to compare

TLM and BEM cpu time requirements.

In Figure 6.32, the cpu time required by the TLM and BEM programs is plotted
as a function of the number of output frequencies. The results indicate that if only one
frequency point is selected, the BEM program is more economical than the TLM pro-
grams. However, as the number of output frequencies is increased, the Cpu time

required by the BEM program increases directly with N as
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cpu timeppy (N freq points)=N X cpu timegg, (single freq point) (6.5)

The cpu time required by the TLM program increases only slightly with N, and after
approximately seven frequency points it is more economical to use the TLM method.
Note that the number seven is specific to this particular problem. As the scatterers
become more complicated in shape and material properties this number would
decrease. The curves in Figure 6.32 indicate that computational economies of scale
are achieved by using the TLM method. The extra cost of calculating results at each

additional frequency point does not add significantly to the total Cpu time require-

ments.
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Figure 6.32: cpu time required by the TLM and BEM programs versus the
number of output frequency points.
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Conclusions and Future Research

7.1. Conclusions

The TLM method is a numerical technique for simulating electromagnetic fields
in space and time [6]. The method is based on lumped element modelling of
Maxwell’s equations and provides a general algorithm for the simulation of wave pro-
pagation in arbitrary media [21]. Typically, integral equation techniques require
significantly different formulations for different classes of scatterers (perfectly conduct-
ing, dielectric, perfectly conducting/dielectric), but due to the simplicity of the TLM
propagation model, general purpose TLM programs can be written with minimal effort
and handle general problems with arbitrary media properties. The TLM method has
been extensively applied to the analysis of closed structures such as waveguides and
finlines [7]. This thesis has investigated the application of the TLM method to two
dimensional scattering problems. Note that some of the developments made in this
thesis are not restricted to scattering problems and can be applied to TLM modelling
of open region problems in general.

The configuration of the simulation space is equivalent to that used by Taflove
and Umashankar in FD-TD scattering simulations [4],[5]. Total and scattered fields
are separated along a contour dividing the simulation space into total and scattered
field regions. This separation allows illumination of the scatterer with an accurate

incident field and application of absorbing boundary conditions to the scattered field
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only. In order to implement this technique into TLM programs, a time domain
equivalence principle for the excitation of electrical networks is derived. This formu-
lation (required for the problems investigated in this thesis) could be useful in radar
cross section applications, where scattered fields produced by making small alterations

to the scatterer are required.

One of the goals of this thesis was to achieve computational efficiency by using
pulse excitation and Fourier transformation to obtain frequency domain results. This
technique exploits the full advantage of using a time domain numerical method. The
frequency domain results are extremely sensitive to time domain errors such as those
produced by inaccurate absorbing boundary conditions. Therefore, the implementation
of accurate absorbing boundary conditions is a significant factor in the overall accuracy
and efficiency of the method. Previous methods of terminating the TLM mesh are not
accurate enough for the simulations considered in this thesis [40]. To achieve accurate
termination of the simulation space, absorbing boundary conditions developed for finite
difference simulations of the wave equation were applied to the TLM method [62].
The application of these conditions to TLM simulations was aided by the relationship
established between the TLM and FD-TD methods for two dimensional simulations.
The relationship was established by demonstrating that a modified TLM algorithm
satisfies the FD-TD equations, and also by examining the propagation characteristics of
the two methods. Propagation analysis of a two dimensional shunt node complete with
permittivity and conductivity stubs was performed to obtain the dispersion relation of
the TLM method in two dimensions. Comparison of the dispersion relations for the
TLM and FD-TD methods yielded the conditions for which the TLM and FD-TD
methods propagate waves in identical manners. The TLM and FD-TD methods
correspond when the FD-TD method is operated at the upper limit of its stability

range.
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The simulation space is truncated within the near field region of the scatterer, and
therefore a near-to-far field transformation is required to obtain scattered far field pat-
terns. As noted by Taflove and Umashankar [5], a near-to-far field transformation is
preferable to a surface current-to-far field transformation because the contour of
integration is independent of the media properties of the scatterer and the shape of the

scatterer, therefore resulting in a more efficient and flexible program.

To establish the accuracy and limits of accuracy of the software developed in this
thesis, scattered far field patterns were calculated for a perfectly conducting square
cylinder, a perfectly conducting circular cylinder, and a perfectly conducting strip (for
both broadside and edge incidence). For each geometry considered, TLM results were
compared to an established benchmark solution. An error norm was used to obtain a
quantitative comparison of the TLM and benchmark solutions over all observation
angles at each frequency. By selecting an appropriate value of the error norm, a
bandwidth of accuracy can be established. For an error norm of 0.03, the bandwidth of
accuracy for the square cylinder ranges from ka=0.3 to 8, and for the circular cylinder
the bandwidth of accuracy ranges from ka=0.3 to 6. These ranges in ka correspond
to a range in the electrical diameter of the scatterer from approximately 0.1A to 2.5A
for the square cylinder, and 0.1A to 2.0\ for the circular cylinder. The results
presented in this thesis, and those reported in [4] and [5] indicate that using pulse exci-
tation and Fourier transformation yields accuracy comparable to that obtained using
sinusoidal excitation. As long as selected frequencies remain within the bandwidth of
accuracy, it is advantageous to use pulse excitation and Fourier transformations
because of the significant savings in computer resource requirements. As the geometr-
ical complexity of a scatterer increases, Taflove and Umashankar have argued that the
efficiency of the FD-TD method using sinusoidal excitation approaches that of integral
equation techniques. In this thesis, it is demonstrated that for scatterers with simple

geometries (handled efficiently by integral equation techniques), the TLM method
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using pulse excitation and Fourier transformations to obtain frequency domain results,
becomes more efficient than integral equation techniques as the number of frequency

points is increased.

7.2. Future Research

The results presented in this thesis indicate that the TLM method is a feasible
tool for the analysis of scattering problems. The accuracy of the method was esta-
blished by comparing frequency domain scattered far field patterns to those calculated
by established solution techniques. More information regarding the errors arising from
the simulations could be obtained if other comparisons were investigated. Comparisons
of frequency domain scattered near field distributions could be made (i.e., before the
near-to-far field transformation is performed) or, to examine the accuracy of the time
domain scattered field distributions (i.e., before Fourier transformations are performed).
Due to the amount of computation required to obtain scattered far fields, perhaps dou-
ble precision arithmetic could be used, or an investigation to determine if round-off

error has an effect in these type of simulations.

Several improvements can be made to increase the accuracy and therefore
efficiency of the method. Implementation of absorbing boundary conditions with
greater accuracy than those used in this thesis, would increase the accuracy of results
at all frequencies and extend the bandwidth of accuracy for low frequencies. These
absorbing boundary conditions could be third order (or higher) conditions derived from
one way wave equations [49], or the variable impedance boundary condition (described
in this thesis) coupled with an accurate algorithm to predict the direction of incident
radiation. The variable impedance boundary condition is a potentially accurate condi-

tion because perfect absorption of waves (neglecting the dispersive nature of the mesh)
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is obtained if the angle of incident radiation is known.

Another method for improving the accuracy of the method would be to use a
graded mesh to allow fine discretization of the scatterer and coarse discretization for
regions of the simulation space distant from the scatterer [33],[341,[35]. A graded mesh
would provide greater resolution of field distributions for scatterers with corners and

edges, and finer resolution of the geometry of scatterers with curved surfaces.

To obtain a better idea of the bandwidth of accuracy available from the programs
used in this thesis, sensitivity analysis of a variety of parameters could be performed.
This type of investigation could yield optimal sizes of scatterers and corresponding
meshes for specific frequency ranges. Once these parameters were established, the
bandwidth of accuracy for a given simulation could be predicted with confidence. As
well, multiple simulations could be used, if results were required over a bandwidth
greater than that available from a single simulation. By increasing the discretization of
the scatterer (to increase the upper limit of the bandwidth of accuracy), or increasing
the distance from the scatterer to the absorbing boundary condition (to decrease the
lower limit of the bandwidth of accuracy), accurate frequency domain results could be

calculated over an extended bandwidth.

This thesis has considered two dimensional TM scattering problems. The pro-
grams could be extended to handle two dimensional TE scattering problems, as well as

three dimensional scatterers.
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Appendix A
Time Domain Field Distributions

In this appendix, time domain field distributions are provided for the square, cir-
cular, and thin strip scatterers examined in this thesis. A unit magnitude gaussian pulse
(width 10A/) is used to illuminate the scatterer. The electric field distributions are
given for 10Ar intervals, starting at a point when the pulse first enters the total field
region. The contour separating the total field and scattered field regions is placed a few
Al inside of the mesh boundaries to provide a good view of the field distributions sur-
rounding the scatterer. For each case, the residual field distribution after most of the
incident and scattered energy has left the simulation space is displayed (using an

expanded scale).
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Appendix A Time Domain Field Distributions

A.1 Perfectly Conducting Square Cylinder
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Figure A.1: Time domain field distributions at 10At time increments for a per-
fectly conducting square cylinder
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Appendix A Time Domain Field Distributions

A.2 Perfectly Conducting Circular Cylinder

(c) (d)

Figure A.2: Time domain field distributions ar 10At time increments Jor a per-
Jectly conducting circular cylinder
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Figure A.2: (cont' d)
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Figure A.2: (cont’d)

174



Appendix A Time Domain Field Distributions

A.3 Perfectly Conducting Infinitely Thin Strip (Broadside Incidence)

(© (d

Figure A.3: Time domain field distributions ar 10At time increments Jor a per-
Jectly conducting thin strip (broadside incidence)
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