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in the beginning God created the heavens and the earth. The earth was without form or
void and darkness was upon the face of the deep; and the spirit of God was moving over
the face of the waters. And God said, let there be light.....

Genesis 1:1-3

The created universe, is characterized by vastness, magnificence and beauty. Itis
also characterized by wild and wonderful phenomenon, some elegantly simple, some
totally beyond comprehension by human minds.

The depth of the universe gives purpose and excitement to its study. It also humbles

us as we realize the small fraction of His creation that we are able to understand, let

alone, adequately simulate.
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ABSTRACT

A methodology has been developed such that elsctromagnetic structures with
embedded non-linear devices can be accurately analyzed by the three-dimensional (3D)
condensed node TLM algorithm. The method is based on incorporating a variable time
step differential equation integration scheme, simulating the electrical behaviour of the
devices, into the 3D TLM electromagnetic field simulation algorithm. The scheme can
accommodate existing piece-wise linear SPICE device models of arbitrary complexity
without non-physical instabilities or other spurious behaviour.

A set of new 3D TLM node structures have been developed to complement the
condensed node to better model the field at sharp conductor strip edges. These node
structures provide substantial improvement in the accuracy of modelling strip-like
transmission-line structures with a coarse mesh. They also provide a direct interface to
the device model resulting in a more accurate simulation of the driving point impedance
as seen by the device.

A propagation analysis of the TLM condensed node was performed resulting in a
derivation of the general dispersion relation. The superior dispersion characteristics of
the condensed node relative to other TLM and FD-TD foi mulations was demonstrated
based on the dispersion equation. Further exploration of the dispersion equation led to
the discovery and characterization of spurious modes supported by the condensed node
mesh. A derivation of the recursion equations of the equivalent FD-TD scheme
representing the condensed node was then performed to establish the origin of the
spurious modes and methods of suppressing them.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

The motivation behind this thesis was to develop a numerical analysis tool
capable of performing transient analysis of electromagnetic structures containing
distributed devices that may be strongly nonlinear. The electromagnetic
structures may be waveguides, planar transmission 1ine circuits, MMIC devices or
detailed models of distributed devices such as FET’s, laser diodes, high speed
photo-detectors etc. The resulting numerical method is an amalgamation of the
Transmission Line Matrix (TLM) method and a Piece-Wise Linear (PWL) algorithm.
The TLM method simulates the hyperbolic Maxwell’s equations while the PWL
algorithm integrates the nonlinear differential equations modelling the embedded
devices. This new method is therefore referred to as the TLM-PWL method.

Historically, frequency domain methods such as Method of Moments [1][2],
Finite Element [3], Mode Matching [4] and Transverse Resonance [5] have been used
to analyze electromagnetic structures, the advantage being that since the
structures were assumed to be linear, the excitation could be monochromatic.
Eliminating one degree of freedom by assuming time harmonic fields, reduced the
problem such that it could be solved by computer without excessive memory or CPU

requirements. If the respoﬁse to a non-harmonic excitation is required, the
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structure can be solved for an appropriate set of frequencies, and the temporal
response obtained by linear superposition of the component harmonic responses.

In the presence of nonlinearities, superposition of harmonic solutions is
no Tonger valid, and time domain methods must be used. The Harmonic Balance (HB)
method can be employed to determine the steady state solution by balancing the
response of the linear and non-linear portions through the connecting ports
[6]1[7]. The HB method is well suited to determining steady state periedic
solutions when there are only a small number of relevant spectral components.
In the case where the input waveform consists of a large number of relevant
harmonics, such as digital signals, or when the circuit is highly non-linear, HB
is tess practical.

In problems involving highly nonlinear devices such as a transistor sﬁitch,
the most efficient method of obtaining a transient solution is a PWL simulation
[8][9]. A PWL simulator is based on LCR (inductor, capacitor, resistor)
networks, controlled voltage and current sources and time delay units to model
devices that can be approximated as linear and time invariant over a small time
interval. Significant effort has been expended on PWL device models as they
have become a standard circuit design CAD tool. PWL has been adopted into many
SPICE programs developed by universities and industry for simulation of analog
and digital circuits.

Unfortunately, it is difficult to model dispersive propagation delays with
lumped element models. Therefore PWL methods are Tess applicable to MIC circuits
where dispersion of interconnecting transmission lines or guided wave structures
is significant. Considerable effort has been expended to overcome this problem
by modelling sections of dispersive transmission lines by lumped LRCG networks

[10][11].  Another method, recently incorporated into BNR’s SCAMPER algorithm
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is to model transmission lines by a truncated impulse response [12][13].

If the simulation problem is limited to solving MIC type problems where
mutual coupling effects between circuit elements can be ignored then it is
adequate to model interconnecting transmission lines with truncated impulse
responses of the transmission line interconnects. The problem is then reduced
to determining impulse responses of canonical structures. These impulse
responses can be determined by TLM, Finite Difference Time Domain (FD-TD) or a
Fourier transform of frequency domain Green’s function methods.

In a circuit where the nonlinear devices are spatially distributed and
densely packaged, the coupling between the devices and the surrounding
electromagnetic structure becomes cumbersome to describe by a finite number of
jmpulse responses. In these cases, it is more appropriate to simulate the
surrounding electromagnetic structure with a numerical time domain method and
embed the device directly into the mesh used by the method. Applicable time
domain methods are TLM, FD-TD, the Method of Lines or the Finite Element Time
Domain (FE-TD) method.

In 1966, K. Yee published the 3D FD-TD algorithm which was the first
attempt at a practical transient response electromagnetic simulator applicable
to general structures [14]. It was not extensively used due to the CPU and
memory requirements which were deemed excessive in relation to the current
computer capability. During the 1970°s P. Johns and his co-workers developed a
two-dimensional (2D) TLM method suitable for problems with field homogeneity in
one direction [15]{16]. Further development of the method was performed by
Saguet [17], Mariki [18] and Hoefer [19]. Due to the advance in computer
technology, practical problems could now be effectively solved using the TLM

algorithm. 3D versions of the TLM method were developed by Akhtarzad [20] and
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Johns [21] and Saguet [17]. A comprehensive review of the 2D and 3D TLM methods
was given by Hoefer [22][23].

While the crigins of the FE-TD, FD-TD and TLM methods are different, they
are very closely related methods. For example it can be shown that the expanded
TLM node is a special case of Yee’s 3D FD-TD node [24]. Yee’s node, can in turn,
be considered as a special case of a point matched FE-TD method [25]. The TLM
condensed node can also be rewritten in terms of finite difference recursive
relations between electric and magnetic fields [26]. It can be demonstrated that
any TLM procedure can be written as an equivalent FD-TD formulation.

An advantage of the TLM formulation is that the nodes can be represented as
a passive network of transmission lines and scattering nodes. Hence at each
iteration, energy is conserved resulting in a numerically stable and robust
method. FD-TD and FE-TD formulations do not necessarily conserve energy and are
therefore generally less numerically robust.

The concept of incorporating nonlinear devices into the TLM mesh was
originally demonstrated by Johns and 0'Brien [27] where stubs were used to
connect the elements to the mesh nodes. Kosmopoulos et. al [28], and Voelker
and Lomax [29] used stubs with voltage-dependent characteristic admittances to
model the nonlinear devices. Russer et al. [30], used stubs terminated with a
reflection coefficient that was computed by an iterative formula. This iterative
formula represented a time-discrete integration of the differential equations
modelling the nonlinear device. The admittance of the stubs was matched to the
driving point admittance of the node, leading to an explicit integration of the
device nonlinear differential equationms. In these approaches, the update time
interval for the device differential equations is slaved to the update interval

of the TLM mesh. Hence the TLM mesh must be chosen sufficiently fine such that

-~

e st T
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the update interval is short enough to ensure appropriate accuracy and stability
in solving the device differential equatigns. Since the stiffness of the
differential equations describing a typical device varies with time, there will
be periods where the update interval is excessively small resulting in an
inefficient algorithm. Likewise there may be periods where the interval is too
long resulting in an inaccurate solution that may become unstable.

A natural evolution of the above methods is to merge the TLM method with a
variable time step PWL algorithm. A TLM mesh will model the linear portion of
the electromagnetic structure. The nonlinear devices will be embedded into the
mesh at appropriate locations and interfaced with the TLM nodes. The PWL
algorithm with a variable time step will solve the required parameters for the
nonlinear devices. The purpose of this thesis is to develop this combined TLM-
PWL method and apply it to practical microwave and millimetre-wave circuit
problems.

While the methods developed can be applied to the FE-TD and FD-TD scheme,
the interconnecting transmission lines in the TLM method offer a natural means
for interfacing lumped devices. Because of the time discretized scattering
process in the TLM method, simulation of embedded nonlinear devices can be
facititated by an explicit PWL differential equation solver rather than having
to resort to an implicit method. This results in a much more computationally
efficient algorithm. For this reason the TLM method was pursued rather than
building on FD-TD or FE-TD formulations. The 3D condensed TLM node was selected
for the implementation of this method. 3D analysis is necessary since for most

circuit problems all 6 field components are relevant and must be simulated.



1.2 ORIGINAL CONTRIBUTIONS

The original contributions to the advancement of the TLM method, that have

resulted from this research work, are listed below:

1. Development of general analytical dispersion relationships for the TLM nodes.
This resulted in the first complete formulation of space and frequency dispersion
characteristics of 2D and 3D TLM nodes. Prior to this, the dispersion was only

known along specific axes. (Chapter 2, Appendix B)

2. Discovery and characterization of propagating and evanescent spurious

solutions of the 30 condensed TLM node. (Chapters 2 and 5)

3. Conception and implementation of new specialized nodes for mode11ing conductor

strips in the 3D condensed node mesh. (Chapter 3)

4. Development of a method of embedding lumped and distributed ronlinear device

circuit models into the 3D condensed node mesh. (Chapters 3 and 4)

5. Implementation of a TLM-PWL routine with a variable step size for solving

arbitrary nonlinear circuits. (Chapters 4 and 5)



1.3 OUTLINE OF THESIS

This thesis is organized into six chapters which are described below:

Chapter 1 contains this introduction and outline.

Chapter 2 reviews the FD-TD method and the various TLM node structires with
a detailed description of the condensed node. A FD-TD equivalence of the
condensed node is given to determine the relationship to Maxwell's equations.
The dispersion equations for the various node structures are derived such that
propagation attributes of the various TLM nodes can be established. This results
in a demonstration of the superior dispersion characteristics of the condensed
node as well as the supported spurious modes.

Chapter 3 presents a set of new 3D TLM node structures developed
specifically for accurate modelling of conductor strips denoted as "conductor
strip nodes". Numerical examples of these nodes are given, demonstrating the
improved simulation accuracy of planar transmission Tine structures. A method
of interfacing lumped and distributed devices with the conductor strip node
structures is developed.

In Chapter 4, a description of the method used to interface the TLM and the
PWL algerithm is given. Various idealized nonlinear circuit examples are
presented to demonstrate the concepts.

Chapter 5 focuses on applications of the TLM-PWL algorithm to simulating
practical microwave and millimetre-wave circuits. A comparison of experimental
measurements of a stripline microwave switch circuit with the numerical solution

of the TLM-PWL algorithm is included to demonstrate the accuracy of the TLM-PWL

simulation.



1-8
Chapter 6 contains an overall conclusion with a discussion of further

research.



CHAPTER 2

THE TLM CONDENSED NODE METHOD OF FIELD ANALYSIS

In this Chapter a review of the FD-TD and the TLM methods will be given.
This will provide the foundation for the development of the new 3D TLM node
structures for modelling of conductor strips described in Chapter 3, and the
interface with the PWL algorithm that models the embedded nonlinear devices
described in Chapter 4.

TLM and FD-TD simulations are based on temporal and spatial sampling of the
electromagnetic fields. This proccoss introduces distortion in the form of
numerical dispersion and anisotropy, spurious parasitic solutions and in some
cases, numerical instabilities. Temporal and spatial sampling also affects the
driving point impedance as seen by a lumped device that is embedded into the
mesh. Consequently, a detailed investigation of the distortions caused by
sampling was performed. This is summarized in this chapter.

In Section 2.4 the general dispersion relatien of the various TLM node
structures are derived. This analysis demonstrates that the condensed node has
better dispersion characteristics than the expanded TLM node and the leap-frog
FD-TD method. In Section 2.5, the attributes of the spurious modes supported
by the condensed node mesh are described. Knowing these attributes is important
in developing methods for minimizing the distortion from spurious modes. Further
applications of the dispersion analysis are discussed in Section 2.6. In Section
2.7 the equivalent FD-TD recursive equations of the condensed node scattering

process are derived. The reason for this derivation is not so much to establish
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a FD-TD algorithm based on the condensed node but rather to establish the
relation between the condensed node formulation and the time dependent Maxwell’s
equations. The equivalent FD-TD formulation also presents definite clues as to
the origin of spurious modes in the condensed node mesh. Section 2.8 is an

overall review of the chapter content.

2.1 FINITE DIFFERENCE TIME DOMAIN METHOD

The electromagnetic fields in a linear isotropic source-free medium are

represented by Maxwell’s equations given as

9B, VxE=0
ot (2-1a)
9D _ VxH = 0
ot (2-1b)
B = pH (2-1c)
D = ek (2"'1d)

The TLM and #D-TD methods involve discretizing the medium into numerous small
elemental volumes with dimensions much smaller than the spatial wavelengths of
the simulated fields. The medium is approximated as being homogeneous throughout
each elemental volume. However, it can vary arbitrarily from one elemental
volume to the next.

Assuming a Cartesian coordinate system, Maxwell's curl equations can be

written as a set of component scalar equations as



_8B. _ 0E, _2QE
ot ay dz (2-2a)
_8B, _ 0E, 0JE,
ot oz ox (2-2b)
8B, _ 9E, 485
ot ay ox (2-2¢)
@D, _ 9H, 0JH,
ot oy oz (2-2d)
6D, _ 0H, O0H
ot dz ox (2-2e)
D, _ O0H, OH,
at ox oy (2-2f)

In the FD-TD method, the time and spatial curl operators of these equations are
approximated by finite difference expressions resulting in a corresponding set
of coupled equations that can be solved recursively to obtain the time domain
solution of the electromagnetic field component. The most commonly used
approximation is the leap-frog scheme originally introduced by K.Yee [14]. The
elemental cubic volume of Yee’s scheme is shown in Fig. 2-1 indicating the
distributed locations where the six field components are evaluated. The purpose
of this staggered distribution is such that the curl spatial derivatives can be
approximated by a second order central difference approximation. As an example,

Eq. 2-2d is updated as



H;
Ex ///// By
Ex E,
E.
Y
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Fig. 2-1 Elemental cell of Yee's leap-frog FD-TD schenme
indicating the position where the field components are computed

q+1Ex(iljrk) = qu(i,j,k)

At

+ P [
de,(i,j, k)

.01 .1 _ .1 .1
1Hz(1+§,_j+—2-,k) q’%Hz(H—z-.J 2,k)

Q*-z-

1 1 1 (2-3)
+ q#—;Hy(i-‘-_z'ljlk-"'é') - ﬂ"—;Hy(l-‘-_’J'k—_z—)]

1

2
where the index "q" represents the time sample such that t=qit, where At is the
time interval. Throughout this thesis, the indices i,j,k will be used to denote

the node located at x=i-d, y=j-d and z=k-d where d is the dimension of the cubic

cetl. It has been assumed that the permittivity is a diagonal tensor such that



€, 0 0)(E, D,
0oe oflB| = |D
0 0 e,\E, D, (2-4)

which defines €, in Eq. 2-3.
Yee's scheme is convergent such that the smaller the cube dimensions are,
relative to the field wavelength, the better the approximation of the spatial

cur] operators will be, and consequently the better the simulation fidelity. A

detailed review of Yee’s FD-TD scheme is given by Kim [31].

2.2 TLM METHOD

While the FD-TD method has its origin in finite difference approximations
of the time derivative and curl operators in Maxwell’s equations, the TLM methed
originates from an application of Huygens' principle to an array of scattering
points [23]. To demonstrate the basic principle, consider a 2D array of node
points with an internode spacing of "d" shown in Fig. 2-2. In the array, the
incident and scattered impulses propagate along a rectangular mesh of
interconnecting transmission lines. At each intersection or node, the
transmission lines are connected in either a series or shunt fashion. When an
impulse impinges on the node, its energy is scattered equally in four directions
according to Huygens’ principle. Using this principle as well as imposing energy
conservation and continuity of tangential fields during the scattering event, a

scattering matrix of the node can be derived.

In the TLM method it is assumed that the interconnecting transmission lines
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Fig. 2-2 A 2D node array simulating Huygens' principle

are dispersionless with a constant delay from one node to the next, denoted by
At. Hence, the method consists of determining all the scattered impuises at
every time interval At. The equivalent electric and magnetic field quantities
at each node are approximated by suitable additions of the incident and reflected
impulses. There are two node types for the 2D TLM method, the shunt and series
nodes, which will be briefly reviewed in Sections 2.2.1 and 2.2.2. Various forms
of 3D TLM meshes exist that are based on the same principle discussed above. The
expanded and condensed node types will be reviewed in Sections 2.2.3 and 2.2.4,

respectively. Other 3D node types have heen reviewed by Hoefer [22][23].



2.2.1 2D TLM Shunt Node

The 2D shunt node sketched in Fig. 2-3a can represent 3 field components,
namely E, H, and H,. The shunt node consists of an intersection of two
transmission lines of characteristic impedance Z,. V' and V" are defined as the

vectors of incident and reflected voltages, respectively, given as

vi Ve,
1 r
V‘ = v z Ve = v z "
V13 V13
vi, ve, (2-5)

The subscript numbers refer to the ports of the shunt node given in Fig. 2-3a.

V' and ¥ are related through a scattering matrix, $, as
vr =8 V' * (2'6)

$ is derived from Fig. 2-3 as

-11 1 1
1l -1 1 2
8 =
21 1 -1 1 27
1 1 1 -1 (2-7)

If the transmission 1ines are approximated by Tumped inductors and capacitors

as illustrated in Fig. 2-3b, then a pair of coupled differential equations result

with resemble Maxwell’s equations. These are

Jv, J7r
— = - - X
0x L1iax ot

(2-8a)
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Fig. 2-3 2D TIM shunt node structure



JdV o1
y o= - 9 1; -8b
az Lliﬂk at (2 )
31, oI 3 v,
X = - __y 2-8
Eral 2C1im 3¢ (2-8c)

where V,, I, and 1, are indicated in Fig. 2-3b. L,,, and C,,, are defined as the
inductance and capacitance of the link line per unit length. It is readily

observed that if the following equivalences are made

V. I I
= -¥ = - X = Z
E, 3+ H: 3 He = —o (2-9)
B =Ly [H/M, €, =2Cyy [F/M
then Eq. 2-8 reduces to Maxwell’s equations for the TE case where
E =0, E,=0, H,=0, -2=0. (2-10)

2,2.2 2D TLM Series Node

The 2D series node is sketched in Fig. 2-4a and can represent three field
components of TM modes, namely E,, E, and H,. The series node consists of a
series connection of two transmission lines of impedance Z,. The scattering

matrix of this node is
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1 1 1 -1
1{1 1 -1 1 (2-11)
g =
21 -1 1 1
-1 1 1 1

If the transmission lines are again approximated by lumped inductors and
capacitors as illustrated in Fig. 2-4b then a pair of coupled differential

equations emerges as

81, _ . 3V,
ox tink "3t (2-12a)
0T a v,
= Cpy g (2-12b)
AV, 9V oI
a.z"r * axz = "2Lysm _ﬁz (2-12c)

where I, V, and V, are indicated in Fig. 2-4b. If the following

equivalences are made

I v, v
H_V = _al'., Ex = —......d‘_r’ Ez = __af (2"‘13)

U= 2Ll.ink [H/M]: ex,s = C.I.ink [F/M]

then Eq. 2-12 reduces to Maxwell’s equations for the TM case with

H =0, H,=0, E,=0, _ =0
* : Y oy (2-14)
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Fig. 2-5 3D TIM expanded node structure

2.2.3 Expanded 3D TLM Node

Akhtarzad and Johns [20] arranged the series and shunt nodes described above
in an interlaced arrangement resulting in the 3D expanded node as illustrated in
Fig. 2-56.  The term "expanded" was used since the evaluated field components
were not collocated. Each cell of the expanded node consists of three shunt
nodes, representing the E,, E, and E, fields, and three series nodes representing

the H,, H, and H, fields. Notice that the spacing between the series and shunt
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nodes is d/2 such that the overall cell size is d.

The incident voltages converging on the shunt nodes are scattered at
interval time steps and the incident voltages converging on the series nodes are
scattered half a time step later. Hence the E and H fields are not updated at
the same time but at half time step intervals as in Yee’s FD-TD scheme. A

detailed description of the expanded node is given in [23].

2.2.4 Condensed Node Structure

One disadvantage of the expanded node is that the six field components are
not collocated, nor are they updated at the same time. This makes it difficult
to impose arbitrary mixed boundaries. This motivated P. Johns to develop a
different 3D TLM node structure denoted as the "condensed node” which consisted
of one central scattering centre in each cube of medium rather than a set of
series and shunt nodes as in the expanded node [21]. The node lattice is a cubic
structure as shown in Fig. 2-6a and the node structure is shown in Fig. 2-6b.

The condensed node consists of twelve ports that connect to adjacent nodes.
There is no practical transmission line equivalent circuit of the node itself.
The incident voltage and reflected voltage in port "p" of the condensed node is
denoted by V', and V', respectively, as before. V' and V', the vector
representations of the incident and reflected voltages, are related through the

node scattering matrix, $, given by Johns [21]
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a) Lattice structure

b) Node Structure

Fig.2-6 3D TLM condensed node structure
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I

'_l
I » o
’—l

—"

(2-15)

= OO0 O R OO0 0K OO0
oOPRr OKFr O 0oC o oo

The other half of the recursion equations relating the new incident voltages

to the reflected voltages from the surrounding nodes are given by

(2-16)

new incident voltages at
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(q+1)At are evaluated in terms of the reflected voltages from the previously

derived reflected voltages evaluated at gat. Note that the ports are numbered

from 0 to 11 rather than the comnonly used ordering, from 1 to 12, proposed by

Johns [21]. This was done to make the port numbering compatible with the
numbering scheme used in the computer programs developed.

For the analysis in this thesis it is most convenient if the node update

timing is such that at t=qAt, the reflected signals, V", cross the half-way

{
p*

point between nodes resulting in the incident signals .,V This causes less
confusion since devices embedded into the mesh will be interfaced at the half-way
points.

In modelling an electromagnetic structure containing homogeneous material
of ¢, and u, with a condensed node structure, the impedance and the phase
velocity of the link lines must be specified. Two approaches can be taken. The
first approach is to assume that the capacitance and inductance per unit length

of the link transmission lines, C,,, and L,,, respectively, are given by

c"nk = eo [F/H]
Lie = H, [H/M] . (2-17)

It follows then that the propagation velocity of the 1ink Tines, denoted by V,,,,
is given by

Viink = .
eopo (2-18)

:

It will be shown in Section 2.5 that the phase velocity of a low frequency (much

less than 1/At) plane wave propagating in the condensed node mesh, denoted by
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V.eens Will be approximately given by

v n = .Yi‘_n'k = 1 .
s 2 NCAT (2-19)

Consequently, all the physical dimensions of the structure must be reduced by a
factor of 2.  Furthermore when modelling spatially distributed elements,
compensation of this factor of 2 must be made. This can be confusing and easily
result in error.

The other approach, which will be followed here, is to increase the phase

velocity on the 1ink lines by a factor of 2 such that

Come = € /2
Lk = # /2. (2-20)

Now the phase velocity of a plane wave propagating within the mesh will be
approximately equal to the physical velocity. Hence the physical dimensions of
the object are maintained in the model. Now At is reduced by a factor 2 such

that

At

wla,

&5 o - (2-21)

Required boundary walls are generally added halfway between tne nodes.
Provided that the boundary reflection is frequency independent, a simple
reflection coefficient can be assigned to the boundary. This is illustrated in
Fig. 2-7 for port "p" terminated by a wall with a reflection coefficient R,.

Hence
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boundary
wall

Fig. 2-7 Implementation of a dispersionless boundary in a TIM mesh

wVs = RV (2-22)
If the boundary is an electric wall, R=-1 and if the boundary is a magnetic wall
R,=1 as expected. It was determined that while this method is sufficient for
modelling infinite boundaries without edges, it is not accurate for modelling
conductor strip boundaries with edges. Hence a set of modified condensed nodes
were developed specifically to model conductor strips. In these nodes, the
boundary is placed in the middle of the node such that the strip edge couples
more strongly with the surrounding nodes. This will be developed in detail in
Chapter 3.

It is more complicated to implement an absorbing boundary wall. For narrow

band applications or cases where the incident field is a plane wave impinging on

.--:J.ﬁ
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the boundary at a fixed angle of incidence, R, can be set to a specific value.
For wide bandwidth applications or cases where the incidence angle must be
arbitrary, a dispersive boundary reflection is reguired. Such absorbing
boundaries can be simulated using a Johns wall [32]. Unfortunately, these are
very numerically intensive. Presently. absorbing boundaries based on spline
interpolations of the field components adjacent to the boundary are being
developed, which will be more numerically efficient, but as yet, pose problems

of instability [33].

2.3 DIELECTRIC MATERIAL MODELLING USING STUBS

By adding capacitive, inductive and Toss stubs to the condensed node, it is
possible to model dielectric and magnetic material that can be lossy. Three
capacitive and three inductive stubs were originally incorporated into the
condensed node by Johns [21] to model the diagonal permittivity and permeability
tensor components. Series and shunt loss stubs were added later by Naylor and
Dessai [34]. Magnetic materials were not considered since the focus was
primarily on development of methodologies for embedding nonlinear devices rather
than methods of modelling an arbitrary medium. fonsequently, only the capacitive
and loss stubs will be reviewed.

Consider a cube of homogeneous dielectric material of relative
permittivity ¢,. If the cube dimension is "d" then the intrinsic capacitance is
€.€d. Considering the condensed node, there are four link lines shunting the
electric field for each polarization. The capacitance represented by these four

Tink Tines of length d/2 and an added capacitive stub with a capacitance denoted
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by C,., must be equivalent to €.e,d. Consequently
d

o d - 4 Ciyme 5 - (2-23)

C&'Cub = el’ € 2

Using Eq. 2-20

Cscub = eod (ez -1 . (2-24)

C.... must be equal to the capacitance of the open stub at low frequencies. The
admittance of this stub, normalized by the admittance Y, of the Tink lines, is
denoted by Y,. Y, is determined by constraining the velocity along the stub Tine
to V,,,, and setting the length of the stub to d/2. This ensures time synchronism

of the overall node. Consequently,

C' - .Yﬂ Yo E
oeub Vix 2 (2-25)
Using Eq. 2-24 in Eq. 2-25 we obtain the required value of Y, as
Ys = 4 (er = 1) . (2_26)

Losses in the dielectric caax be simulated by a shunt conductance. In the
condensed node, this conductance is represented by an infinitely long stub with
a normalized admittance of G,. Three shunt loss stubs are included in the
condensed node, one for each polarization. Details of relating G, to the
dielectric loss tangent are described by noefer [23].

The scattering matrix for the condensed node with dielectric stubs is a 15
by 15 matrix which is given in the table below. Ports 12, 13 and 14 are attached

to the x, y and 2 polarized dielectric stubs respectively.
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Table 2-1 Scattering matrix of condensed node with dielectric and loss stubs
taken from [34])

coiumn no.
— ﬁmm
5 6 7 8 |9 10 |11 |12 |13 |14
| —_;l—— %———ﬁ

0 b d b -d{ ¢
1 a d ¢ | -d b
2 b b -d g
3 a d -d | c g
4 d a b ¢ | -d b
5 d b b -d g
6 -d]| ¢ b a | d g
7 b c | -d d a b g
8 C -d d b q
9 -d b c b a g9
10 -d c b b d g
11 c -d g
12 b h
13 b | b b b h
14 b [ b b _| b | & h |

The constants used in the above table are given below:

Gl+ Ys

@7 3G 7, ) (2-27a)

Gy r ¥, +4 (2-27b)
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c = - G.I + Ys

2 (G +Y, +4) (2-27¢)

1

d = =
2 (2-27d)

h o Gi-Y +4

Gy + Y, +4 (2-27e)
g =Yb (2-27)

In addition to modelling dielectric and magnetic material, stubs can be used
to represent lumped LRC components. Using Eq. 2-25, a lumped capacitor denoted
by C,..,,» can be represented by a capacitive stub with a normalized characteristic

admittance of

Y = :E_fziEEE f

? de, (2-28)

A lTumped shunt conductance of admittance G, can be modelled by a loss stub

Tump

of infinite length with a normalized admittance G, given by

Gl = lem / Yo ’ (2“29)

Shorted stubs can be used to model lumped inductors. Consider modelling an

inductance L,,, with a shorted stub of length d/2 and phase velocity of V,,,.

L N LS P UL P TP AR S S o

PRSP PP

| NN, ST PO S A T SN SR
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The condition

s L = !' d (1))
7@ Saanp Y, Y, tan{z V&um) (2-30)

must be satisfied. For frequencies much lower than 1/At, Eq. 2-30 reduces to

Ys = d - d Llink

2.4 GENERAL DISPERSION RELATION OF THE TLM NODE STRUCTURES

In this section the general dispersion relations for the various TLM node
structures will be derived. These will be used to quantify the numerical
dispersion and anisotropy of each node. A comparison of the dispersion
relations demonstrates the superior dispersion characteristics of the condensed
node relative to the other TLM nodes and Yee's FD-TD algorithm. Previously,
the dispersion relation for the condensed node has only been considered in
special cases such as propagation along the three coordinate axes and along the
diagonals [23].

The dispersion relation derived for the condensed node was based on
applying Floquet’s theorem to an infinite 3D periodic TLM mesh [35] [36]. This
resulted in an eigenmatrix equation whose characteristic is the desired
dispersion relationship. By solving for the corresponding 2igenvectors, the
field structure of each supported eigenmode in the TLM mesh can be determined and

compared with theoretical mode attributes.
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A bounded TLM node lattice supports a finite number of modes which forms

an orthogonal set of basis functions as a Hilbert space. Hence the limitation

in simulation fidelity can be determined by the errors involved in having a

finite number of supported modes in the TLM mesh as well as by the numerical
distortion in each of these modes.

The knowledge of the propagation constant and characteristic impedance for
each mode leads to an accurate method of extracting scattering parameters from
waveguide circuits. This is presented in Appendix €. Having an analytical
dispersion relation also facilitates the investigation of instabilities in the

TLM mesh containing embedded active devices,

2.4.1 Dispersion Relation of the 2D Shunt Node

The 2D shunt node is sketched in Fig. 2-8. The node is connected to its four
neighbours by link lines of length "d", which is the node spacing as before.
Each of the 1ink lines is identified by an index "p". The terminology that will
be used in this derivation is as follows. "Adjacent" nodes refers to the four
peripheral nodes at a distance "d" from the "centre" node. V., denotes the total
voltage amplitude at the centre of the node and V, denotes the voltage of line
“p" at the centre of the adjacent node attached to line "p". The dispersion
relation is based on determining the interdependence between node voltaces V. and
V..

V, is composed of incident and reflected voltages such that

vV, = Vo +V, (2-32)
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Fig. 2-8 Geometry of the TLM 2D shunt node for the calculation of
the dispersion relation

where V', and V", are the incident and reflected voitages to and from the adjacent
node attached to the p* link line. In addition we define V', and V" as the
incident and reflected voltages at the centre node on line "p". The scattering
matrix of the shunt node itself, excluding the four interconnecting lines, was

given by Eq. 2-7. The dispersion relation is developed at a single excitation

frequency such that V", can be related to V-, as

Ve, T, V', (2-33)

where T, is given as
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T, = gk
(2-34)
where k, is the propagation constant along the 1link lines at the excitation
frequency. Likewise

T, V©°, . (2-35)

P o P

v!

Now we define V', V™, V' and V" as vector forms of V'', V', V' and V",

respectively. In addition a 4x4 matrix, T is defined as

T = T, 1 (2-36)

where I represents a 4x4 identity matrix. Consequently

Vo= TY" (2-37a)
o= TV, (2-37b)

In view of Eq. 2-6, V_ can be expressed as

4
vV, = Vit s ypre o 1L vit,
: p* VT T 3 LV (2-38)
Also
V=vievr = (72418 V& (2-39)

where V is defined as the vector of the adjacent node voltages, V,. Combining
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Eq. 2-38 and Eq. 2-39 with a 1ittle algebra, we obtain an equation relating V,

to V, as follows:

2 sin{2k,d)
c VitV + W+ V)

sin(kd) (2-40)

Solutions to Eq. 2-40 can be obtained by applying Floquet’s theorem since the
TLM shunt node is arranged in a uniform array of similar nodes forming a 2D
periodic structure. In this application, Floquet’s theorem is equivalent to
postulating a field solution of the form

Vigx = A, e kdl gmikdd godkedk

(2-41)

where k,, k, and k, are unknown components of the mesh propagation vector, and A,
is an arbitrary constant. Hence, given the 1ink 1ine propagation constant k,,
we are looking for the family of plane wave eigensolutions of the form given by
Eq. 2-41 that satisfies the relatir» given in Eq. 2-40. In this case a 2D mesh
is considered in the xz plane, and therefore k,=0. Assuming that a solution of

the form given by Eq. 2-41 exists with k=0, we can write

V, = Ve ejk'd
(2-42a)
v, = v, &% (2-42b)
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V. e Ik

=
[

(2-42¢)

=
I

v, el {2-42d)

Substituting Eq. 2-42 back into Eq. 2-40 results in the desired dispersion

relation

sin(2kd)

m = o8 (kxd) + COS8s (kzd)

(2-43)

Eq. 2-43 can be compared with the two known dispersion relations of the shunt TLM
mesh in the direction along the x or z axis and along the diagonal x=y [23].
Consider first the case where k.d = 0 which represents propagation along the z

axis. Eq. 2-43 becomes

sin(2k.d) _
——__sin(kod) 1 = cos(k.d) (2-44)
which can be written in a different form as
cos (k,d) = cos(k,d) - tan(k,d/2) sin(k,d) (2-45)

which appears in the literature [23].
Consider next the case when the propagation is along the diagonal line x=z

by setting k,d = kd. Using Eq. 2-43 we obtain
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cos(k,d) = cos(k,d)

or kd = kd = kd. Consequently, the effective propagation constant is non-
dispersive and is given by /2 k which is in agreement with the literature {23].

Note also that the general dispersion relation given by Eq. 2-43 is periodic
in terms of k,d with a period of 2r. This also represents the periodicity with
respect to the input frequency with a period of 1/At.

In using Floquet’s theorem, monochromatic excitation of the mesh is
implied. The resulting dispersion relation is then valid for time harmonic
fields but not necessarily for time sampled fields as is encountered in TLM
processing. However, since the interconnecting transmission lines in the TLM
mesh are assumed to be dispersioniess, and the mesh is uniformly periedic, it can
be shown that the dispersion relation of the mesh is exactly the same for a time

harmonic signal as for a time sampled signal. This is shown in Appendix A.

2.4.2 Dispersion Relation of the 2D Series Node

The derivation of the dispersion relation for the series node is very
similar to the derivation above for the shunt node. In this case the current at
the centre of the series node is related to the currents at the centre of the
four adjacent nodes as illustrated in Fig. 2-9. The currents into the node at
the node centre are denoted as J°,, where again "p" denotes the line number. J&°
is the vector of these currents. Likewise, at the centre of the adjacent nodes,
the currents are denoted as J,, and J is the vector array of these currents, I

<

is the value of the current flowing around the centre series node in the
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Fig. 2-9 Geometry of the 2D series TILM node used in the
calculation of the dispersion relation

direction indicated in Fig. 2-9,

J° and J can be written in terms of the incident and reflected voltages as

T Y, (V- v (2-46a)

T = Y, (V- (2-46b)

Using the scattering matrix for the series node, given by Eq. 2-10,

J = Y, (T -17g8) vi (2-47)

where T was given in Eq. 2-36. Consequently
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(r*-ra)tyg = v, v, (2-48)
The current I_ can be written in terms of V" using Eq. 2-46a as
I, = Y, (Vi - Vv, (2-49)

Using Eq. 2-48 and Eq. 2-49 gives

sin (k,d)
2 sin(2k.d)

I, (J, ~ J, = Jy + J,) >

(2-50)

The TLM shunt node is arranged in a uniform array of similar nodes forming a 2D
periodic structure. Applying Flogquet’s theorem as for the shunt node in Section

2.4.1, an eigensolution to Eq. 2-50 is postulated based on the assumption that

J, = J, e’ (2-51a)
J, = J, e (2-51b)
gy, = J, ek (2-51c)
g, = J, e’k (2-51d)

resulting in the dispersion relation
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sin{(2k,d)

el = . 2-52
Sin (K. cos(k,d) + cos(k,d) (2-52)

Eq. 2-52 is the desired dispersion relation for the 2D series node mesh. It is

exactly the same as the dispersion relation of the shunt node.

2.4.3 Dispersion Relation of the 3D Expanded Node

The structure of the 3D TLM expanded node was given in Fig. 2-5 as an
interlaced arrangement of series and shunt nodes. The dispersion relation was
derived using a similar procedure to the derivations for the shunt and series
nodes above. Since the algebra is somewhat tedious, details of the derivation
are presented in Appendix B. In its final form, the eigenmatrix equation for the

expanded node is given by

v, (2-53)

where the voltages V,, V, and V, are indicated in Fig. 2-5. The eigenmatrix A is
a 3 by 3 matrix with entities a, given by

a, =C2(12+2C, +2¢C) -1

a, = 4C2T TS, S,



where

[+1]
for
o

n

4CATHT,™S, S,

4CTMT™S, S,

a, =C?fi2+2¢C, +2¢C) -1

u
£
n

4C2T,M TS, S,

4§ CAT 0TS, S,

a,=4C2TYT"S, S,

-1]
w
w

n

C, = cos(kd)

S, = sin(k,d/2)

T, = exp(-jkd/2)

o =

Ci(la+2C +2¢C) -1

sin(k,d/2)
2 sin(k,d)

(]
n

, = cos(kd)

S, = sin(k,d/2)

T, = exp(-jk,d/2)

1}

(2-54)

C, = cos{k.d)

S, = sin(k, d/2)

T, = exp(-Jk.d/2)
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Consider the case where only one electric field component, namely the E, fieid
(or V.}, is non-zero. Then the eigenvalue equation reduces to a,;=0 such that the
dispersion relation becomes

sin? (k,d)
sin? (k,d/2)

= 6 + cos(k,d) + cos(k,d) (2-55)

For the special case where kd=0, Eq. 2-55 reduces to the dispersion relation

given in [23] for propagation along the axis.

2.4.4 Dispersion Relation of the 3D Condensed Node

In deriving the dispersion relation for the condensed node a similar format
is used as for the shunt and series nodes. An expression is written relating the
port voltages of a particular node in an infinite 3D mesh, denoted as node "c",
and the voltages of the six surrounding adjacent nodes at the ports diractly
connected to node "c". It is convenient to consider the six adjacent nodes as
a single conglomerate node denoted by node "t". Node "t" has 12 ports which
connect directly to the 12 ports of node "c". The numbering of the ports of node
"t" is such that port "p" of node "c" is directly connected with port "p" of node
"t". The table given below lists the ports of the conglomerate node and the
node indices and ports to which they correspond. The indices given in the table

are based on the assumption that the indices of node "c" are i,j,k.
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Table 2-2 Adjacent node port correspondences of the condensed node

port of node "t" corresponding adjacent node
_ indices

0 i,3-1,k 11
1 i,J,k-1 8

2 i-1,3,k 10 “

3 i3,k 7 II

4 i,d-1,k 6 “

5 i-1,3,k 9 II

6 i,j+1,k 4 “

7 i,J,k+l 3 “
8 i,J,K+1 1

9 i+1, 4,k 5
10 i+1,J,k 2
i,d+l,k 0

The following voltage vectors corresponding to nodes "c" and "t" are defined

as:

V. = vector of the total voltage at the ports of node "c"
¥, = vector of the total voltage at the ports of node "t"
V., = incident voltage vector corresponding to V,

V.. = reflected voltage vector corresponding to V_
V., = incident voltage vector corresponding to V,
V., = reflected voltage vector corresponding to V, .

The relations between the total voltage and the incident and reflected

components are
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V.=V, + ¥V (2-56a)
V.=V, + V¥, . (2-56b)

Furthermore, T is defined as the propagation matrix along the interconnecting

Tines such that
Vo =TV,
V=TV,
T=T1,7 (2-57})

where T, was defined in Eq. 2-34 and I is a 12x12 identity matrix. Combining the

above equations we obtain

Vo= (14 T S) V..
V.= (I1+S)V,=T(I+S)V, . (2-58)

An additional relation is generated by applying Floquet’s theorem to the
mesh along the three coordinate axes. As before, a solution of the form given
by Eq. 2-41 is assumed. Considering the node structure of Fig. 2-6, the

following relations are obtained between the node voltages of node "c" and node

"tll:
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which can be summarized in matrix form as

V, = PV, (2-60)

which defines matrix P. Finally, combining all the above equations yields
V.=T(I+8)(1+T8)* PV, (2-61)
from which the required eigenvalue equation
det {T(I+S8)(1+T28)*P -1}=0 (2-62)
is obtained. The eigenvalue equation is an implicit function of k,, k,, k, and
k.. It results in the desired general dispersion equation.
Eq. 2-61 is the eigenvector equation corresponding to the node voltage

vector V.. Eq. 2-62 is used to determine the components of the mesh propagation

vector. These results can then be used in Eq. 2-61 to determine the eigenvector
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of V. which is useful for determining the field distribution of the simulated
plane wave. It is also possible to derive a corresponding eigenvector equation
based on the incident voltage vector, V.. Using the equations above, the

required equation is given as

(r-P-TH*'(P-T) )V, = 0 (2-63)

which can be simplified to

(I-TPS)V, = 0 (2-64)

using the property that S and P are unitary matrices. The characteristic
equation of Eq. 2-64 is equivalent to Eq. 2-62. Hence either can be used as th2
general dispersion equation. Exploitation of the eigenvector relations above

will be discussed in Section 2.6.

2.4.5 Calculated Dispersion Characteristics

In this section, results are given for the dispersive properties of the 3D
expanded and condensed TLM node structures and Yee's FD-TD scheme. The
dispersion of the various schemes was compared for the case of a plane wave

propagating in the y-z plane such that k=0 as documented in reference [35].
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The general dispersion relation for the Yee’s FD-TD scheme is given as [37]:

k,d
£ 2-65
) (2-65)

sinZ(kodg) = g2 (sinz(i‘;_d) + sinz(ﬁgﬁ) + 8in?(

where s is the stability factor defined as

At
d Veo Bo

Fig. 2~10 shows a family of dispersion curves for the 3D FD-TD scheme based
on Eq. 2-65 for various excitation frequencies. The stability factor used for
this calculation was s=1//3 which is the Jargest stability factor possible. The
larger the stability factor, the lower the numerical dispersion [35]. Note that
the FD-TD node mesh is isotraopic only at low frequencies as seen by the circular
curve for kd = 0. For kd > 0 the circular curve becomes distorted. The
maximum dispersion occurs for propagation along the axis and the minimum
dispersion occurs along the diagonal k, = k,.

Fig. 2-11 shows the resulting family of dispersion curves for the
expanded TLM node. In order to compare the dispersion characteristics, the
excitation frequencies in Fig. 2-11 correspond to the excitation frequencies in
Fig. 2-10. The k,d values used for the TLM dispersion calculation are half the
corresponding k.d value used in Fig. 2-10. The reason for this is that the mesh
velocity in the TLM scheme is half the velocity of the link lines. Note that
the dispersive characteristics are very similar to those of the FD-TD scheme.

The dispersion of the FD-TD scheme in Fig. 2-10 is slightiy better than the
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k /K

Fig. 2-10 Plot of the dispersion characteristics for a FD-TD mesh
with a stability factor of s=1//3

dispersion portrayed in Fig. 2-11. However, if the stability factor of the FD-TD
scheme is increased to % then the dispersion becomes identical to that of the
expanded TLM node. This is not surprising since the FD-TD and expanded node TLM

are equivalent in the special case when s = 172 [38].
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Fig. 2-11 Plot of the dispersion characteristics for a 3D expanded
TLM node mesh
The corresponding dispersion curves for the condensed node are given in Fig.
2-12. The dispersion is zero along the y and 2 axes unlike in the expanded TLM
node or the FD-TD mesh where the dispersion is maximum. The maximum dispersion
occurs for propagation along the diagonal y=z. The dispersion along this bearing
is the same as for the expanded TLM node. This observation was made earlier by
Johns [21].
In comparing these plots, the superior dispersion characteristics of the
condensed node mesh are demonstrated. The only region where the dispersion of

the condensed node exceeds the FD-TD mesh is in the region of k, = k, for
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Fig. 2-12 Plot of the dispersion characteristics for a 3D TIM
condensed node mesh
stabitity factors greater than 0.5 which are not gererally used in practice.
As a further graphical demonstration of the dispersion characteristics, the
dispersive solution surface is plotted for the condensed and expanded nodes for
plane wave propagation in an arbitrary direction. If k.d=0, then the solution
surface is a perfect sphere for both cases as should be anticipated since the
periodic mesh is dispersionless at very low frequencies. A plot of the
dispersion surfaces for the expanded and condensed node for a high frequency of
k.d=0.7 is given in Fig. 2-13. As observed the surfaces for both the expanded

and condensed nodes deviate from the ideal spherical form. However, the
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Fig.2-13 Plot of the dispersion surface for the condensed node
and expanded node mesh for kd=.7
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distortion of the expanded TLM node surface is much more severe especially in the

neighbourhood of the x, y and z axes.

2.5 SPURIOUS MODES OF THE 3D CONDENSED NODE MESH

In addition to numerical dispersion, "non-physical" spurious modes are
generally supported in spatially sampled schemes. Since spurious modes can be
very detrimental in numerical simulations, they have been thoroughly investigated
by numerous researchers. While the attributes of spurious modes are well known,
a clear understanding of the origin of spurious modes is generally lacking. An
excellent review of spurious modes in FE and FD schemes was recently given by
Lynch and Paulsen [39]. Interesting numerical examples and explanations of
spurious modes in the FD-TD method was discussed by Trefethen [37].

It is interesting to note that the shunt and series TLM nodes support no low
frequency spurious modes. This can be observed from the general dispersion
relation given by Eq. 2-43. The dispersion equation has eigensolutions of k.d,
kd and kd for a given k.d that are periodic with a period of 2m which is merely
a consequence of the spatial sampling. No other solutions exist. As pointed out
by Lynch and Paulsen [39], Yee’s leap-frog FD-TD scheme does not support spurious
modes. This is thought to be a consequence of the staggered mesh configuration.
Since the 3D TLM expanded node is a special case of this FD-TD scheme with a
stability factor of 4, it also does not support spuricus modes. This postulate
was investigated by 2n analysis of the dispersion relation for the expanded node
given by Eq. 2-53. The 3D condensed node does not have a staggered mesh

structure and does support spurious modes as was recently revealed by Nielsen
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[40]. Attributes of these spurious suiutions will be discussed in Section 2.5.1,

and examples of spurious mode excitation will be given in Section 2.5.2.

2.5.1 Attributes of the Spurious Modes

Consider first the solutions for kd, kd and k.d for a small value of k. d.
The solutions form an approximate sphere with a radius of approximately 2-k.d.
Along the diagonal, kd = kd = k,d, the radius is slightly inflated, revealing
some dispersion as discussed in Section 2.4.4. Due to the spatial sampling
imposed by the mesh along x,y, and z, the solution to the dispersion relation,
Eq. 2-62 or Eq. 2-64, is periodic along the kd, kd and k,d axis. That is, if

k.o, kd, kd are solutions to the dispersion relation for a particular k,d then

kd + i - 27 ii = %1, 22, ...
kd +dj - 2n ii = #1, %2, ...
kd + kk - 27 Kk = +1, #2, ...

are also solutions. Consequently, the solution sphere centred around kd = kd
= kd = 0 is replicated in a cubic node pattern with a spacing of 2r. A1l these
solution spheres do not contribute to spurious modes but are merely a consequence
of spatial sampling. In addicion to the above solutions there is also a solution
sphere centred at kd = kd = kd = 7. This represents the spurious propagating
mode solutions. As before, spurious solution spheres exist at intervals of 2n
in kd, kd and k,d, due to spatial sampling. The total selution, assuming k.d

is small, appears as a body-centred-cubic node structure as is shown in Fig. 2-
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Fig. 2-14 Illustration of the solution spheres satisfying the
dispersion equation showing a body-centred-cubic structure

The consequences of spurious solutions can be visualized by considering an
infinite source plane in the xy plane radiating into an infinite 3D mesh. Assume
that the source plane generates a plane wave at a single frequency corresponding
to k, and that it has a transverse dependence of kx and ky. Using the
dispersion relation, kd can be evaluated for the radiated plane wave. The
propagation characteristics of the radiated plane wave can be categorized into
four regions as outlined in Fig. 2-15. The first region for small kd and kd
is the "physical propagating modes" region. The propagating constant, kd, for

these modes is real and close to the theoretical value of



2 - 47

o A
n | o
\ propa
spurious
evanescent
modes
physical
evanescent
modes
physical
propagating ks
modes .qm’:?gzs
0 -3
0 ®  kd

Fig. 2-15 Spectral regions corresponding to physical and spurious
plane wave mode propagation for the 3D condens>d node

kod = J(2kd)? - (kd)? - (k,ad? (2-66)

Assuming an excitation frequency such that kd is small relative to w, the
boundary of this region is approximately circular, with a radius of 2 kd. As
k.d increuses, the boundary wili bulge slightly around the diagonal k,d=kd.

The adjacent region is denoted as the "physical evanescent mcdes” region.
It exhibits a purely imaginary k. d that increases in magnitude with the modal
index, as expected in actual waveguide modes. Near the physical vode cutoff
boundary, the imaginary part of k. d follows Eq. 2-67 accurately, provided kd is
reasonably small.

The propagation constant for a mode located along the diagonal line given
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by

kd + kd =,

has a negative infinite imaginary component which indicates no propagation at

all. Crossing this line such that

xd+ kd>7

the real part of kd jumps to m. The modes in this region are denoted as the
"spurious evanescent modes". In this region, the magnitude of the imaginary
comnonent of k.d decreases as the mode index increases.

ine boundary between the spurjous evanescent and propagating modes is a
mirror image of the boundary separating the physical propagating and evanescent

modes and is located approximately on the curve given by

2k, d = ((®m - kd)? + (x - k,d)2,
(2-67)

The spurious propagating modes have a propagation constant of approximately

k,d = w2 2k,d - (r-k)? - (n-K,d)° (2-68)

which is purely real, indicating lossless propagation. Note the constant offset
factor of x. The upper sign in Eq. 2-68 denotes the forward propagating spurious
mode and the lower sign the backward propagating mode.

Fig. 2-16 shows the real and imaginary parts of k,d as a function of k.d for
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Fig. 2-16 Plot of the real and imaginary components of kd as a
function of kd with kd=0.3 and kd=kd

kd =0 to kd =, with kd = k,d. In this example kd is chosen to be 0.3. For
small values of kd, kd is real until the cutoff point at k,d=0.42. In the plot
of the real part part of kd, the theoretical solution of Eq. 2-66 is
superimposed and is indistinguishable from the curve given by the dispersion
relation (Eq. 2-62). At k.d=x/2, the real part of kd jumps to a value of x.
At the cutoff point of the spurious mode, given by

kd = 7 - 0.42
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the spurious mode begins to propagate. At this point the curve splits into two
parts which correspond to forward and backward mode propagation as indicated.

Consider next the curve of the imaginary part of k,d shown in Fig. 2-16.
When k.d excaeds the cutoff point, the mode becomes evanescent. It follows the
theoretical curve, given by Eq. 2-66, reasonably closely until k,d approaches the
discontinuity at k,d=w/2. Beyond the discontinuity, the mode becomes spurious.

At the propagating spurious mode cutoff, the imaginary part of k.d becomes zero.

2.5.2 Examples of Spurious Mode Excitation

From the dispersion relation, £q. 2-62 or Eq. 2-64, it can be verified that
a solution exists with k,d=k d=k.d=r and k,d=0. The existence of this DC spurious
solution can be predicted directly from the scattering matrix of the condensed
node given in Eq. 2-16. Using the eigenequation Eq. 2-64, it can be verified

that an eigenvector for V' is

v, = 1 Vv, = -1
Vv, =1 vV, =1
vV, = -1 Vi, = -1
Vv, = -1 Vv, =1
v, =1 A
vV, = -1 v, = -1

The scattering matrix for the condensed node shows that for this case

VvV = SV = ¥,
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By calculating the incident and reflected voltages for the adjacent nodes

assuming kd=kd=kd=r, it can be shown that the voltages V' and V" do not change

when the mesh is updated. Consequently, this corresponds to a DC solution. This
spurious solution was predicted in Fig. 2-14 for k,d=0.

It is interesting to note that Johns originally approximated the six field

components as an average of four port voltages [21]. As an example, the E, field

component is evaluated as the average of voltages at ports 2,3,7 and 10 as

E =

1 .
y >d (Vi + Vi« Vi + Vi)

(2-70)

For the DC spurious mode, k. d=r and kd=r, resulting in E=0., For small values
of k.d, kd and kd will still be approximately equal to =, resulting in a small
E, value. This is perhaps why the presence of spurious modes has not been
observed before.

Next, consider the case of a propagating spurious mode. Assume a y-
polarized transverse field sheet of infinite extent in x and y with a variation
of kd = kd = w. At t=0 we assume that the transverse field sheet is incident

on the plane of nodes with k=0. For a particular node i,j,k=0 we assume that the

incident voltages are zero except
v',(i,j,0) =1
The voltages incident on the adjacent nodes are also zero except

V‘,('i'l'l,j,O) = V‘J('.l-l,j,O) = v|:(iaj+l’0) = V'_-,('i,j-l,O) = -1
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Based on the scattering matrix, after two time increments, t=2At, we have
v,(i,j,0) = 0, and v,,{i,j,0) = ~1. Consequently v',(i,j,1) = -1. This
corresponds to a propagating 2D impulse field moving in the +z direction at a
velocity of d/2At. Note that the transverse impulse field does not spread, which
indicates that axial propagation of a spurious mede is dispersionless. This is
exactly the propagation characteristics of a "physical™ transverse impulse field
with kd=k d=0.
Consider a final example of a waveguide cavity that consists of an array of
condensed nodes of dimension N,=14, N=6 and N,=1 that is surrounded by etectric
walls on all six sides. The cavity is initially excited with a mode with spatial

variation

kd = x(N-1)/N, kd =« kd =

In order to obtain the actual spurious eigenmode, the simulation was started with
some high pass spatial filtering. This spatial filtering promoted the spurious
mode and attenuated the corresponding physical mode. The resulting voltage at
node 3 of the node at i=7, j=5 and k=0 is plotted in Fig. 2-17. Note that the
response quickly settles into a Tow frequency sinusoidal waveform. The spatial
filter was switched off at t=600At. Hence the remaining c¢scillation is due to
the pure spurious eigenmode. The period of oscillation is 56 At or 4N, which is
the cutoff frequency of the TE,, mode with k,d = x/Nx, kd=0 and k,d = 0. This
is exactly as predicted by the dispersion relation.

Fig. 2-18 is a plot of the field distribution of the spurious mode at
t=1400At. Here the total voltage of port 3 is used to represent the field
distribution.
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Fig. 2-17 Response of a waveguide cavity excited with a spurious
mode. The voltage at port 3 of node i=7,j=5,k=0 is plotted.
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Fig. 2-18 Spatial plot of the spurious mode. Plotted is the
total port voltage at port 3 of each node at g=1400.

2.6 FURTHER APPLICATIONS OF THE GENERAL DISPERSION RELATION

In the previous sections, the eigenmatrix equation of the condensed node was
used to determine the general dispersion relation given by the characteristic
equation. By imposing a spatial variation of kd and kd, k,d can be determined
as a function of kd. By substituting values of k.d, k.d, kd and k.d back into
the dispersion equation, Eq. 2-64, the eigenvector of the incident voltage can
be determined. This has many applications. However, as this is a topic that is
not directly in line with the main objective of this thesis, only a brief

discussion will be given,
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Consider an infinitely long waveguide along the z axis modelled by a TLM

mesh that has transverse dimensions of N, by N,. Given k,d and k,d of a specific
mode, k. d is determined by the dispersion relation. For a specific solution set
of kd, kd, kd and kd, the rank of (I-TPS), in Eq. 2-64, is 10 corresponding
to two degenerate eigenmodes. The independent eigenvectors can be determined
arbitrarily by applying two additional arbitrary conditions. For example if the
TE mode is desired then the two additional conditions are €, =1 and E, = 0. If

the TM mode is required then the conditions H,=1 and H,=0 are used.

The conventional representation of the field quantities is that proposed by
Johns [21}:

E, = -;‘—d (Vig + Vi + v+ vi ) (2-71a)
E, = =g (Vi + Vi Vi 4 viy) (2-71b)
B, = oy (Vi + Vi« i+ Vi) (2-T1c)
H, = -z:ila (Vi, - Vi + vi - vi) (2-71d)
H, = z—ld (-Vi + Vi, + Vi - VL) (2-Tle)
H, = -é-la (-Vi, + Vij + Vi, - Vi) (2-71f)

The TE and TM simulated fields have been evaluated by the above procedure and
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compared to analytical solutions. The error in the field components is of the
order of the dispersion error, which is negligible for small values of kd, k.d,
k,d and k.d.

Having the field components, it is possible to determine the simulated
impedance of the mode and to compare it with the analytic value. A good
approximation is to form the quotient of the transverse E and H field vectors.
The impedance of the TE,, mode was evaluated and was very close to the analytic
value for small values of k. d. However, the impedance evaluated in this way is
not exactly the equivalent impedance of the eigenmode in the mesh since the field
components in Eq. 2-71 are based on an averaging of port voltages. While the
difference is small, it is relevant in S-parameter extraction techniques, or if
a perfect single frequency termination is required.

The method used to obtain the equivalent impedance is to determine the
equivalent Green’s function of the simulated waveguide. Consider a current sheet
occupying the entire transverse plane of the waveguide as shown in Fig. 2-19,
The current is distributed according to kd and k,d. The voltage incident into
each TLM node adjacent to the current sheet is determined. The ratio of the
total voltage at each node to the current flowing into each nude from the current
sheet is the desired impedance. Details of this development are lengthy and are
therefore excluded from this thesis.

A new S-parameter extraction method was developed and successfully used,
based on the availability of the exact simulated guide impedance as a function
of kd. The waveguide with a discontinuity to be analyzed is terminated in a
fixed impedance such that all the ports of the TLM nodes at the two ends of the
waveguide are terminated with Z,. A distributed voltage generator excites the

TE,, mode distribution. The total voltage across the two terminations is
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Fig. 2-19 Transverse current source sheet in a rectangular
waveguide used in the calculation of the Green's function

evaluated and related to the desired S-parameters as discussed in Appendix C,
The voltage generator waveform can be sinusoidal for single frequency S-parameter
extraction, or an impulse function. In the latter case, the Fourier transform
is used to extract the S-parameters. The advantage of this method is that
absorbing boundaries are not required at the two ends of the waveguide.
Further applications of the dispersion equation relate to the study of modes
supported by a finite TLM mesh. This results in a Hilbert space of basis
functions. From this, field uniqueness can be demonstrated for a given
excitation. Also the overall accuracy of the TLM simulation due to the limited
number of modes and the dispersive properties of each mode can be analyzed.
Knowing the attributes of the spurious modes from the dispersion equation can

perhaps lead to an understanding of how they can be suppressed effectively.
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Finally, knowing the simulated impedance of the propagating modes, absorbing
boundary algorithms can be established that trade off bandwidth for increased

numerical efficiency.

2.7 AN EQUIVALENT FD-TD FORMULATION OF THE CONDENSED NODE

Recently, Chen et al. [40] demonstrated that the condensed node c-uld be
regarded as a FD-TD procedure with coupled recursive equations in terms of
voltages and currents. A different derivation will be given here, resulting in
an alternative FD-TD interpretation of the condensed node that more directly
shows the relation with respect to Maxwell’s equations. As well, the terms
responsible for the origin of the spurious modes in the condensed mesh can be
jdentified by this derivation. Modifying these terms leads to a new FD-TD scheme
based on the condensed node that is potentially free of troublesome spurious
modes.

The FD-TD recursion relations will be developed in Section 2.7.1. A
discussion of how tiiase relate to Maxwell’s equations will be given in Section
2.7.2 and 2.7.3. The origin of the spurious modes will be discussed in Section

2.7.4.
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2.7.1 Development of the FD-TD Recursion Relation

For each condensed node there are twelve incident and twelve reflected
voltage variables. Due to the twelve equations provided by the scattering
matrix, the number of independent voltage variables associated with each node is
reduced to twelve. In the FD-TD formulation, six voltage and six current samples
will be associated with each node, sampled halfway along the link lines. Hence
the total number of independent samples associated with the node remains at
twelve. In the FD-TD formulation, the voltage and current samples are taken at
a "port" of the node structure. The six ports of the FD-TD formulation
correspond to the first six ports of the condensed node a distance of d/2 away
from the node. The voltage and current at these six ports are defined as:

A - total voltage across the transmission line
connected to port "p" of node i,j,k at time t=qit

i PP - total current flowing into port “p" of node
i,J,k at time t=qAt

The Table 2-3 gives attributes of V. and I,,.. The first column is the
designated port number of the FD-TD formulation which corresponds to the port
number of the condensed node. A1l the attributes of this table are observed
directly from the condensed node structure given in Fig. 2-6. The second column
gives the polarization of the voltage and current sample. For example, the
voltage of port 0 is polarized in the x direction, and the current runs along the
y axis. The third column gives the location of the port assuming that the node
considered is centred at x=id, y=jd and z=kd. Finally the fourth column
indicates which E and H field component is sampled at the port, and its relation

to the port voltage and current.
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Table 2-3 Location of sampled field quantities in the equivalent FD-TD
formulation of the condensed node

field component
sampled

p polarization port location electromagnetic

0 X y § id (J-5)d kd E=-V,/d H.=1./d
1 X z 4 id jd (k-3)d } E=-Vijd | He-L/d
2 Y x W (i-%)d | jd kd H E=-V,d | H=-L/d
3 y z | id id k-x)d | E=-vyd | H=1d
4 z y J| id (3-%)d kd E=-V,/d | H=-1,/d
S Az 2o (i-ad | d | kd | Ee=-Vod | H-l/d

The FD-TD recursion relations will be derived for the voltage and current
at port p=0. The recursion relations for the other ports can be derived by
inspection by taking the symmetry of the node into account. We begin by writing
the updated voitages and currents at the new time of t=(g+l)at in terms of

incident and reflected voltages.

etVipe = q01v||JkD + qtlvrljko (2-72a)

qolluw = Yo (q.xv‘uuo - quvruno) (2'72b)

where Y, is the admittance of the 1ink lines. From the scattering matrix of the

condensed node

r Ll 1 ] 1
qotv 1o = !5[ qv ya * qv gz T qv 148 qv 1_1no]/' (2'73)

Using
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qolviijko = quvrua-:.u.u (2-74)

and

a¥ g = 5[ qviiJkl - qv't_].hz + qV'UILB + qv‘ijkIO] (2-75)

from the scattering matrix, we obtain

QOIV‘I.j.k.O = %[ qv'i._j-l.l.l - qv‘!.J-l.l.z + qv‘l.J-l.k.B + qvll,j-l.h.lﬂ] . (2-76)

The relationship between the incident voltages of the condensed node and the

total voltage and current is given as

q'lv‘U!p = %[ qukp + 2, quJkp ] (2-77)

for p=0,1..5 where Z, is the link line impedance. For the other ports (referred

to the condensed node structure) we have the following relations

1
quv 1966 = %[ qvi.jﬂ,h.A -1, qI1,_|o'..k.4 ]

1
qoxv 14z < 5[ qvi.J.un.J = Zn nll.J.lul.J ]

1 1
qozv 168 %[ qv1..1.m.1 -1, qli,j.hﬂ.l ]

q01v114l9 = k[ qvhl._i.lr.s - 1, qu.J.u.s ]
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1 1
q.;v T 1[ qvitl,j,h.z - zo q]hl,_j,t,z ]

qclv|ljhll = '1{ qvhjd.i.o = Zn th,Jol.h,D ] . (2_78)

Combining all the above relations with some algebra results in the desired

recursion relation given by

eVigne = 50 Vg t Vgnan + Visaa + Vsl

+ !‘{-qvl.J-l.l.E + qvhl.j-l.l.i‘ + qvi,j.l.z = qvlol.J.k.Z}

+ X Zo{ qli..i-l.t.l - nll.J-l.h:.l + qu.J.i.l = qu.J.k*l.l}

+ % Zo{-qll.jd.k.z = qlm.:-l.u.z + qli.J.t.Z + qIHl.J.l.Z} (2'79)

for the voltage at port 0. The corresponding current recursion relation is:

qolII.J.k.D = { qvl.J-l.k.l + qvi.j-l.lul.l = qvl.J.I.l = qvi.J,kd.l} / (4 zo)

+ {—qvhj-!.t.a + qvhl.j-l.k,z - qvi.,j.t.z + qvhl._j.k.z} / (4 Zn)

1
+ 1{ qu.J-l.t.x - qli..j-l.lul.l - ql1.j.k.1 + qli.J.kﬂ.:]

+ ;‘{_qll.j-l.l.z = qIn:.J-v.k.z = qli,_j,k,z - qun.J.k.z} . (2‘80)

In the following section these recursion relations will be corsidered in detail
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demonstrating how they relate to Maxwell's equations in the limit of an

infinitesimal mesh dimension.

2.7.2 Analysis of the Voltage Recursion Relation

Fig. 2-20 i1lustrates the contributing components to each of the four terms
of Eq. 2-79. Each sub-figure shows a cluster of four nodes indicating which
voltage or current contributes to the term. Also indicated is the position of
the V,,,, voltage component. As observed, the first term is a sum of the .V,
voltage components of the surrounding nodes which can be regarded as a spatial
average of \V,,,,. The second term, illustrated is neither a curl nor a
divergence and reduces to zero as the mesh size becomes finer. This is the term
which is responsible for spurious modes as will be discussed later. The third

term can be regarded as a numerical approximation to

Using the table in Section 2.7.1,

H(id, (j-3)d ka) = - kb, (2-81)

Consequeitly, the third term is an approximation of

& z, 2,
2 9z (2-82)

term3 =

The fourth term is a numerical approximation to
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Fig. 2-20 Illustration of contrit*ing voltages and currents to
the terms of the right hand side of the voltage recursion rela“ion



d Zo aIl.j‘klz
2 ay ’

Again using the table in Section 2.7.1 we have,

H,(id, (j-%)d'kd) . Ix’,d,'k,z

and therefore the fourth term is an approximation of

d zo d I.i,j.k.z

term4 =
2 ay

From Eq. 2-79, Eq. 2-82 and Eq. 2-84 the voltage recursion equation

can be summarized as
d: z

oH OH
e1Vis.e0 © ¢Vijko ¥ 2 - a; - a;)

where the contribution from term 2 has been neglected.

Approximating the time derivative of E, as

O (ix,jd, kd) _ 1

at = d' At (Q’lvi!jfkto -.qviujckoo)
and using
2 2 1
cdAt = £ = €. @€
odz Zo Vlink t

we finally cotain

OF
e,,e,-é-g-‘ =x'VxH

which is one component of Maxwell’s equations given by Eq. 2-2.
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(2-83)

(2-84)

(2-85)

(2-86)

(2-87)

(2-88)
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2.7.3 Current Recursion Equation

The current recursion equation, Eq. 2-80, can be manipulated in a similar

fashion resulting in the approximation to the component of Maxwell’s equation

Z = -z-VxE (2-89)

Similar approximations were made as above. As with the voltage recursion
relation, the current recursion equation involves a term which is responsible for

the spurious modes, which is the third term in Eq. 2-80.

2.7.4 Origin of Spurious Modes

The spurious modes of the condensed node, discussed in Section 2.5, showed
that for every "physical" mode with propagation coefficients of k,, k, and k,,
there was a corresponding spurious mode with propagation coefficients of K, w/d-
k,, k+ m/d-k,, ko~ w/d-k.. In other words, the spurious modes originate from a
confusion or degeneracy of a mode with low and high spatial frequency variation.

To show the origin of this degeneracy, a heuristic argument is given.
Consider the terms of the voltage recursion relation illustrated in Fig. 2-20.
The orientation of the component voltages and currents making up each term are
indicated as they appear in the voltage recursion relation. Consider now the DC

spurious mode with kd=k d=k d=r, the orientation of the voltayes and currents in
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Fig. 2-20 will be modulated with an alternating sign with a peried of d in the
X, ¥, and 2 directions. Careful consideration of term 1 and term 2 will indicate
that term 2, given the DC spurious mode excitation i.e. kd=kd=k d=r, will be
"similar" to term 1 with the DC physical mode excitation i.e. Kk.d=k,d=k,d=0.
Hence, considering the sum of term 1 and term 2, there is a confusion between the
DC mode and the DC spurious mode. A similar argument can be made for terms 3 and
4. In other words, given that the FD-TD recursion relations are seif-consistent
for the OC physical mode with Kk,d=kd=k,d=0, they are also self-consistent for
the DC spurious mode with kd=k d=k.d=w. This degeneracy is believed to be a
result of the symmetry of the condensed node. Removing the degeneracy by
eliminating term 2 from Eq. 2-79 and term 3 for £q. 2-80 will eliminate this form
of spurious mode. This is equivalent to making the condensed ncde nonsymmetric.
It remaines to be determined whether a new FD-TD node, created from the voltage
and current recursion equations with these terms removed, will result in a
spurious-free method. Spurious modes will likely be supported, but may be less

troublesome than those presently encountered with the condensed node.

2.8 CONCLUSION

In this chapter a review of the various 2D and 3D TLM nodes was given. The
general dispersion equation was developed for each nocde. It was demonstrated
that the numerical dispersion and anisotropy of the condensed node is
considerably better than for the expanded 3D TLM node and the FD-TD leap-frog

formulation.
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Sourious modes of the condensed node were discovered by careful analysis of
the dispersion equation. The propagation attributes and field structure of the
spurious modes have been quantified. It was determined that the condensed node
supports an equal number of physical and spurious modes. Unfortunately, spurious
modes are excited at low frequencies and are only removable by low-pass spatial
filtering. While spatial filtering will suppress spurious mode propagation, it
does not necessarily provide a more accurate overall field simulation. It is
also a computationally expensive process.

On a positive note, the percentage of the total field energy in propagating
spurious modes is typically tow, being generally in the region of one or two
percent. This will be shown by example in Chapter 5. Maintaining a Jow
percentage in spurious modes hinges on three factors:

1. Discontinuity features have no high spatial frequency content.
2. The sources do not couple strongly into spurious modes.

3. The temporal frequencies of sources and of signal sources
emanating from non-linearities are low relative to 1/At.

The 2D shunt and series nodes do not support low frequency spurious modes.
Careful examination of the expanded node dispersion equation reveals the rather
surprising fact that the expanded TLM node does not support spurious modes
either. This is consistent with the fact that Yee’s leap-frog FD-TD scheme does
not support any spurious modes for any stability factor less than the maximum
value of 1//3. The key feature of the expanded node and Yee’s scheme is the
interlaced structure of the node [38]. Lack of spurious modes is an important
advantage of these schemes.

The question then is ’why pursue development of the condensed node for

nonlinear circuit anulysié applications?’. To answer this, it must be borne in
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mind that the errors resulting from spurious modes is generally limited to one
or two percent. In nonlinear simulations, errors of this magnitude are not
significant relative to the errors of characterizing the non-linear parameters
of the devices. Also, generation of spurious modes can be supriressed, to some
degree, by careful arrangement of the problem geometry. The condensed node
remains an attractive node to use for circuit applications because of the
possibilities of modelling conductor strips and interfacing to lumped devices.
This will be discussed in detail in Chapter 3. Finally the condensed node does

have superior numerical dispersion attributes as demonstrated.



CHAPTER 3

SIMULATION OF CONDUCTOR STRIPS

3.1. INTRODUCTION

The objective of this thesis is to develop a method of modelling 3D
electromagnetic structures with embedded nonlinear devices connected by strip-
like transmission 1ines. This chapter focuses on new condensed node structures
developed explicitly to model conductor strips and to provide a realistic
interface to the embedded devices. |

Fig. 3-1 i1lustrates ti.a conventional method of simulating conductor strips
in a 3D condensed node mesh. Shown in Fig. 3-1a is a truncated conductor sheet,
located halfway between two node layers. The conductor sheet is simulated by
applying a Dirichlet boundary condition to the transmission link lines that
intersect the conductor sheet as illustrated in Fig. 3-1b and Fig. 3-lc. As
discussed in Section 2.2.5, a Dirichlet boundary is modelled by assuming a
reflection coefficient of -1,

Two-terminal lumped devices can be emvedded into the conductor strip by
interrupting the Dirichlet boundary at the device location. Fig. 3-2 shows an
ex2mple of a gap in the conductor strip oriented parallel to the x-axis that is
straddled by a two-terminal device oriented in the z-direction. The 3D-node
configuration is shown in Fig. 3-2a, and details of the indicated planes are
given in Fig. 3-2b and Fig. 3-2c. Fig. 3-¢b illustrates how the device is

connected to the TLM mesh by shunting the z-polarized mesh transmission lines



Fig. 3-1 Conventional modelling of a coriiuccive strip using a
truncated Dirichlet boundary. a) 3D orientation of the condensed
nodes. b) Detail of plane A. c) Detail of plane B.



Fig. 3-2 Conventional mcdelling of a conductive strip with an
embedded two-port device. a) 3D orientation of the condensed
nodes. b) Detail of plane A. c¢) Detail of plane B.
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between nodes 3 and 4. The x-polarized transmission 1ine running between nodes
3 and 4 must be shorted as shown to model the Dirichlet {electric wall) boundary
condition of the strip.

If the two-terminal device does not have any reactance, then it can be
modelled by an equivalent two-port scattering matrix referenced to the 1ine

admittance of Y_,. As an example, if the device is a conductance G, then the S-

parameters are:

= — -G
311 - 322 = Z_T-:_é
o
Su 7 S = g (3-1)
Q

At every time step the impulses on the T1ink Tlines incident on the two port device
are scattered according to Eq. 3-1. If the device has some reactance or energy
storage associated with it then a time-dependent differential equation results
that must be solved by the PWL routine that will be developed in Chapter 4.

Unfortunately, there are two problems with this direct elegant extension of
the TLM mesh. First, as was discussed in references [41] and [42], conductor
strip edges are not accurately modelled by using truncatel Dirichlet boundaries.
Hence, common planar transmission line structures generally used for
interconnecting devices are poorly simulated. Secondly, the device sees an
incorrect driving-point impedance when looking into the conductor strips. Hence
the coupling of the device with the surrounding electromagnetic structure is not
accurately simulated.

To explain the origin of these errors, consider the conductor edge modelled
as a truncated Dirichlet boundary between node layers as illustrated in Fig. 3-1.

Nodes 5 and 6, immediately adjacent to the conductor edge share a corner which
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is coincident with the conductor edge and should therefore couple strongly with
the resultant edge current. However, in the cendensed node formulation, the
coupling is indirect, having to pass through the nodes 3 and 4, which results in
a weaker, delayed interaction. Hence the errors can be attributed to an
insufficient coupling of the simulated <trip edge current with the surrounding
fields.

The origin of the second problem is similar. Consider the series
conductance in Fig. 3-2. Current flowing in the conductance is not directly
coupled to the current flowing in the adjacent conductor strips, but rather the
interaction must pass through two nodes (paths 6-4, 2-4, 1-3 and 5-3 in Fig. 3-
2). While this can be shown not to affect the DC bias simulation, it does
significantly degrade the simulation fidelity at higher frequencies.

A solution to the Tirst problem is to increase the interaction between the
conductor edge and the surrounding nodes. This is possible by connecting nodes
5 and 6, in Fig. 3-1, directly to the conductor strip edge via shorting stubs.
This has been demonstrated, in the 2D TLM shunt node mesh, to significantly
improve simulation results [43].

However, this method does not solve the second problem of providing a direct
connection of the conductor strip with the device element. Hence, another
approach was developed which involved modifying the condensed node such that the
conductor strip could t- embedded directly into the node. This has resulted in
a family of new node structures that are sketched in Fig. 3-3, denoted as
nconductor strip nodes". The "half-node", Fig. 3-3a is a condensed node bisected
by a conductor plane. The "edge-node", Fig. 3-3b is similar to the half-node
except that the conductor sheet has an edge within the node. The edge current

flowing in this node couples directly with the adjacent E and H fields. The




a) Half-Node b) Edge-Node
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¢) Corner-Node d) 90° Wedge-Node

Fig. 3=-3 Illustration of the set of Conductor Strip nodes. The
scattering centre of the nodes is situated at the centre of the
cells and is identified schematically.
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corner node in Fig. 3-3c is necessary for simulating discontinuities in the
planar transmission lines. Finally the 90° wedge node in Fig. 3-3d is useful for
simulating ribbon bonds to devices and wrap-around conductor planes.

Fig. 3-4 shows the same problem as illustrated in Fig. 3-2, with the z-
oriented two-terminal device embedded into a conductor strip. However, in Fig.
3-4, that the conductor is modelled with conductor strip nodes. Note in the
detail of Fig. 3-4b, the conductor strip is embedded into the layer of half-nodes
tihat is connected to the device. As discussed in Section 3.2, eight of the
twelve state variables of the half-node correspond to the current flow on the two
sides of the conductor which is directly accessible to the two terminal device.
Hence the interaction between the device and the conductor strip is direct and
does not need to pass through adjacent nodes. Details of the interface between
the device and the conductor strips are developed in Section 3.6.

The scattering matrices for the conductor strip nodes are developed in
Section 3.2. In Section 3.3 the problem of incorporating capacitive stubs into
the half-nodes, for modelling dielectric material, will be addressed. A
demonstration of the improved accuracy possible by using this new family of node
structures is given in Section 3.4 based on the simulation of a half-.,avelength
stripline resonator and a microstrip resonator. In Section 3.5 a modification
of the edge node is discussed. It leads to improved modelling of strip edges
where the incident field is parallel to the conductor strip edges. The interface
between devices and conductor strips which are modelled by half-nodes, will be
addressed in Section 3.6. Only devices without energy storage or reactance will
be considered in this chapter. Simulation of nonlinear devices with reactance
will be developed in Chapter 4. In Section 3.7 modelling of distributed devices

by conductor strip nodes will be introduced.




b)

conductor strip
nodes

Fig. 3-4 Modelling of conductor strip with embedded device using
conductor strip nodes. a) 3D configuration of conductor strip
nodes and conventional condensed nodes. b) Detail of plane A.



3.2 SCATTERING MATRICES FOR THE CONDUCYOR STRIP NODE TYPES

3.2.1 Half-Node

The half-node is derived from the condensed node and therefore retains its
energy and current conservation properties as well as its dispersion
characteristics. A half-node configuration with the conductor sheet in the x-z
plane is shown in Fig. 3-5. The conductor sheet splits ports 2,3,7 and 10 into
eight ports 2a,3a,7a,10a above the conductor and 2b,3b,7b,10b below the
conductor. The characteristic impedance of these split ports is half the
characteristic impedance of the regular ports. Electric fields tangential to the
conductor surface are forced to be zero and therefore ports 1,8,6 and 9 of the
regular condensed node (Fig. 2-6) are omitted. Even though both half-nodes are
electrically separated and thus uncoupled, it is nevertheless convenient to
formulate the scattering matrix as a twelve port node containing both half-nodes.

The reflected and incident voltage vec'ars are defined as




v1i

conductor

k ; Vv 0 sheet

Z V4

Fig. 3-5 Diagram of the half-node configuration. This is a
condensed node split into two uncoupled half-nodes by a conducting

sheect.
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Vi0a V41
V¥iob Viion
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which are related as V" = S, V' where the scattering matrix, S,,, is given by

(0 0 2 0 00 000 0-2 0)
0 00100 01000 -1
1 00010 0O06100 O
0 10000 -10010 O
0 01001 00O0O0T1 O

_1l0 ooo0o 20 00-200 0

Sw=2lo o 0-200 02000 O
0 10000 10010 O (3-3)
0 01 00-1000TU0Z10
0 00100 01000 1
-1 00010 00100 ©
lo 20000 00020 O

where the subscript "h" denotes "half-node" and "y" denotes that the normal of
the conductor plane is in the y-direction.
For the half-node with a conductor sheet normal to the x-axis, the reflected

and incident voltage vectors are defined as
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VrOb ViOb
Vrla Viid
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Ve, vi, (3-4)

r _ Vrs i _ VI5
Ve VrBB v ) VIEG
Vb Viep
Vr9 Vi9
Vrlo Vilo
vrlld Villd

\V 118} \Vinb;

which are related as V" = S,, V' where the scattering matrix, S,,, is given by

(001 00 010 9 -10 0)
0001311 0010 00O
10000 00O -1010
01000 1000 001
02000 00O0 O0C 00 -2

_1lo0 0020 00-20 000
Sw=3l1 0000 000 1 010
01000-100 0 001

0 0-200 020 0 00O

.20 000 000 OC 020 (3-3)
00100 010 0 100

L0 0 01-1 0010 0O O

For the half-node with a conductor sheet normal to the z-axis, the

reflected and incident voltage vectors are defined as
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3.2.2 tdge-Node

The edge-node is derived directly from the nalf-node with only minor
modifications required to simulate the conductor strip edge. Consequently, to
describe the edge node, consider first the half-node of Fig. 3-5. Consider the
case where the conductor strip has an edge at the pair of ports denoted by Za and
2b. In the simulation of the strip edge, the haif-node must interface to the

conventional condensed node as shown in Fig. 3-6. An interface is required

by

Tvza

) V10 i
V,
I b

conductor
strip

_>

1 i
condensed haif
node node

Fig. 3~6 Illustration of the simulation of a conductor strip edge
modelled by a half-node and a conventional condensed node
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between the pair of ports 2a and 2b of the half-node and port 10 of the
conventional condensed node.

Consider first the voltages reflected from the half-node ports. At each
time interval a pair of voltages V", and V", are generated by the scattering
process of the haif-node. The symmetrical compenent, V., + V', couples directly

intc port 10 of the regular condensed node such that

Vig = Vi, + 1V, (3-8)

The anti-symmetric voltage, %(V",, - V7..), represents the current flowing in the
conductor sheet of the half-node which must be zero at the strip edge, (i.e. at
port 2a and 2b). Consequently, the anti-symmetric voltage is reflected back into

ports 2a and 2b with a reflection coefficient of unity. Hence,

v‘2| = %5(Vo - V) (3-9a)
vizb = 5V - V) (3-92b)

The factor of % ensures conservation of energy.

Considering the reflected voltage from port 10 of the regular condensed

node, we must have

Vi = 5V (3-10a)
Vi = 5V (3-10b)

where the factor of % ensures energy conservation. In addition, the regular

condensed node reflects a voltage in port 9 which is polarized parallel to the
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strip edge. As the Langential voltage on the strip edge must be zero, V'y from
the condensed node is reflected back into the condensed node with a refiection

coefficient of -1. That is

vig = _vr‘g (3'11)

A problem with the simulation of the conductor strip edge as in Fig. 3-6 is
that the link lines connecting ports 2a and 2b to the centre of the half-node
represents a capacitive stub with regard to the antisymmetric voltage component.
Hence, the simulated conductor strip edge is periodically loaded by capacitive
stubs which slow down the wave propagation.

To avoid this problem the edge-node was created by modifying the half-node.

The modification consists of reflecting the reflected antisymmetric voltage back
into the node centre during the present update cycle rather than waiting till the
next update cycle. This effectively moves the strip edge location to the centre
of the node as illustrated in Fig. 3-3b. The scattering matrix for the edge-
node is calculated by modifying the scattering matrix for the half-node to
account for the antisymmetric voltage being reinserted into the scattering
process.

The edge-node is illustrated in Fig. 3-7. Note that ports 2a and 2b are
replaced by a single port denoted as port 2. Port 2 couples directly with port
10 of the adjacent regular condensed node. The voltage reflected from port 2
represents the y-polarized scattered symmetric voltage. Port 5 has been added
to the edge node which mates with port 9 of the adjacent condensed node. The

scattering coefficient for port 5 is -1 as discussed above.
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Y conductor
edge

Fig. 3-7 Edge-node configuration for the conductor strip edge
parallel to the 2z axis
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The scattering matrix for this edge node is denoted by §,,, where "e" denotes
vedge", "y" indicates that the y axis is rormal to the conductor plane, and "2"
denotes that the edge is facing port 2 of the node. Likewise S, S, and S,
are defined as the scattering matrices for the edge nodes corresponding to edges

facing ports 3, 7 and 10 respectively.

3.2.3 Corner-Nodes

In order to model corners in the conductor strips, it is necessary to have
a set of special corner nodes that can interface with the edge nodes as
illustrated in Fig. 3-3c. One example is shown in Fig. 3-8 of an S, node
combined with an S, and an §,,, edge node. The subscript "c" denotes corner, "y"
denotes orientation of the conductor plane normal to the y axis and "23" means
it is inserted between edge nodes of type "2" and "3".

The scattering matrix for the corner node is derived in the same fashion as
that for the edge node except that there are now two edges to contend with. The
starting point is the scattering matrix §,,, given in Eq. 3-3. Ports 2a and 2b
of the corner node couple into a combined port 2, and ports 3a and 3b combine
into port 3. In addition, ports 1 and 5, are accommodated in the same fashion
as port 5 for the S,, node. At each time interval the symmetrical component of
the voltages V', and V", (V" + V7,) is coupled directly to V7. Likewise {V',,
+ V") couples directly to V,. The antisymmetric components, %(V°, - V) and
K(V",, - V",,) are reflected back into the node with a reflection coefficient of
1 during the same time interval as in the edge-node case. As with the edge-

node, the refiection coefficient of unity forces the current flow normal to the
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Fig. 3-8 Simulation of a cornmer in a planar conductor sheet using
corner-nodes, edge-nodes and half-nodes.

edge to be zero at the edge. A1l the conditions listed above together with the
scattering matrix of the half-node are compiled into a system of equations that

is used to generate the appropriate scattering matrix for the corner-node.

3.2.4 90° Wedge-node

The last node type is the 90° wedge-node illustrated in Fig. 3-3d. The
wedge-node is generally usvd as a coupling between two orthogonal half-nodes as
illustrated in Fig. 3-9. Shown is a §_, node where "w" denotes wedge and "yz"
denotes that it interfaces an S, and an §,, node. The scattering matrix for this

node is derived by assuming that the symmetric portion of the incident voltages
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Fig. 3-9 Illustration of a possible application of a wedge-node to
couple two orthogonal half-nodes

at the half-node ports propagates through the wedge-node as though it were a
normal condensed node. The antisymmetric voltages, representing the surface
currents, are assumed to be continuous. The wedge-node, as illustrated in Fig.
3-9, assumes no current in the x direction. The node satisfies the current
continuity and energy conservation, however, it does not correctly model the edge
current along the x axis, nor does it model further interaction between the
current and the field. For our purpose, the node is used only in cases where
short narrow wire and ribbon bonds to devices are required. The effect of

neglecting the x-directed current flow is insignificant in this case.

PRI o
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3.3 MODELLING DIELECTRIC MATERIAL WITH HALF-NODES

In order to model microstrip line circuits, it is necessary that capacitive
stubs be incorporated into the conductor strip nodes to simulate dielectric
material. The conductor strip is generally coincident with the dielectric
interface. Hence, the conductor strip nodes must accommodate two different
dielectrics for which six capacitive stubs are required. However, to minimize
the program complexity, it was decided to use a capacitive stub at each port.
While this represents six additional variables per node, the conductor strip
nodes are generally present in only one layer and hence, the overall increase in
memory and computational effort is negligible.

In order to demonstrate the development of the overall scattering matrix for
the conductor strip node types, the §,, node is taken as an example. It is
assumed that the conductor sheet located in the middle of the half-node is
coincident with the dielectric interface. In general, the dielectric layers can
be anisotropic with a diagonal permittivity tensor. Therefore, six dielectric
constants are defined. €, ,,, €., and € _,,, denote the permittivity in the x,
y and z directions for region 1 above the conductor strip. Likewise € ,,, €. .,
and €, ,,, denote the permittivity in the x, y and z directions for region 2
below the conductor strip.

Across each of the twelve ports will be a shunt capacitive stub of
normalized admittance Y, , where "p" represents the port associated with the stub.
Consider the upper half of the S, half-node. The total capacitance of the

medium, relative to the y axis, is given by

mly = 2€r1,y€d (3-12)
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where the subscript "m" denotes "medium", "1" denotes the upper zone 1 of the
node and "y" denotes "with respect to the y-axis" since anisotropic dielectrics
may be modelled. C_,, must equal the nede capacitance with respect to the y-
axis which consists of the four 1ink 1ines and the four capacitive stubs shunting
the tink lines.

The normalized admittance of the capacitive stub shunting port "p" is denoted
as Y,,. For sake of simplicity, it is assumed that the four y-polarized

capacitive stubs have the same normalized admittance of Y,. Consequently

8,78 - Ys,lua = Yg, (3-13)

The capacitance of each of these stubs was given by Eq.2-25 as

e o Ya¥ed
ot Viink 2 (2-25)

As the total capacitance of the four y-polarized iink lines in region 1 is 2ed

we arrive at

YS = 2 (er'l'y - 1) . (3_14)

Consider now the capacitance relative to the x-axis. ¢, ,, for

the upper part of the node is

_ €.1.x% d
m,1,x 2

(3-15)

which must equal the node capacitance with respect to the x-axis in region 1.
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In this case only one port, p=11, is involved. Hence the node capacitance is the
sum of the capacitance of the link line corresponding to p=11, given by %e.d, and

the capacitive stub shunting port 11 with a normalized admittance Y....- Hence

Yo = 2 (€, 1) (3-16)

The remaining stub admittancas for the S, node are given in the following table;

Table 3-1 Value of capacitance stub for each port of the half-node

Y

2(e. ., 1)
1 2(e.,, -1) )
2 2(e. 20 -1) “

3 2(e.,, -1)

4 2(e_, ., -1)
5 4 e ) |
6 6 2., -1) |
7 7a 2(e,,, -1) “
1 8 7b 2.z 1) |
| 9 10a 2., -1) |
10 10b 2(e. ., -1) “

Stub values for modelling dielectric material in edge nodes and corner nodes

are determined by the same procedure as above, namely by equating the medium and
node capacitance.
The stubs shunt each port just adjacent to the condensed node as illustrated

in Fig. 3-10. Let V_, be the voltage at the external port connection of port p,
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conductor
strip
node

[ g2

Fig.3-10 Shunt capacitive stub connected to port p at the node
centre

V," be the voltage associated with port p at the half, edge or corner-node, and
V, reprasent the stub voltage as illustrated. The scattering matrix relating the

incident and reflected components of these voltages is - .= .

r i

Vs a b ¢ Vp

Vp: = |b a ¢ Vpr

v, b b dl\v, (3-17)
where

a = Ys.p

) 2 YI-P + stp
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b = 2 ¥1p
2 Yl-P + Ys.P

c Ys.p -2 Y.l.p
2 YLp * Yﬁp

d = 2Y,, )
2 Yl'p + Ye‘p

Y, is the link line admittance and Y, , is the stub admittance associated with
port p.

The overall scattering matrix for the half-node with all the dielectric
stubs is a 24-by-24 matrix. It is derived by considering the complete network
of a half-node with twelve shunt stubs attached.

The derivation of the scattering matrix for the condensed node is based on
the assumption that the dielectric is homogeneous throughout the node volume.
Presently, there is no mechanism for accurately representing a dielectric
interface within the condensed node volume. This mechanism is required for the
condensed nodes in the conductor strip layer, Presently, the dielectric
interface is modelled by merely setting the dielectric constant used in the
condensed node to the average of the dielectric constants in regions 1 and 2.
This is not a very accurate simulation of the actual boundary conditions at the
dielectric interface. A detailed study of the condensed node is required to

determine a more appropriate scattering matrix for this case.
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3.4 DEMONSTRATION OF IMPROVED ACCURACY USING CONDUCTOR STRIP NODES

Two examples are provided to demonstrate the improved accuracy in modelling
strip like transmission line structures using conductor strip nodes. The first
is a half-wavelength stripline resonator assuming no dielectric. The second is

a microstrip line bounded by conducting walls.

mcgneﬂc
wall

)

7

"4

a— D —>le— D —>

Fig. 3-11 Configuration of half-wavelength strlpllne resonator
bounded by a rectangular box. Two walls are magnetic as indicated,
the others are conductive.

A sketch of the strip line resonator is given in Fig. 3-11. The dimensions
of the resonator are given in terms of the parameter "D" which represents an
integral number of nodes. Tk:z TLM impulse response of the resonator structure
is calculated, and its Fourier transform is computed. In the resulting spectrum,

the lowest frequency peak is the fundamental resonance response of the desired
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12
10 | . . .
; conventional strip
%error 8\ - -simulation -
in resonant [ |
period 6fF — \o S
4 - . S
2 |—condugtor strip ,— — ;=
- node simulation \ :
oF - e .
-2 R 1 [l U 1
2 4 6 8 10 12

Fig. 3-12 Comparison of the convergence of the resonant period of
the simulated stripline resonator as a function of the mesh
dimension parameter D.

TEM mode. The centre of the peak corresponds to the calculated resonance

frequency wiich is compared to the theoretical resonance frequency of

£ =1
mhad 16 D At (3-18)

The relative error in the resonant period as a function of the parameter D is

given in Fig. 3-12. The results are compared with the conventional method of
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simulating the strip as a truncated Dirichlet boundary between nodes as
illustrated in Fig. 3-1. As observed, there is a substantial improvement in
accuracy by incorporating conductor strip node types into the TLM mesh.

In order to test the simulation accuracy of the conductor nodes with
capacitive stubs, the stripline resonator in Fig. 3-11 was modelled again with
a dielectric of €,=2.5 and D=5. The resonant period was .25% high with respect
to the theoretical resonant frequency, f., of the fundamental TEM mode, given by

fc = _—l_
16 D €, At (3-19)

The error can be attributed to the slow wave structure formed by the
periodically-placed stubs [23]. The sign of the error due to the dielectric
stubs is opposite to that of the error due to the conductor strip modelling using
half-nodes. Hence the errors will subtract rather than add.

As a further test of the accuracy of modelling conductor strips with
conductor strip nodes, the microstrip line in Fig. 3-13 was simulated. Two TLM
configurations are considered. The first, shown in Fig. 3-13a, consists of
conventional condensed nodes with the strip modelled by a truncated Dirichlet
boundary. In the second simulation, shown in Fig. 3-12b, the conductor strip
nodes are employed. Two different microstrip geometries are necessary since the
conductor strips in each simulation cannot be placed at exactly the same height.
Fig. 3-14a and 3-14b show the effective dielectric constant of the simulated
microstrip lines as compared to the empirical equation by Hammerstad and Jensen
[44]. As observed in Fig. 3-14, the effective dielectric constant obtained with
the conventional nodes is consistentiy high, indicating that the propagation is

too slow. This is consistent with the discussion in Section 3.1. In the above
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condensed
nodes

Truncated Dirichlet
boundary

a) Conventional simulation with truncated Dirichlet boundary

condensed conductor

b) Simulation using conductor strip nodes

Fig. 3-13 TLM mesh configuration for modelling an enclosed
microstrip line. a) Conventional simulation with a truncated
Dirichlet boundary, b) simulation using conductor strip nodes
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Fig. 3-14 Comparison of the TIM simulation of a microstrip line

with the calculation by Hammerstad-Jensen [44].

using a truncated Dirichlet boundary
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simulations, d was taken as 1 mm. Hence the microstrip is 12 mm wide. For this

reason, the simulation was only performed for frequencies up to 6 GHz.

3.5 CORRECTION FACTOR FOR EDGE-NODE

In the derivation of the scattering properties of the edge-node, §,., port
5 was heuristically assigned a reflection coefficient of -1. Hence the incident
field parallel to the conductor edge is reflected as if it were incident on an
infinite Dirichlet boundary. For planar transmission line structures where the
electric field is primarily perpendicular to the conductor edge this treatment
produces accurate results as evidenced in Section 3.4. Unfortunately, for
conductor edges with a strong incident E-field component tangential to the
conductor edge, the edge-node interacts too strongly with that component. An
example of such a case is an inductive iris in a rectangular waveguide subject
to an incident TE,, mode. Results for the inductive iris are presented here.
The inductive iris is shown in Fig. 3-15a with the conventional TLM model
shown in Fig. 3-15b and the half-node model given in Fig. 3-15c. The mesh is
only one node in height since there is no field variation in the y direction as
a TE,, mode excitation was assumed. Appendix C describes the procedure
developed to extract scattering parameters from the time domain simulation.
Fig. 3-16 is a plot of the normalized shunt susceptance of the inductive
iris as a function of the quotient of the guide width and the free space
wavelength. In the "conductor strip nede simulation” plots, "a" is a parameter
used in the node modification to be described. The "analytical solution” is

based on the theoretical values given by Marcuvitz [45]. Note that the iris
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conductor

0 a/4 3a/4
a) s structure

c) conductor stip node model

Fig. 3-15 Simulation of an inductive iris in a rectangular
waveguide.
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16 |

14 conductor strip node simulation

B/Y j | — 2= 12

;\\ Marcuvitz, [75 ——

06 ¢ TLM simulation with truncated
[ Dirichlet boundaries

Y '
05 06 07

a / wavelength

0.8 0.9 1

Fig. 3-16 Plot of the normalized iris susceptance as a function
of the excitation frequency comparing the analytical solution with
TIM simulations.

susceptance for the conventional modelling using truncated Dirichlet boundaries
is consistently too small which complies with the initial postulate that
conductor edges modelled in this fashion do not couple sufficiently with the
surrounding mesh. On the contrary, the conductor strip modelling using the
unmodified edge-node (trace with a=0) interacts too strongly displaying a strong
resonant behaviour. While the modelling accuracy of the modified edge-node
(trace with a=%) is not impressive, it is consistently better than the

conventional Dirichlet boundary modelling. Also, as we are primarily interested
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in planar structures, this inaccuracy is of minor concern in this research.
Presently the choice of the parameter is empirical.

The modification to the edge-node will be discussed with reference to the
S,,. node. Instead of reflecting the incident voltage directly inte port 5 with
a reflection coefficient of -1, port 4, 5 and 6 are initially coupled using the
following transformation matrix with is applied to both the incident and

reflected voltages.

(3-20)

S LS
1}
N

oL el &Y

with
x ab
P = laya (3-21)
bax

where "a" is the coupling factor with a value between 0 to 1, which can be
empirically optimized for best accuracy. The other variables are determined from
the requirement that T be a unitary matrix which is imposed in order to conserve

energy. This results in

y = /1 -2 a? (3-22a)
2 (3-22b)

2 (3-22¢)
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The transformation matrix is used to modify the scattering matrix S, as

Sz ~ T*8

oa " T (3-23)

For the results in Fig. 3-16, plots are given for a=0 and a=0.5.

3.6 INCLUSION OF LUMPED DEVICES IN CONDUCTOR STRIP

The conductor strip nodes were developed primarily to provide a means of
mode11ing conductor strips that can couple directly with embedded Tumped devices.
The current flow on the conductor surface is directly available from the port
voltages of the conductor strip nedes. This facilitates the interface with
arbitrary devices. Details of the interface between the half-node and an

embedded lumped device are developed in this section.

3.6.1 Embedded Two-Terminal Lumped Device

In order to simplify the explanation of the interface between an embedded
device and the conductor strip nodes, the stripline structure shown in Fig. 3-17
is used. It consists of a 1D array of half-nodes bounded by conducting walls on
the top and bottom surfaces, and by magnetic walls on both sides. A two-terminal
device is embedded between two S, half-nodes denoted as "node 1" and "node 2".
The gap between these nodes, denoted by &, is assumed to be negligibly small.
Hence the device is assumed to have infinitesimal dimensions. In Section 3.6.3

the simulation of distributed devices will be discussed. There are four ports
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the simulation of distributed devices will be discussed. There are four ports
involved in the interface as shown in the detail illustration of Fig. 3-17.
These are ports 7a and 7b for node 1 and ports 3a and 3b for node 2. The
voltages at the two pairs of ports 3a,3b and 7a,7b are initially partitioned into
symmetric and antisymmetric components. The antisymmetric component relates
directly to the current flowing in the half-node, and hence through the device.
The symmetric component can be related to a displacement current propagating
through the dielectric material surrounding the device.

The antisymmetric voltages for nodes 1 and 2 are defined as

Vi, = 22 Traa (3-242)
Vees = Vb2 ; Via,a (3-24b)

Consider the incident current flowing into the conductor of node 2 as illustrated
in Fig. 3-18. The current flow on the top and bottom surface of the conductor

along the z axis is

Iiaa,z = -2 Y, Viaa.z (3-25a)

and

Iy, = 2Y, Vi, (3-25b)

respectively. The total incident current on the conductor is

defined as I',, . which from Eq. 3-25 is
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X Z  twoterminal
device

iy

node 1 node 2

equivalent ground — =
of half node
A
V7a1 v
device 332
Vb Vg4 Vab,2

Fig. 3-17 Embedded two-terminal lumped device in a stripline
configuration simulated by an array of half-nodes
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port '

o | Z
device I3p2 = 2 Yo Viap2
port i
3b | | Vi3b2
Fig. 3-18 Current flow on conductor strip in node 2
1 = Vi = Vi, 1 (3-26)
I as2 = 4 X, - 3 = Yo Vas,z

where Y, =4Y_ is the admittance of the antisymmetric mode.

The symmetric voltages are defined as

viu = vrh.l + vrﬂ:.: v'-z = vrsn.z + vrab.z
Vru = v‘n.x + v‘7h.l vrsz = V13..z + V‘Jb.z (3-27)
ard the admittance associated with the symmetric mode is Y..

Fig. 3-19 shows a block diagram of the interface to the two-terminal device.

The reflected voltages from the half-nodes 1 and 2 are first transformed into
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<« el s > Vb2
Vras'l VrOSZ

Fig. 3-19 Block diagram of the interface to the two port device

symmetric and antisymmetric components by a transformation matrix T,, where "d"
signifies "device" and "h" signifies "half-node". There are two separate models
indicated in Fig. 3-19 for the lumped device for the symmetric and antisymmetric
voltage components. The symmetric model includes particular electromagnetic
modelling of the device packaging. The antisymmetric device model consists of
the electric current model of the device. The reflected symmetric and
antisymmetric voltages are transformed by T,, resulting in the incident voltages

to the half-nodes 1 and 2. T, and T,, are given as
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vi 1 1) (ys 4
) (B ) e
Vas.p 2 2 \Vbop Vi.p
and
: 1
Viap 2 Vip Vi.p
vi - 1 vE - TM vrE
b.p —é- 1 as,p, as,p, (3_29)

where p denotes the part.
Consider first the case where the device in Fig. 3-17 is a short circuit.

The antisymmetric device model reduces to the equations

vru.l = viu.z

vr...z = v‘n.l

since a short circuit does not disrupt the current flow. Likewise the symmetric

model reduces to the equations

Following the transformations it is clear that
Vir = Ve
Viez = Vi
Vi = Ve

1 r
va.z = v?h.x
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as should be expected.

Consider next the case where the lumped element is replaced by an open
circuit. The incident antisymmetric voltages are reflected with a reflection
coefficient of 1 since there is no electric current flow across the gap as
illustrated by the current flow in Fig. 3-20.

The incident symmetric voltages propagate unimpeded across the gap. To see
this consider the case where V",,, = V",,, = 1 such that V',, = 2 and V',,, = 0. Note
that the current flows unimpeded around the conductor edges supporting a

continuity of the symmetric field. Hence V',, must couple directly to V' ;.

half Ve V! half
node 7“'1‘F lT 3a, node
*_ﬁ -«
> — —
/'
current ﬁ =~ mm
V'?b.:. Vlab.z

Fig. 3-20 current flow in conductor strips when the lumped device
is replaced by an open circuit
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In the present simulation, the capacitance across the gap between the strips

cannot be represented by the half-nodes. However, in an practical simulation,

the layer of half-nodes will normally be sandwiched between multiple layers of

condensed nodes. These nodes simulate the fringing fields of the gap and hence,
model the equivalent capacitance,

With this groundwork in place, consider now the Tumped device in Fig. 3-17

to be a resistor with resistance R. V, is defined as the voltage across the

device. Imposing the condition of continuity of the E field at the interface

between node 1 and node 2 we have,

v7b.l = V, + v!h.! (3"303)
Vier = -V, o+ V. (3-30b)

Subtracting Eq. 3-30b from Eq. 3-30b,

V'rb.1 - I‘9«.1 Vab.z - Vi,,2

= Vd L

or

vlhl = vd + V.ha . (3_31)

I, is defined as the current through the device such that

I, = I,, =-I

(3-32)

as,2

It follows that



Id = Yu (viu.l - Vin.z) = !5 Vd (3_33)

Since V, = R I, it follows that

Iy = ¥ Vias'l - V!

as 1 +2R

as, 2

The reflected anti-symmetrical voltages are given by

vr."1 = vu.l - viu.l = ¥

Ve = Ve = Vi = Vi - ¥V, (3-35)
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(3-34)

where £q. 3-30 was used. The incident port voltages are then determined as

Vih.l = vrl.l -V

as,l

i
v 70,1

¥V, + ¥

as,l

1 1 r r
va-.z = ‘5V.'2 -V

Vi.‘ib.2 = 5V, + ¥V

as,2

.2 (3-36)

Energy is conserved in the above transformations as shown here by example.

Suppose V", ,=1 such that 2Y, Watts are incident on the device discontinuity.

Hence V',, ;=% and V', ;=1. Using Eq. 3-34, 1=2/(1+2R) and V,=2R/(1+2R). Using Eq.

3-35 and Eq. 3-36,
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V., = -R/ (1 +2R)
Vi, = R/ (1+2R)
V.. = R/ (1+2R)
V.. = (1+R)/ (1+2R)

adding up the impulse energies in these components in addition to the V,I power
dissipated in the resistor we obtain 2Y, Watts which is equal to the incident
power.

For the development of the PWL algorithm interface in Chapter 4, it is more
convenient to represent the interfaces to nodes 1 and 2 by a Thevenin equivalent
circuit. Fig. 3-2la shows the incident and reflected voltages from a two-
terminal device. Fig. 3-21b shows the equivalent circuit with voltage generators
of 2v',,, and 2V', .. While this model is sufficient, the equivalent circuit
shown in Fig. 3-2lc is more tractable for two reasons. First the equivalent
current sources can be used directly in Kirchhoff node circuit equation
formuiations describing the device without introducing additional variables.
Secondly, the current flow from the generators in Fig. 3-2lc is a physical
quantity while the values of the voltage generators in Fig. 3-21b are not
physical but are meaningful only in the context of the half-node.

Considering the example of the lumped resistor given above, the Kirchhoff
nodal relations are
R T Ver
- 1.y [V.s.z] R [Vias.z]
R 1

1
R (3-37)

Note that the matrix is invertible for any G except G=wo since V, and V, are then
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Vigs,1 €— > V%SQ
b)
device
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2V 4 Yas

4
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Fig. 3-21 Equivalent circuit formulations of the two~terminal
device interface a) two-terminal device b) equivalent voltage
source circuit c) equivalent current source circuit
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no longer independent. Eq. 3-37 is used to determine v,,, and V,,, from which the

voltages incident into the half-nodes can be determined as above.

3.6.2 Simulation Results for a 1D Array of Nodes

In this Section, a stripline with an embedded iumped element is simulated
by the 1D node array configuration in Fig. 3-17. The TLM node configuration,
shown in Fig. 3-22, is an array of ten half-nodes with a series lumped
admittance, G , that is embedded between the 5 and 6*" nodes. At the left end
of the transmission line is a voltage generator with an admittance Y,.  The
scattering parameters, referenced to the source admittance, were evaluated by
generating an impulse voltage from the generator and taking the Fourier transform
of the voltages across the generator and load admittance. The §,, parameter is
plotted in Fig. 3-22b for the case when  Y;=G=Y,,, and e.=1. It was
indistinguishable from the calculated results assuming standard transmission tine
theory. This ideal result is possible becauss of the direct interaction between
the current on the strip and the current through the conductance and generator.

It is interesting to study the reduction of the usable bandwidth due to
permittivity stubs introduced at the half-nodes when modelling dielectric
material. Consider the 1D transmission line in Fig. 3-23a where the series
admittance is now placed at the end of the transmission line. When Y =G,=Y,,, and
e.=1 we obtain the ideal result of S,=0 and S,=exp(-j40wfAt). For e>l the

generator admittance and load admittance are changed to

Y, = G = Y & (3-38)
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Fig. 3-23 Simulation of dielectrically loaded stripline by half-

nodes. a) TIM node configuration b)Plot of S,; and S; parameters
c) Similar plot for ¢ =10

for €.=3
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and the half-nodes were loaded with permittivity stubs of appropriate value.
The resuit is ploited in Fig. 3-23b for the case when €.=3, and in Fig. 3-
23¢ for the case when €.=10. As observed, the usable bandwidth is reduced by the
simulation of the dielectric with periodic stubs. As expected, the higher €, is,

the lower the usable bandwidth.

3.6.3 Distributed Planar Devices

The methods presented in the previous section can be extended to distributed
planar devices such as power FET’s. As an example, consider extending the
embedded two-terminal admittance above to a distributed resistor as illustrated
in Fig. 3-24a. This diagram represents a top view of a stripline that is
simulated by a mesh of half-nodes with a width of two nodes. The distributed
resistor is modelled by a four-port admittance network as shown. Hence the
resistor is distributed in the transverse direction and Tlumped in the
longitudinal direction. The admittance network model is given in Fig. 3-24b and
the overall equivalent circuit for solving the antisymmetric voltages is given

in Fig. 3-24c.  The Kirchhoff nodal equations are given by

G+G,+Y, -G -G, 0 Voos V4gas
G G+Gg+Y,; 0 -G Vasz - v 2 Vias:
-G, 0  G+G,+Y, -G Vass 1= lvi,,, (3-39)
0 -Gy -G GtGg*+Y;) \Vasa v

which again can be solved for the antisymmetric voltages to eventually determine

the reflected antisymmetric voltages.
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Fig. 3-34 Half-node model of a stripline with an embedded
distributed resistor. a) TIM mesh configuration of device
interface, b) admittance network model of resistor, ¢) overall
equivalent network of device
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Note that the current source admittances are all attached to a common ground.

This is possible since the half-node has no electric field component tangential

to the conductor plane at the half ports. Hence 1D distributed elements can be
easily modelled.

The distributed resistor in Fig. 3-24 can be extended to an arbitrary width.
The conductance elements can be replaced by nonlinear models representing FET
channels. In this way it is possible to model distributed power FETs. This will
be demonstrated in Section 5.4.3.

Distributed devices can be embedded into the TLM mesh if a common ground can
be established such that the shunt conductances associated with the Thevenin
current sources can be correctly terminated. For one-dimensional device models
there is no problem since the half-nodes do not support E fields tangential to
the conductor plane. Consequently a common ground is easily established.

For the 2D device, it is necessary to assume that the device is only one
node in height. If such a model is not valid then it is necessary to go to a
more elaborate model. The device would occupy a number of node cells. Every
port into this group of nodes must mate with a port of the device displacement
and electric current model. While this is possible the model becomes very
complicated and not very practical.

A better way is to model the distributed device as an array of lumped
elemental devices that are interconnected by half-nodes. As an example, consider
the problem of modelling a 2D distributed resistor sheet that would, for example,
be encountered in a large photo-conductive surface. Fig. 3-25a shows a sketch
of the 2D resistor sheet configured as a stripline circuit. It is 30 nodes
square in dimension. The resistor sheet was modelled by placing Tumped resistors

between all the interconnecting ports of the half nodes as il1lustrated by the top
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Fig. 3-25 Half-node model of a distributed 2D resistor shee.. a)
Sketch of the resistor sheet configuration, b) Top viaw of an
elemental half-node with lumped resistor attached to

interconnecting ports
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view of the elemental half-node configuration in Fig. 3-25b. One port of the
overall current sheet was connected to a voltage source, V.. The resulting
current through the half nodes is shown in Fig. 3-26. The solution obeys

Laplace’s equation to a good approximation as expected for a current sheet [46].

current

Fig. 3-26 Resulting current distribution in resistor sheet
modelled by half-nodes.
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3.7 CONCLUSION

In this chapter, a new family of node structures was introduced that
accurately model conductor strips and allow embedded devices to be directly
connected to the current flowing in the conductor strips. This was necessary
since the conventional method of modelling strips by using truncated Birichlet
beundaries proved to be inaccurate.

The procedure for embedding devices into the TLM mesh and connecting them
to the conductor strips was developed. Oniy devices without reactance were
considered in this chapter. Chapter 4 will present a methodology for modelling
nonlinear devices with reactance.

An auxiliary attribute of the half-node that has not been mentioned
previously is that Dirichlet boundaries can now be positioned either between
nodes or through the middle of thz nodes which doubles the resolution of the

geometric boundary description for a given mesh density.
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CHAPTER 4

EMBEDDED NONLINEAR DEVICES IN THE TLM MESH

4.1 INTRODUCTION

In this chapter a methodology for simulating nonlinear devices with energy
storage, that are embedded into conductor strips simulated by conductor strip
nodes, will be developed. The method is based on a Piece-Wise Linear (PWL)
integration algorithm that solves the differential equations associated with the
device. The PWL algorithm will be interfaced with the half-nodes based on the
methods developed in Section 3.6.

As was discussed in Chapter 1, previous researchers have modelled nonlinear
devices using stubs attached to the TLM nodes. Nonlinear devices with time-
varying behaviour can be modelled by making the admittances of the stubs
dependent on time as well as on the voltages and currents in the node. Another
option is to shunt the end of the stub with the device. The reflection
coefficient of the device is calculated based on the time-dependent nonlinear
differential equations describing the device.

The problem with these approaches is that the parameters of the device are
updated at a regular clock rate that is fixed to the TLM mesh update time
interval of At. Hence the device parameters must vary slowly with respect to At

or else the simulation will become inaccurate. In more severe cases, the




simulation will 1ikely become unstable.

A more accurate and computationally efficient algorithm is to integrate the
differential equations describing the nonlinear device model using a variable
time step that adjusts automatically to the local "stiffness" of the
differential equations modelling the device. This is possible if the PWL
algorithm, simulating the device, is uncoupled from the TLM mesh simulation. The
combination of the TLM and PWL algorithms requires a special interface that will
be developed in this chapter. This interface is developed specifically for
compatibility with the conductor strip nodes described in Chapter 3. However,
many of the concepts can be applied to conventional 2D and 3D TLM node meshes as
well as to FD-TD schemes.

Fig.3-19 illustrates the interface between the haif-node and the device as
represented by two models, namely the electric current model and the displacement
current model. These models can be arbitrarily complex and inter-related as
required. However, complex models are only as good as the accuracy of the
parameters inherent in the model. Obtaining accurate parameters from
measurements or from a theoretical analysis of the device is still a nagging
problem that 1imits the usefulness of detailed complex models.

In this thesis, the emphasis will be on simulating devices that are assumed
to be adequately described by a nonlinear electric current model that does not
interact with the displacement current model. Hence the physical dimensions of
the device will be assumed to be much smalier than the TLM node. If the physical
device is larger than the mesh parameter "d", then it can be subdivided into
smaller sub-devices that are much smaller than "d" and interconnected by a mesh
of half-nodes. The electric delay between these sub-devices is thus modelled by

the half-nodes. The packaging material surrounding the device can be modelled
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by dielectric stubs appropriately attached to surrounding nodes. There may be
cases where a special displacement current model is required to simulate the
packaging material, however, this is not considered here. Consequently, the
emphasis will be primarily on interfacing the nonlinear electric current device
model with the TLM mesh.

Consider the stripline model with an embedded series device that is shown in
Fig. 3-17. The stripline is modelled by a one-dimensional array of half-nodes
with an infinitesimal gap in the simulated conductor strip for the two-terminal
device. Fig. 4-1 is a block diagram of the interface between the electric
current device model and the two half-nodes attached to the device. The incident
antisymmetric discretized signals are derived from the reflected voltages of
nodes 1 and 2 using the T, transformation described in Section 3.6. The
incident anti-symmetric voltages are interpolated resulting in continuous time
signals V',,,(t) and V',.;{(t). Then according to the procedure outlined in Section
3.6.1, equivalent Thevenin source currents, J,(t) and J,(t) are derived which are

given by

Ji(t)
Jx{t)

2 Yll V‘Il.l(t) (4"'13)
2 Yn V‘u.z(t) (4_1b)

|

These equivalent currents are the forcing functions for the PWL algorithm which
simulates the device equivalent circuit. Included in the device model are the
equivalent current source shunt admittances described in Section 3.6.1. The PUL
operates at a variable time interval step, At,, which is generally much smaller
than the TLM mesh time step interval of At. The output of the PWL algorithm is

V,(t), an estimate of the physical voltage across the two-terminal device.
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Fig. 4-1 Block diagram of the interface between the half-node
ports and the Piece-Wise Linear (PWL) differential equation
integration algorithm.
V,(t) is low-pass filtered to remove high frequency components that would
otherwise cause aliasing errors in the TLM mesh. The filtered version of V,(t)
is sampled at a time interval, At, the update time of the TLM mesh. This results
in V,, as denoted in Fig. 4-1. The reflected antisymmetric voltages, V',
and V.., are then determined from \V, using Eq.3-35. The voltages incident into
the half-nodes are determined from the T,, transformation given in Eq. 3-29.
For accurate simulation, the interpolation and filtering functions must not

cause any extraneous time delay. Hence, a non-causal interpolation is necessary
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Fig. 4-2 Thevenin equivalent circuit of a two-port device
interface showing the shunt capacitances C, and C, that correspond
to the equivalent capacitance of the dielectric material in the
half-nodes.

which requires the future incident voltages, . V', and .,V',,.. If the half-
node does not have any stubs, then ,,,V',,, will not depend on V',,, which can be
verified from the scattering matrix of the half-node. Hence, an axplicit
algorithm with zero time delay is possible. If the node contains stubs then
o1V, Will depend on V7, ,. Consequently, a zero time delay is only possible
at the expense of resorting to an implicit algorithm where the PWL must solve
each time interval in an iterative fashion until the solution converges. An
jmplicit algorithm would be inefficient in terms of computational intensity.
Also the PWL and TLM algorithm become strongly coupled which is contrary to the

overall program philosophy. Hence, the capacitive stubs are removed from the

half-nodes and replaced by capacitances shunting the Thevenin equivalent
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admittances as i1lustrated in Fig. 4-2. From Section 3.3 it can be verified that

Cyr = Cap = 2de, (e + €, 2). (4-2)

An additional advantage of these added capacitances is that they aid in
suppressing the high frequency components generated by the PWL algorithm.

The outline of this chapter is as follows. Section 4.2 discusses the
interpolation block of Fig. 4-1. Section 4.3 describes the low-pass filtering
and sampling blocks. In Section 4.4, a discussion of the numerical solution of
the device differential equations, by the PWL block, is given. This is followed
by an example of a simple transmission line detector circuit. Practical

examples will be presented in Chapter 5.

4.2 INTERPOLATION RECOMSTRUCTION FILTER

As discussed in Section 4.1, in conjunction with Fig. 4-1, an interpoiator
is used to convert the time sampled sequence of V', and V',,, to a continuous
time-varying function v',(t) and v',(t), respectively. Ideally, the interpolating
function should be an infinite non-causal sin(x)/x or "sinc" function as
discussed in appendix A. Since this is not practical, a truncated sinc function
can be considered that is sufficiently delayed to be causal. However, the delay
must be minimized as it affects the fidelity of the simulation and can, in some
cases, result in numerical instability. If short truncated sinc interpolating
functions are used, then some distortion is generated at zero frequency which can
result n problems in simulating steady bias sources.

As a compromise, a triangular kernel, denoted by h,.(t), is used for the



interpolating filter. This is given by

By () 1 - |t| / At [t] < At (4-3)

0 ctherwise.

The triangular form of this interpolation kernel causes V',(t) to be a linear

extrapolation between the samples of V', as

t
Vil(t) = 'qvias,l + (Tt. - q)( qtlvias.l - qvju-l) (4-4a)

for

gAt < t < {q+1)At.

Likewise

Vi2(t) = Q‘Vias,z + (A_tt - q)( qtlvias.z - qvias,z) . (4-4b)

The triangular interpolation kernel of Eq. 4-4 relies on the fulure samples
iV and V' .. The reason for this is to achieve an interpolating filter
with no time delay. Because of the scatiering properties of the conduction strip
nodes, .,V'.,.., and e1¥'s.2 @re known at t=qit, provided the conduction strip node
does not contain any stubs. Consider, for the moment, the half-node called "node
1" in Fig. 4-1, as having node indices i,j,k. Then the incident antisymmetric

voltage at t=(q+l)at is given by

qtlv‘ll.l = !5 (qdvrh.l + qo:vru,l) * (4-5)




Now

qolvrh = % (qvizn + qv's + qv'ma)

qolvrﬂ: = !’(qv12b + qvia +qv‘10b) . (4-6)
Assuming node 1 to have indices i,j,k, Eq. 4-6 can be written in terms of

reflected signals from surrounding nodes as

quvrn = %(quhl.mn +qu3n.4 +qu1¢1.2-) (4-7a)

quvrn = % (qul-l.mb + quJ-:.s +qu!¢1.2b) . (4"‘7b)

In Eq. 4-7, the notation is used that shows only the indices that are different
from i,J3,k.

The interpolating filter should be bandwidth-limited to 1/(24t) to avoid
aliasing errors, as explained in Appendix A. However, as the interpolating
filter has a kernel of finite duration it cannot be bandwidth-limited and
therefore some distortion due to aliasing will result. In order to quantify this
distortion, assume a sinusoidal signal of frequency f,. This is sampled at a
rate 1/At through the TLM process. Hence, the signal into the interpolating
filter will consist of equal amplitude harmonics at frequencies f, £+ n/At,

n=0,1,2.... The Fourier transform of h,.(t), denoted by H,. (f), is given by

H. (f) = sin?(nfAt) . 4-8
ine (£) (RfAL)? (4-8)

Consider a sampled harmonic signal of frequency, f,, that is interpolated by the
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filter. At the output of the interpolation filter, the ratio of the signal power
contained in harmonics of f, to the fundamental harmonic signal power at f, is

defined as the distortion which is called D(f,). D{f,) is given by

had 2

E Hin:(fb + L) 4-9

D(£f,) = 10 log|2 At (4-9)
Hyp,, (£p)?

A plot of D(f,) as a function of f, is given in Fig. 4-3 for the triangular
interpolation filter. Note that the distortion is negligible for frequencies much
less than 1/At. At higher frequencies the distortion is not negligible, however,

distortions due to mesh dispersion will generally dominate as discussed in

Chapter 2.

D(f) o] S
dB

o 01 02 03 o4 05
frequency e At

Fig. 4-3 Plot of the distortion of a triangular interpolation
filter as a function of frequency
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Note that the distortion vanishes for as f, approaches zero. This is to be
expected since the triangular interpolation is exact at DC. This is not
necessarily the case for other interpclations such as the truicated sinc

function.

4.3 LOW-PASS FILTER AND SAMPLING BLOCK

In this section, the low-pass filter and sampling blocks of thr Jevice
interface, illustrated in Fig. 4-1, will be discussed. V,(t}, the estimated
voltage across the device, emanates from the PWL block in a form of a vector of
samples taken at irregular time intervals. As mentioned earlier, irregular time
intervals are necessary for computational efficiency of the PWL as it adapts to
the local stiffness of the differential equation. Hence, the digital low-pass
filter must adapt automatically to the dynamically varying time step. A
transversal Finite Impulse Response (FIR) filter is used because of the low
computational overhead required to make the filter adapt to the varying time
interval. Using an Infinite Impulse Response (IIR) filter would require more
overall computation effort.

Assume that the instant t lies in the g' ti.e interval such that

qAt < t < (q+l)At .

Consequently V,{t) is estimated by the PWL algorithm up to t=(q+1)At. Hence a

non-causal filter can be used which reduces the overall delay of the filter as

discussed earlier. The FIR filter kernel will span over the time interval of
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(g+1-N..)at<t<(g+])at

where N, is an integer and denotes the number of TLM mesh time intervals the
kernel spans. A functional block diagram of the FIR low pass filter is given
in Fig. 4-4. During the time interval between t=qAt and t=(q+1)At, the vector
of samples of V, is stored in an array V,,.... The data from the previous
interval t=(q-1)At and t=qAt is stored in an array V, ..., and so forth to the
oldest segment used in the filter which spans the time of (q+1-N.,, )4t to (q+2-
Nooun) 8t

At t=(qg+1)At, the sampling is complete for evaluating ,v",,, and v" ... The
samples in all the vector arrays are muitiplied by the FIR filter kernel
coefficients and summed, resulting in \V,, the filtered sample of V,(t) that is
reflected back into the TLM mesh. In the next interval, the V,  vectors are
shifted to the left by one positior, and the new data from the PWL algorithm is
stored in V, ypeun:

The object of the filter is primarily to suppress frequency components above
0.5/At to avoid aliasing errors. However, due to mesh dispersion it is generally
necessary to have the filter cut off at a lower frequency. Dispersion results
in errors in the input impedance seen by the device as discussed in Chapter 2.
This can lead to errors in the device behaviour or, in the worst case, to
numerical instabilities.

Various low-pass filter kernels have been considered. These are sketched
in Fig. 4-5 as the rectangular, triangular and convolved triangular. Note that

they are all non-causal as they start at t=-At. Salient attributes of these
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Fig. 4-4 A block diagram of the low-pass FIR filter showing the
various data array segments and their relation to the time scale
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Fig. 4-5 Plot of the various low-pass filter kernels considered,
a) rectangular, b) triangular and c) convolved triangular.
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filter kernels are discussed in the following secticis.

4.3.1 Rectangular Moving Average Low-Pass Filter

The simplest form of filter is merely a moving average or a rectangular

filter with an impulse response

hyp(t) = Nl : (4-10)

mesh

It is sketched in Fig. 4-5a. The filter frequency response is the

standard sinc function given by

i £ N, At , N,
Hp(f) = s:.nﬂ(‘r;N "’:“’At ) exp(-_y 2n f (-—5"—2‘-"—" - 1) At:) C(4-11)

A drawback of this filter is the high sidelobe centered at the frequency
1.5/(N_,,, At) of -13.6 dB.

A quantitative measure of the amount of distortion caused by the filter
sidelobes is possible by considering that the device simulated by the PWL routine
is a perfect reflector such as an open circuit, and by assuming that At,
approaches zero. The interpolation filter generates some distortion as discussed
with reference to Eq. 4-9. This distortion consists of higher-order frequency
components that pass through the sidelobes of the low-pass filter. A

quantitative measure of the overall distortion is given by
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Y Hino(fy + 5p) HEo(£y + ) (4-12)
D(f,) = 10 log |2

Hine(£y) Hip(£fp)

whic- is a modification of £q. 4-9. A plot of D(f,) is shown in Fig. 4-6. Note
that the distortion becomes significant at higher frequencies. However, as
stated earlier, the distortion due to the interface will generally be minor in

comparison with the distortion due to dispersion and spurious mode contributions.

0
[ N =8
distortion 20 reqtangmar '_\ - "m“h;
(dB) ol trianguiar < | —T
of /'\ convolved
: | | trigngle
-100 ‘ ' '
o 0.1 0.2 03 04 0.5

frequency e At

Fig. 4-6 Overall sampling distortion resulting from the linear
interpolation filter and the low-pass filter for various low-pass
filter kernels
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4.3.2 Triangular Low Pass Filter

The triangular filter impulse response is sketched in Fig. 4-5b and is given

by
N
) l(-’“—;ﬂ' -1y - -ﬁ) (4-13)
hp(t) = 1 -1
Nmesh Nmash
2
It has a frequency response of
. o[ BE Npgep AL
5 (—"’5 .~ ¢  Mnosh (a-14)
Hip(f) = —~ exp|-j2nf|T=-1 At
[nf Nosn At:] 2
2

The triangular filter has a first sidelobe amplitude of -27 dB which is an
improvement over the rectangular filter. The penalty paid for the lower side
lobes is that to achieve the same low frequency cutoff point as the rectangular
filter, N,,,, must be increased by a factor of 2. The distortion figure of merit
D(f) of the triangular filter is better than that of the rectangular filter as
demonstrated in Fig. 4-6. This is to be expected since the sidelobes of the

triangular filter are lower.

4.3.3 Convolved Triangular Low-Pass Filter

A filter that offers a first sidelobe of -54 dB is achievable if h,(t) is

formed by convolving two triangular functions. This filter kernel is called the
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"convolved triangular” and is sketched in Fig. 4-5c. The filter has a frequency

response
aind (nf ngsh At] N (4-15
H(f) = —- exp (—jz'uf (M - 1) At] )
(nf Nposn At:) 2
4

It has nulls at the frequencies

f = 4 m / Nm.lh m = 1!2""Nm-|h/2

and a first sidelobe of -54 dB. The distortion is shown in Fig. 4-6 indicating
an improvement over the triangular filter, as whould be expected. A drawback of
this filter is that the kernel extends over 44t. Consequently, considering the

symmetry of h,(t), a time delay of 1At is imposed by this filter.

4.4 THE PWL ALGORITHM

In this section, the methodology used to solve the nonlinear differential
equations of the electric current model of the device will be presented. Time
domain simulation of nonlinear circuit problems is a mature field. The PWL
algorithm is based on existing techniques that are used in current SPICE programs
for numerical integration of differential equations.

In order to simplify the development of the PWL algorithm, we will
consider the case where node 2 in Fig. 3-17 is replaced by a short circuit.

The resulting node configuration with a two-port device is shown in Fig. 4-7a.
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|
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Fig. 4-7 Simulation of a stripline circuit with a two-terminal
device where one terminal is shorted to ground. a) half-node
configuration b) equivalent Thevenin circuit

The equivalent interface circuit, based on the methodology presented in Section
4.1, is shown in Fig. 4-7b. As before, V, is the voltage across the device, and
I, is the current through it.

In Section 4.4.1 the treatment of devices without energy storage will be
considered. In Section 4.4.2, a linear capacitor device will be considered.
Then a multi-element nonlinear equivalent circuit will be evaluated, and the
Predictor-Corrector algorithm will be introduced, which is the numerical

integration routine used to solve the differential equations.
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4.4.1 Nonlinear Devices Without Energy Storage

Consider the two-terminal device in Fig. 4-7 to be a diode with a current-
voltage relationship

I, = I, (e*™~1) (4-16)

where I, and a are constants. V, is obtained as a function of time by solving

the implicit equation

TUED = V(E) Y, v I, e" T, (4-17)

From a solution for V,(t), the desired reflected antisymmetric voltage into node

1 can be determined as discussed in Section 3.6.

Eq. 4-17 is soived by the Newton-Raphson (NR) method [48].

An error
function E_ is defined in this case by
E, = Vylt) Y, + I,e""d g, (e) . (4-18)
The Jacobian of the error function is denoted by J, and is given by
I = Sf,f, T et TSt (4-19)

The new estimate of V,, denoted by V',, is obtained from
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Jp (4-20)

Vv, is substituted for V,, and Eq. 4-18 and Eq. 4-19 result in a new estimate for
the device voltage. This cycle is repeated until the error is sufficiently
small. In this example the convergence is fast, requiring only a few iterations

to reduce E, to almost zero.

4.4.2 Linear Devices With Reactance

Using the equivalent Thevenin interface circuit given in Fig. 4-7b, consider
the two-terminal device to be a linear capacitor, C. The node equation now

becomes

d v,(t)
C—L—— v (t) ¥,, = J (&) .
dt o ' (4-21)

Let V, be the estimate of V,(t) at the present time, and V', an estimate of V,(t

+ At,). Using the implicit backward Euler method we have [48]

dv,

Vg = V,+ AL, o (4-22)

The error function to be nulled now becomes

V‘d -V _
g, ¢ Vet (4-23)

Since the device is linear, V', can be solved directly as
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J, Ae, + C Vv,

v, =
! C+Y,, At, (4-74)

without having to resort to the Newton-Raphson iteration.

4.4.3 Gear’'s Second Order Predictor-Corrector Method

A multitude of numerical integration methods have been duveloped for
estimating the solution to nonlinear differential equaiiviis. Of these, Gear’s
second order predictor-corrector method was chosen as it is generally not
susceptible to numerical instabilities [48]. Furthermore, being a predictor-
corrector method it naturally provides an estimation of *he truncation error
involved in the numerical integration pirocess at each time step. This error
estimation is used to dynamically adjust the step size to accommodate the
fluctuating stiffness of the differential equation. Another advantage is that
it is significantly more accurate than a first order method [48].

Gear’'s method will be introduced in this section by considering a general

first-order differential equation

dx(t)

JE = f(x(t),t) + g(t) (4-25)

Assume that the solution has been approximated by the predictor-corrector method
at the previous times t,, t., and t,., corresponding to the estimated solutions
of X,, X.., and X,., which are indicated in Fig. 4-8. It is desired to estimate
the solution at t..,, the present time, where the estimated solution is x,,, also

jndicated in Fig. 4-8. An explicit second-order predictor is initially used to
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Fig. 4-8 Definition of the variables used in Gear's second-order
predictor-corrector method

estimate a value of x,,, which is given as [47]
Xpey T 4y Xpep *d; Xp,, * & X (4-25)

where

t2 t3 (t3 - tz)
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o = £y (1 - &)
g D
a, = t, (&, - 1)
D
with D given by
D = (6 =-¢t) (L+¢t, b -t -ty .

The time intervals t,, t, and t, are defined in Fig. 4-8. The predictor routine
is followed by a corrector routine which is given as [47]

d x,., 1
SR = - (A, Ky * A, Koy ¥ 4G Ky (4-27)
where
1-t32
ac,=—7
tz
ac;=3
ac:2=-T1J
with
D=t,(t,-1} .

Note that the corrector equation is implicit in that it requires the present
value of x,,,. This is solved by first defining an error function by combining
Eq. 4-25 and Eq. 4-27 and eliminating the time derivative of x.., in the process.
The error function, denoted again by E. is given by
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E, = f(Xp;31tha) * glLy,)

’ —é'(aco Xpey * AC; Xp,p * AG an) - (4-28)
1

The initial estimate of x,,, comes from the predictor routine. E_ is nuilled by
using the NR routine resulting in a more accurate estimate of x.,.

In order to control tha step size, the truncation error is estimated at each
time step. Various formulas may be used but the most accurate estimate is

provided by Brayton [49]:

t, (xp:edicted ~ xcozraccod)

Errorc.runcacior: ac ta (4'29)
o

where X, ... 1S the estimate of x,, that was initially obtained by using the
predictor routine, and X_..... is the final corrected estimate of x,, at the
output of the NR procedure.

The predictor-corrector algorithm discussed above applies equally well to a
system of differential equations. Let u(t) denote the vector of state variables
at time t that is a solution of the system of differential equations

ou

- Flu{t), ) + glt) .

(4-30)

The following vectors are defined according to the time variables of Fig. 4-8:

u, = u(t)| .

n+)

u, = u(t)‘ .

= tncz

v, = u(t)’ .

= t.,

u, = u(t)| .
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The correctsr in vector format is given by

du,

1
5 © --t-—l-(aco u, + ac, u, + ac, u,) . (4-31)

An error vector, denoted by E., is formed from Eq. 4-30 and Eq. 4-31, eliminating
du,/ot. E, is given by

™

1
E, = flu,t,,) +glt ;) + T (ac, uy + ac, Uy + ac, ) . (4 39y

E. is nulled as before using the NR procedure with an initial quess of u, from
the predictor estimate

U, = a, Wy +au+al. (4-33)

In each NR iteration, the Jacobian matrix of E,, denoted by dJ,, is evaluated as

3E, (1)

gpli, 5 = el
pide 3u, () (4-34)

Let u, ., denote the previous estimate of the u, vector, and let u,,, denote the
new value of u, at the outcome of the NR iteration. Then u,,. is obtained from

the equation

Jp (Uy,01d = Us,new) = B - (4-35)

4.4.4 Example of a Diode Detector Circuit

A simple example of solving a nonlinear circuit using the predictor-corrector

method is given in this section. The example consists of an idealized two-
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a) detector device clrcult

b) equivalent circult

J1(t)® %’9 I 2 ?d;!;- Gdlva

Fig. 4-9 Example of an idealized diode detector circuit. a) two-
port detector device b) Overall equivalent circuit used in the PWL
routine
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terminal diode detector circuit shown in Fig. 4-9a. The detector device is
attached to the stripline simulated by the half-node as shown in Fig. 4-7. A
voltage generator with an internal admittance of Y, was attached to the other end
of the stripline as illustrated in Fig. 3-23. The equivalent circuit is shown

in Fig. 4-9b with a current source J,(t) given by

Jl(t) = !5 Yn vg(t) . (4-36)

The three node equations describing the equivalent circuit are:

Vi Y * Iy - J, = 0 (4-37a)
Cd %Vs' = Id = VJ Gd (4'37b)
I, = I1,¢e*"n % (4-37¢)

where V,, V, and I, are indicated in Fig. 4-9 and I, and a are diode constants

introduced in Section 4.4.1.

The equations above are put into a matrix form as follows:

c%g - GU+$+8 (4-38)

where
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¢ 0 0
C= 0 Cd' 0
¢ 0 o

G= 0 —Gd 1

In most cases € is not invertible, as in this case, and hance the form in Eq. 4-

37 is not simplified further.
The error vector is derived as explained above by combining Eq. 4-31 and tq.

4-38. However, since C is not invertible, the error vector is defined with
respect to

auy
ot

such that
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E =GU, +¢U, +80U, + % (ac,Cl, + ac,C0, + ac,C,) (4-39)
or
ac ac ac
E = (€ + 010, + 2C0, + —=1CT, + §(Ty) + S(uy) .

The Jacobian matrix of E,. is given by

g = E

90, (4-40)
where

J:E."_"c-l-a-l-ﬁ-&-.?_g.

t1 U, ou, '
For this example
o 0 0
9 _ 1o o 0 (4-41)
ov,

Gaiode ~Caiode O

where G,,., is the conductance of the diode at the present voltage across the
diode given by v, - v,. Finally, zince the source vector for the implementation

of the predictor-corrector method will be independent of u,, we have

L

. "0 (4-42)
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Fig. 4-10 Transient response of ideal diode detector circuit
subject to an RF pulse of 10 GHz. The TIM time step is 5 psec.
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As in the previous examples it is convenient to normalize the network circuit

parameters such that at=1. Hence the capacitance ¢, is multiplied by 1/4t. Teo

take a specific example, assume that the frequency of the generator is 10 GHz,

and that ' . want 20 samples per cycle, hence we require a At of 5 picoseconds.

Let C, be 10 pF, then in the simulation CAt is 2 S. In this simulation G, was
.001 S.

The transient response for a 10-GHz pulse signal is shown in Fig. 4-10 with
the initial condition that the voltage across the capacitor is zero. The
detector is excited by a short RF pulse that starts at t=0.5 nsec and stops at
t=5 nsec. The plot of V,, the voltage across the capaciter, reveals a typical
RC response as expected. I,, the current through the diode is also plotted. It
is always greater than zero since the diode is assumed ideal with no parallel
capacitance. As expected, the diode current only flows during the positive half
cycie of the generator output. As the detector voltage increases, the diode
current decreases accordingly.

The response can be verified to some extent by considering the slope of
v,(t) at t > 5 nsec. Since the diode is ideal, the capacitor discharges through
the load admittance G,. As v,=.34 volts at t=5 nsec we have

v, _ _Vy Gy
ot Cy

-3.4 x 107

This slope is drawn in Fig. 4-10. As observed, the slope line is tangent to

v,(t) at t=5 nsec which gives us some degree of confidence in the accuracy of the

simulation.
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4.5 CONCLUSIONS

In this chapter, a methodology fof interfacing nonlinear devices with TLM
half-nodes has been developed. The method invelves a PWL algorithm with a
variable time step. The time step adjusts itself dynamically based on an
indication of the local stiffness of the diffarential equations governing the
device.

A simple detector example was analyzed to demonstrate the methodology. In
Chapter 5 more practical examples will be given which will demonstrate the

applicability of the method to solving more general microwave circuit problem:.
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CHAPTER 5

APPLICATIONS

The algorithms and methodologies developed in Chapters 3 and 4, were
combined into a general 3D TLM simulation program, suitabie for modelling planar
microwave and millimetre wave circuits containing multi-port noniinear devices.
The acronym associated with the program is "TMDS" for Tiw Microstrip Device
Simulation. This chapter provides a description and applications of the TMDS
algorithm.

An overview of the algorithm is given in Section 5.1. In Section 5.2, the
idealized detector circuit that was introduced in Section 4.4.4, will be analyzed
using the TMDS algorithm. This will highlight various attributes of the program.
An example of an ideaiized diode switch will be given in Section 5.3. In Section
5.4, a three-terminal FET model is described and simulated by the TMDS algorithm.
In Section 5.5, S-parameter measurements are provided of an experimental
stripline dicde switch circuit that was constructed. These measurements were
compared with the calculated S-parameters provided by the TMDS simulation
program. An estimation of the spurious mode content generated in a typical

simulated microstrip circuit will be given in Section 5.6.




5.1 OVERVIEW OF THE TMDS ALGORITHM

In this section a brief description of the TMDS algorithm will be given.
As the overall object was to develop the methodologies rather than a general
user-friendly program, a specific geometry was chosen which is sketched in Fig.
5-1. The simulation volume consistc of a rectangular box with two layers of
dielectrics. The conductor strips of the microstrip lines, bias lines and ground
connections lie in a plane coincident with the dielectric interface. The
conductor strips are modelled by conductor strip nodes and the surrounding volume
is modelled by condensed nodes as described in Chapter 3. The position and shape
of these ground planes and conductor strips can be arbitrarily configured for
different simulations. RF stimulation is provided by a lumped generator, V,,
with an internal admittance Y, as shown. V,, and V,, are programmable bias
supplies with internal admittances of Y,, and Y,, respectively. Finally a load
admittance of G, connects the microstrip line to the ground plane as shown. The
algorithm can accommodate a distributed network with multiple ports to model
distributed devices of arbitrary complexity. The boundaries of the simulation
volume are assumed dispersionless with programmable reflection coefficients.

A block diagram of the environment of the TMDS program is given in Fig. 5-2.
A simple user interface program, "MSPAR", prompts the user for required
parameters such as mesh geometry, voltage and bias supply parameters and the
device model characteristics. These parameters are used in the functional blocks
of the TMDS as illustrated in Fig. 5-2.

The TMDS consists of four functional blocks as shown. The "TLMS" block is
the TLM mesh sinulator and provides the overall loop control. The "DRIVER" block

models the time varying generator and bias voltage sources. The "DEVICE" block



conducting box boundary

Fig. 5-1 Geometry of the planar microstrip circuit that is
simulated by the TMDS algorithm

contains the PWL differential equation integration algorithm for simulating the
multi-port embedded device. Firally the “OUTPUT" block determines the
appropriate data to be recorded for later reference.

During each TLM mesh interval, the time variable is passed to the DEVICE and
DRIVER blocks from the TLMS, and the required parameters are returned to the TLMS
block. As discussed in Chapter 4, the incident antisymmetric voltages from the
conductor st-ip nodes attached to the device are fed to the device solver at each
TLM mesh iteration. The reflected antisymmetric voltages are then fed back from
the device solver to the conductoi strip nodes. This is indicated in Fig. 5-2

as the "incident” and "reflected" parameters passing between the TLMS, DEVICE and
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Fig. 5-2 Block diagram of the TMDS program environment. The

MSPAR program interfaces with the user for the required simulation

parameters.



DRIVER blocks.

The OUTPUT block has access to all the node voltages in the TLMS block and
state variables of the DEVICE and DRIVER blocks. Based on user requirements, the
data is reduced and formatted into appropriate files for later reference. The
QUTPUT block contains a frequency-domain Discrete Fourier Transform (DFT) for
extracting response frequencies in the output response of the circuit, as well
as for S-parameter extraction. A spatial-domain DFT algorithm is also included
for observing the spatial frequency distribution of the field distribution in the
covered microstrip cavity. This is necessary to study the influence of spurious
modes. Finally, a routine is included such that the total field energy and the
dissipated energy can be calculated to verify the conservation of energy. This

proved to be a very useful diagnostic tool that identifies devices, boundaries,

or node interfaces that violate energy conservation.

5.2 DIODE DETECTOR CIRCUIT

As an initial application, the diode detector circuit of Section 4.4.4 is
revisited, as it exemplifies various points. The detector is embedded into an
array of half-nodes simulating a 1D strip transmission line. The array is eight
nodes long with the device located between the 5 and 6 node as sketched in
Fig. 5-3a. The equivalent circuit of the detector is the same as in Fig. 4-9b
except for with the addition of the equivalent current from port 2. Furthermore,
a switch is added that can short out port 2. If this switch is closed then the
response of the detector is the same as in Section 4.4.4. If it is oven then the

detector is connected to ground via the equivalent conductor strip modelled by
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Fig. 5-3 Idealized diode detector device embedded in a 1D array
of half-nodes simulating a stripl!ine. a) Configuration of half-
nodes. b) Equivalent circuit of device for PWS routine.
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nodes 6 and 7. The response for a 10-GHz generator signal of 2 volts peak
amplitude that is switched on at t=0 is shown in Fig. 5-4. In this case the
switch is closed and At is assumed to be 1 psec such that C, of 10 pF is modelled
as a 10 F capacitor similar to the scaling discussed in Section 4.4.4. Next the
switch is opened such that port 2 attached to the detector represents a short
section of shorted transmission line which at low frequencies can he represented
by an inductance. The response is shown in Fig. 5-5. Note that the "average"
value of the detector voltage, V,, is the same as in Fig. 5-4, however there is
a significant amount of high frequency ringing generated by the nonlinear
switching characteristics of the diode. This ringing is merely a consequence of
the short transmission line resonance section composed of nodes 6 and 7. It is
"physical" as far as the oversimplified model of the diode is valid, and is not
induced by any numerical instability of the method.

The high frequency ringing, visible in Fig. 5-5, canm be observed
experimentally. However, it is generally highly damped. This damping is a
consequence of the packaging capacitance C,, the series resistance R,,, the
depletion capacitance C,,, the diffusion capacitance C,, and the series
inductance L,,., present in any physical diode. In order to avoid unnecessary
details, modelling of the diffusion and depletion capacitance will be postpaned
until Section 5.5. The damping effect can be observed adequately by adding R,

and C, to the equivalent circuit of the detector which is updated in Fig. 5.6.
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Fig. 5-4 Transient response of diode detector circuit with the
switch closed (swl in Fig.5-3b). V, and V; are defined in Fig.5-3b.

There are now five node equations describing the equivaient circuit are

d —
VY, + Iy - J + C"—a_t (v, - V) =0 (5-1a)
e, (v,-v) = -V, (G,+Y,) +V,6 (5-1b)
d dt 2 3 2 d as 3 ¥d
‘% (-G, ¥, = gV + (Cu+C) V) = T4 + (V; - Vy) Gy (5-Ic)
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Fig. 5-5 Transient response of diocde detector circuit with switch
open (swl in Fig.5-3b). V, and V; are defined in Fig.5~3b.

I, = I,e*"M™W (5-1d)
I, = -2 (v, - W) (5-1e)
de

where V,, V., V,, V, and I, are indicated in Fig. 5-6 and I, and a are diode

constants introduced in Section 4.4.1.

The equations above are put into the matrix form given in Section 4.4.4 as

g—g =GU+§+8 (4-38)
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Fig. 5-6 Equivalent circuit of the detector with parasitics

included in diode model

and solved by the PWL algorithm as described in Chapter 4. In order to determine
the reflected antisymmetric voltages into the half-nodes, the total device

current, I, is estimated to be

Idov = Id"'c 9

s 52 (Vi = V) (5-2)

The simulation results of the detector with the non-ideal diode model are
shown in Fig. 5-7 for the same 10 GHz generator signal used previously. For this
simulation, C, was chosen to be 0.1 pF and R,, was 0.5 ohm. As expected, these
added components damp the high frequency signals in the detector output as

observed in Fig. 5-7.
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Fig. 5-7 Transient response of detector with a parasitic
capacitance and series resistance included in diode model.

5.3 EXAMPLE OF A DIODE SWITCH

In this section an example is given of a diode switch in a 1D transmission
Jine as shown in Fig. 5-8a. The equivalent circuit is shown in Fig. 5-8b. There
are seven state variables used and seven node equations derived in a similar
fashion as in the detector example. The state variables are V,, V,, V;, V,, V,,
I, and I, as indicated in Fig. 5-8b. Note that the bias voltage is supplied
within the device model. This approximation is generally reasunable when the
bias parameters are insensitive to the surrounding electromagnetic fields.
However, in cases where the bias circuitry does couple to some extent with the

surrounding fields, it is necessary to model the bias circuitry as a distributed
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network involving conductor strip nodes.

The switch circuit has a connection to ground. In this configuration of a
single layer of half-nodes the ground is naturally present. When the microstrip
line is modelled with more than a single layer, the microstrip ground is not the
same ground as the conductor strip node ground as mentioned in Section 3.6.3.
Hence a ground contact must be provided and connected to the device. This will
be elaborated further in Section 5.4.2. It is interesting that this grounding
problem is analogous to a practical problem experienced in MIC design.

Another consequence of the grounding connection in the diode switch is that
current flows through the grounding connection and therefore the switch is a
three-terminal rather than a floating two-terminal device, such as the detector
in Section 5.2. In the detector example the current flow through the device,
I,,,, was calculated by the PWL algorithm. The voltages refiected into the half
nodes were calculated with a filtered and sampled version of I, using the
procedure described in saction 4.3. For the diode switch it is necessary to
filter V, and V, resulting in V, and V,. The reflected antisymmetric voltages in
Fig. 4-1 are then

Va = 4 -V {5-3a)

quuz = qu - qv‘uz (s-sb)

Fig. 5-9 shows the turn-off transient response of the diode switch when the
generator is set at 10 GHz with an amplitude of 50 mV. The bias voltage, V,,
in Fig. 5-9 was initially set to -2 volts such that the diode would be an open
circuit. At 2 nsec, V,, is increased linearly at 3 volts/nsec to 4 volts turning

on the diode. This is reflected in the plot of the resultant bias current, I,
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Fig. 5-8 Simulation of a diode switch shunting a trpnsmission
line. a) Half-node configuration showing connection with switch
device. b) Equivalent circuit of switch device.
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in Fig. 5-9. The plot of ¥, shows the changing voltage across the diode. Note
that the 10 GHz signal becomes much smaller as the diode is forward biased, as
one would expect. Finally Fig. 5-10 is a plot of the generator voltage, V,, and
the voltage across the load resistor, V,,. The effect of the switch diode
turning on is evident. Note that there is a pulse due to the switching transient

of the bias circuitry, which is a characteristic of this type of switch.

5.4 TLM MODELLING OF MESFFT CIRCUITS

In this section, a method of coupling a MESFET device model to the conductor
strip nodes will be developed. In Section 5.4.1, a simple MESFET model is
presented. A 10 and a 2D single stage MESFET gain stage circuit is discussed n
Section 5.4.2. A 2D distributed MESFET model is developed in Section 5.4.3.

5.4.1 Lumped MESFET Model

The model of the MESFET is shown in Fig. 5-11. In order to simplify the
model, the capacitances are approximated as baing linear, the diode conductances
are modelled as ideal diodes and the propagation delay through the channel is
neglected. The reason for this simplification is not due to limitations of the
simulation method but rather an attempt to avoid unnecessary details. The

channel current is given by a practical model presented by Hwang and Itoh [50].
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Fig. 5-9 Transient response of diode switch. V,, I, and V; are
defined in Fig.5-8.

The channel current of the FET, 1., is a function of V, and ¥V, and can be

emperically modelied as described in [50]

VoV ¢ Vy
e g3 -] 58 Vpa Vga - Vpc (5..4)
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Fig.5-10 Transient response of diode switch. V_,  is the generator
voltage and Vld is the voltage across the load a&mlttance, Gy as

defined in Fig.5-8a.

in the linear region for V, < V,,., where the constants (for a 0.6 um Hughes

MESFET [50}) are given by

I, = 496 mA
V, = -5.28 volts
c = 4,52
V... = 1.85 volts
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Fig. 5-11 Simplified equivalent circuit of a MESFET

In the saturated region where V, > V,,., a correction factor of

g, Y
v, 2o
(dvs"vy)

is subtracted from the quantity in Eq. 5-4 where
V, = 2.23 volts

q = 2.56
g, = 0.279
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This factor models the negative resistance observed in typical MESFETs. The I-V

curves of this MESFET model are given in Fig. 5-12.

500 — ——
VvV =0
[* ]
400
|
d
(MA) 300 o W
200 : :
i vV =2
| ]
100 i .
Vv =-3
- ]
o - e v=
0 3 6 9 12 15
V  (voits)
ds

Fig. 5-12 I-V curves for the MESFET model described by En.5-4 and
Eq.5-5 for various values of V.
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5.4.2 Example of a MESFET Gain Stage

In this section an example of a simple single-FET gain stage device
connected with striplines is shown in Fig. 5-13a with the half node simulation
given in Fig. 5-13b. For the present a 1-D line is assumed. The device
equivalent circuit is shown in Fig. 5-14. Note that there are two distinct
"grounds" indicated in Fig. 5-14, the device and the half-node ground. In
general these are not connected, however, for the half-node configuration in Fig.
5-13b, where N, is 1, these grounds are the same.

The response of this circuit to a 400-mV, 10-GHz pulse is shown in Fig. 5-15.
The pulse starts at 0.5 nsec and ends at 2.5 nsec. For this exampie At is again
1 ps such that the period of the carrier frequency of the excitation pulse is 100
At. Note the gain of about 3 dB which is typical for a MESFET connected to
unmatched 50 ohm loads.

Next consider a 2D simulation of the stripline FET amplifier with the node
tayout as shown in Fig. 5-16. The stripline consists of a conductor strip that
is modelled by a string of edge nodes. The source of the FET is attached to a
short ground strip simulated by half, edge and corner nodes. The purpose of
this example is to demonstrate how a multi-port device, integrated with a network
of conductor strips can be simulated. As shown in Fig. 5-16, two new ports, "3"
and "4", are added. These are combined and attached to the source of the FET.
The ports "5" and "6" of nodes 1 and 2 respectively are terminated as if there
was an open circuit between ports 3 and 5, and ports 4 and 6. Hence the
symmetric voltage passes unimpeded between port pairs 3,5 and 4,6 but the anti-
symmetric voltages from ports 5 and 6 are reflected with a reflection coefficient

of 1.
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Fig. 5-13 TIM simulation of a FET gain stage, with the FET

embedded into a 1D stripline simulated by half-nodes. a) FET gain
stage circuit. b) configuration of half-nodes interfaced to FET
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Fig. 5-14 Equivalent circuit of MESFET gain stage as used in the
PWL algorithm.

The equivalent device circuit to be solved by PWL algorithm is now altered

as shown in Fig. 5-17. The equivalent current sources J, and J, are given by

JJ =2 Yu v|||3 (5-63)

J, =2Y, V (5-6b)

asé

Fig. 5-18 shows the resulting drain voltage (V,) response of the 2D FET circuit.
Comparing with Fig. 5-15, there are small differences which are a result of the

inductance and delay caused by the finite length of the source ground connection.
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Fig. 5-15 Transient response of simulated FET gain stage to an RF
pulse excitation. V,, V, and V, are defined in Fig.5-14.

Results for a very short source ground length are given here to demonstrate that
the conductor strip nodes can model ground connections without introducing

extraneous behaviour.
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Fig. 5-17 Equivalent circuit of the MESFET gain stage device with
ports 3 and 4 connected to the source ground strap.

5.4.3 Model of a distributed MESFET

Presently, MMIC amplifiers capable of generating more than 20 Watts of
output RF power are being developed. A design problem, which to some extent
1imits obtained MMIC performance, is that power MESFETs are not well modelled.
One reason for this is that they are physically large and cannot be considered
as lumped devices at microwave frequencies. A possible application of the TLM

method is to simulate large distributed MESFETs such that more accurate circuit
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Fig. 5-18 Transient response of 2D MESFET gain stage where V, is
defined in Fig.5-~17.

modelling is possible.

In this section an example will be given of a simple distributed MESFET model
consisting of three lumped MESFETs in parallel. The arrangement of these MESFETs
and the connected half-nodes is shown in Fig. 5-19a. The distributed gate finger
is modelled as a network of lumped inductors, resistors and capacitors as shown.

The complete conductor strip node laycut is given in Fig. 5-19b, The individual
MESFETs are identical to the MESFET model in Section 5.4.1.

One interesting feature of this model is that the gate conductor strip is
modelled by lumped components since it s so narrow that using TLM simulation

would require a very fine localized mesh that would be complicated to implement.
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Fig. 5-19 Conductor strip node layout for distributed MESFET
model. a) Schematic of distributed MESFET modelled by three
MESFET's in parallel. b) Configuration of conductor strip nodes
modelling stripline connection to the simulated MESFET drain.
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Given a relatively coarse mesh, the gate conductor strip is more accurately

modelled using a network of lumped components. This requires considerably less

computational effort. In general, computationally efficient distributed models
will be a mixture of TLM nodes and a network of lumped elements.

Fig. 5-20 shows the resuiting turn-on transient of the distributed FET

device. The gate bias voltage, V,;, is governed by the relation

V,, = -4.9 +4.9(.5 + .5 tanh (ﬂf_géﬁg ) volts  (5-7)
such that the gate is initially at -4.9 volts pinching the FET channel off, and
is switched to 0 volts at about 1.5 nsec. The drain voltage, V,,, is shown in
Fig. 5-20a as being originally at 0 volts and then switched to 5 volts at 0.5
nsec. A plot of the overall drain current injected by the generator is shown
in Fig. 5-20b. The oscillations observed are due to the inductance and
capacitance of the drain conductor strip. Fig. 5-20c shows the drain current in
the middle FET. The value is about a third of the total drain current as
expected. Note the oscillations in the drain current sunk by the individual FETs
is very small since the FETs are operating in the saturated region.

For the example in Fig. 5-20, the gate resistances shown in Fig. 5-19a were
taken to be 0.5 ohm. If this resistance is reduced to zere, then the circuit
became unstable as shown by the corresponding plot of the drain current of the
middle MESFET plotted in Fig. 5-21. This instability is physical, resulting from
the feedback between the gate and the drain circuits. It is not a result of the
instability of the TLM node mesh, This example demonstrates an application of
the TLM method to model power FETs for determining internal stability problems.
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Fig. 5-20 Transient response of distributed MESFET model. Vg is
the drain bias voltage, I, is the total drain current and I, is the
drain current of the middle MESFET.

5.5 3D DIODE SWITCH MODEL

In this final example, a simple stripline diode switch is modelled by a 3D
TLM simulation. The purpose of this example is to demonstrate the capability of

modelling circuits in 3D and to compare the simulated circuit behaviour with
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Fig. 5-21 Unstable behaviour of distributed MESFET model when the
gate resistance is reduced to zero. Plotted is the drain current
of the middle MESFET.

experimental measurements.

A sketch of the switch circuit is shown in Fig. 5-22. The overall 3D TLM
mesh volume of 30 x 5 x 30 is sketched in Fig. 5-22a showing the plane of the
stripline circuit at y=2.5d. Fig. 5-22b shows the layout of the stripline
circuit. Note that due to circuit symmetry, only half the circuit is modelled,
bounded by magnetic wall indicated at x=15d. Fig. 5-22c shows the details of
the connection of the switch diode to the conductor strip nodes.  The RF signal
generator, V,, and a bias voltage generator, V,, are placed in series as shown.

V, is used to bias the diodes off and on. It is not uncoupled from the signai
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generator and load resistor with coupling capacitors as in the example presented
in Section'5.3. The reason for this simplification is that the primary objective
is to compare simulated and experimental measurements and not to design a
practical switch.

In the experimental switch, Alpha beam lead Schottky diodes (DMJ6784) were
used. The equivalent circuit of this diode is given in Fig. 5-23a. Here C, is
a packaging capacitance of about 0.1 pF. G,,, is a series conductance of about .14
mho which is due to the finite conductivity of the ohmic contacts in the device,
L, is the accumulated inductance of the external conductor leads which is
approximately 0.1 nH. Finally C,, is the depletion capacitance of the device
which is related to the charge on the capacitor, Q,,, and the voltage across it,

denoted by V,,,, by the following expressions [51]

V.. \2
Qap = ~2 Cyo Vg [1 - —‘}ff)z (5-8a)
C
Cd = —__11_2_-_
* (1 ] Vdae)% (5-8b)
Vpy

where C,, is about 0.4 pF and V,, is the built in junction voltage of about 0.7

voits. In the equivalent circuit of Fig. 5-23,

Since the depletion capacitance is variable, it cannot be taken into account as
a regular capacitor. Updating the value at each time step can lead to

inaccuracies and numerical instabilities. A better method is to define an
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a)

Fig. 5-22 3D simulation of diode stripline switch circuit. a)
Overall TLM mesh dimensions, b) layout of switch circuit, ¢) detail
of the connection of the diode device to the half-nodes.
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Fig. 5-23 Equivalent circuit of diode switch device, a)
equivalent circuit of diode, b) overall device equivalent circuit
used in PWL algorithm
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additional variable, I, as the current through the depletion capacitance. 1

dap

is related to Q,,, as

9 Q -
Idep = a iep (5-9)

The experimental switch was constructed using two copper-backed teflon
substrates that were 1.5 mm thick with a dielectric constant of €.=2.3. The
stripline circuit and ground connections were fabricated according to the outline
given in Fig. 5-22b and sandwiched between the two teflon substrates. Given that
the substrate height was modelled by 2.5 node heights (i.e. 1.5mm = 2.5d), At

can be evaluated as

Ar = G& . 1.5mm /2.3
2c 2+2.5 2,998 x 10 mm/sec

As indicated in Fig. 5-22b, four ports to the conductor strip nodes are combined
in pairs and connected to the diode device. This is reflected in the equivalent
current generators of Fig. 5-23b.

Fig. 5-24 shows the switching transient of the diode switch. Fig. 5-24a
shows the bias voltage, V,, as it is changed from -5 volts to 5 volts in 2 volt
steps. The generator, V., produces a sinusoidal signal of 0.5 volts peak at 2.5
GHz. The output voltage across the joad resistor, G,,, is shown in Fig. 5-24b.
The bias voltage component is "clamped” by the diode as expected. Also, note
the attenuation of the 2.5 GHz signal as the diode is switched on.

Fig. 5-25 shows the S,, parameter of the diode switch as a function of the
bias voltage, V,. Experimental results are also shown for comparison as measured

on an HP8510 network analyzer. As observed the simulation is reasonably accurate
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Fig. 5-24 Response of the diode switch to a multi-step change in
the bias voltage, V,. V_  is the RF generator voltage (.5 volts
peak at 2.5 GHz), V,; is the voltage across the load resistor.

and can be considered within experimental error.

5.6 PRESENCE OF SPURIOUS MODES IN TLM SIMULATION

The TLMS program contains a two-dimensional spatial DFT located in a x-z
plane above the conductor strip plane. The purpose of this DFT is to estimate

the percentage of the field energy that is contained in spurious modes. This
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Fig. 5-25 Small signal S,, parameter of stripline diode switch as
a function of bias voltage, V,. A comparison of simulated and
measured results is shown.

analysis has revealed that while the percentage of the field energy contained in
spurious modes is high, most of this energy is in highly attenuating evanescent
modes. Typically less than 2% is contained in propagating spurious modes.

As a typical example, the microstrip line in Fig. 5-26 was analyzed. The TiM

box dimensions are shown in Fig. 5-26a and the layout of the conductor strip
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nodes is given in Fig. 5-26b. Also indicated in Fig. 5-26a is the plane in which
the percentage of the field energy contained in spurious modes was estimated.
The percentage was calculated by first evaluating the modal field composition of
the x and z directed voltages incident into the fourth node layer. Each mode is
associated with a k. d and k.d constant. If the sum of k. d and k,d is greater than
7, then the mode is spurious as discussed in Section 2.6. If

(k,d)? > (n - kd)?2 + (n - k,d)? (5-10)

where Kk, corresponds to the maximum excitation frequency, the mode is a
propagating spurious mode as discussed in Section 2.6. In this example, a 10 GHz
sinusoidal excitation signal was used and At was 1 psec as before. In this case
k, was chosen to correspond to 12 GHz to ensure that all the components
associated with 10 GHz were included.

Fig. 5-27a shows the resulting estimate of the percentage of the incident
field in spurious modes and Fig. 5-27b shows the percentage of the incident field
contained in propagating spurious modes. As observed, about 35% of the incident
field energy is contained in spurious modes while only .4% is contained in
propagating spurious modes. Hence the errors resulting from the influence of
propagating spurious modes should be very small.

The propagation attributes of the spurious modes have been determined for the
regular TLM condensed nodes. However, as spurious modes of conductor strip nodes
have not yet been analyzed, it is not obvious how spurious modes interact with
devices embedded in the half-nodes. A detailed study is required to determine
how the spurious modes affect the coupling and driving point impedances of
devices interconnected with half-nodes. At this stage only a few observations

can be made.
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Fig. 5-26 Configuration used for the estima@ion of spurious mode
content. a) 3D TLM mesh indicating microstrip circuit plane and
plane where spurious mode content is estimated, b) microstrip
layout

The driving point impedance, as seen by an embedded device, is related to
the prrpagation and evanescent modes that it excites. The reactance of the
driving point impedance is dependent on the reactance of the excited evanescent
modes. It can be shown that the reactance of the spurious evanescent modes have

the "wrong sign" with respect to the impedance of the corresponding analytical
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Fig. 5-27 Estimate of the percentage of energy in spurious modes
showing the total spurious mode content as well as the percentage
in propagating modes

solution. This will certainly have an effect on the resonance behaviour of high

Q devices.

For every propagating mode in the TLM mesh, there is a corresponding

spurious mode. Hence, even at very low frequencies, there is still a propagating

spurious mode. As the spatial frequency of this spurious mode is approximately
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1/(2d), the coupling into this mode can be significantly suppressed by
distributing the devices over several nodes which, in effect, results in some
spatial filtering.

In the case of devices embedded into a microstrip line, the devices are
coupled by electric conduction currents and by displacement currents. At low
frequencies, the coupling is essentially all electrical with no influence due to
spurious modes. It is only at higher frequencies that displacement current
coupling becomes relevant. This is one of the reasons that there was no
noticeable influence due to spurious modes in the results in this chapter. In
the above example, there was a large portion of the field energy contained in
spurious modes. However, this did not noticeably affect the coupling of the
generator to the load as most of the coupling was by the electrical conduction

through the microstrio conductor rather than by displacement currents.

5.7 CONCLUSION

In this chapter, various examples of applications of the TLM method to
solving non-linear circuit problems have been given. Although the methodology
developed is geared toward a full 3D simulation it can be very powerful as a
general 2D circuit simulation tool as well. By choosing the appropriate
admittance values for Y, and Y,,, planar 2D circuits can be modelled accurately
provided that there is no field variation in the y direction. An example of 2D
model1ing of a varactor-tuned Gunn oscillator circuit in a waveguide cavity is
given in reference [52]).

The accuracy of the method has to some degree been demonstrated using, as



5 = 40
an example, a 3D stripline diode switch circuit. Experimental and simulated
results compared favourably.

The percentage of the field energy contained in spurious modes was
estimated using a 2D DFT. The recults showed that for a typical microstrip
problem, about 40% of the field energy is in spurious modes. However, only a
small portion of the field is contained in propagating spurious modes.

Consequently, while spurious modes are a source of error, the error should be

negligible for microstrip type circuits.



CHAPTER 6

CONCLUSIONS

6.1 DISCUSSION

The objective of this thesis was to develop a methodelogy to extend the 3D
TLM method such that electromagnetic structures with ambedded nonlinear devices
of arbitrary complexity could be analyzed. This has been accomplished through
two main developments. First a new family of node structures, denoted as the
"conductor strip nodes", were developed. The main objectives for developing this
new node set were;

1) To improve the simulation accuracy of conductor strips over that achievable
by the 3D TLM condensed node

2) To provide a direct connection between the conductor sheet simulated by the
node and the embedded device.

3) To ensure compatibility between the new node set and the regular 3D TLM
condensed node.

The set of conductor strip nodes met all of these objectives.

The second development goal was to ccmbine the TLM method with the PWL
algorithm. The primary advantage of the approach taken was that the integration
step size could be varied dynamically resulting in an accurate algorithm that was
very time efficient. Another feature was the low-pass filtering provided by the
interface which made stable simulation of active embedded devices possible.

In order to demonst:-ate the performance of the conductor strip nodes,

several simulations were performed. It was determined that in simulating planar
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transmission line structures, the use of conductor strip nodes significantly
improved the simulation accuracy with respect to conventional modelling using
truncated Dirichiet boundaries. This was demonstrated by using a microstrip Tine
and a half-wave stripline resonator. Another simulation was developed for an
inductive strip in a waveguide with an incident TE,, field. The use of the
conductor strip nodes improved the simulation accuracy but the improvement was
not as significant as for the planar transmission lines. The reason was that the
incident electric field is parallel with the strip edge of the inductive iris.
The edge node, as presently configured, interacts too strongly with the
tangential electric field. However, as the primary interest was to simulate
planar circuits, this probiem was not of major concern.

A general 3D TLM program was develcped such that an arbitrarily configured
microstrip circuit could be simulated with the condensed nodes and the complete
family of conductor strip nodes. Several nonlinear circuits were investigated
including a detector, switch, amplifier and a distributed FET. A diode switch
circuit was experimentally constructed that was compatible with the parameters
used in the TLM simulation of the circuit. The experimental unit was
characterized using an HP8510 network analyzer. It was determined that there was
good agreement between the measured and simulated scattering parameters.

To support the main developments outlined above, a detailed analysis of the
propagation properties of the 2D and 3D TLM mesh was made. The objective was to
determine any instabilities that may occur, due to numerical dispersion of the
TLM mesh, when nonlinear active devices are embedded into the mesh. The general
dispersion relations were determined for the shunt and series 2D nodes, the
expanded 3D node and the condensed node. Various interesting insights were

gained through this activity.
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A comparison of the derived dispersion relations showed that the condensed
node had better dispersion characteristics than the expanded TLM node or Yee’s
leap-frog 3D FD-TD algorithm.

Detailed analysis of the dispersion relation for the condensed node led to
the discovery of spurious mode excitation and sropagation. It was found that the
condensed node supports spurious modes that propagate without loss which results
in some errors. Most of the spurious modes are evanescent and do not influence
the field solution significantiy. The reason spurious modes were not identified
before is that the field components of the condensed node are generally based on
an average summation of four port voltages which almost eliminates the spurious
mode contribution.

The FD-TD equivalent of the condensed node was determined to show the
relation between the scattering matrix of the condensed node and Maxwell’s
equations. This also showed the origin of the spurious modes as being a
confusion in the mesh between modes of low and high spatial frequencies. This
is believed to be due to the symmetry of the node.

A routine was added to the general 3D TLM program to calculate the
percentage of energy contained in spurious modes for a variety of problems. In
typical probiems, there was generally less than 2% of the field energy contained
in propagating spurious modes. The conclusion that can be drawn from this is
that while spurious modes are an unfortunate by-product of the condensed node,
the errors introduced by spurious mode propagation are generaily small, provided
that the discontinuities and excitation sources do not couple strongly into the
spurious modes.

The eigen-matrix equation which was used to provide the dispersion equation

also provided eigenvectors of the incident voltage vector of the TLM condensed
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node. These could be used to determine the simulated field yuantities for a
given waveguide mode excitation. Also the impedance of the simulated mode could
be determined. This has applications in providing exact absorbing boundaries at
a given frequency. Also a scattering parameter extraction method was developed

based on the knowledge of the exact simulated mode impedance.

7.2 Future Research

The main obstacles facing the condensed node TLM method as a means for
analyzing practical circuits with nonlinearites are computational efficiency and
the proliferation of errors as a result of spurious modes. In developing the
algorithms required for this research, emphasis was placed on obtaining accurate
simulation fidelity rather than generating computationally efficient code.

A graded mesh has been implemented into the 3D TLM electromagnetic field
simulator program by So and Hoefer [53]. Graded mesh conductor strip nodes
should be developed such that a higher density of nodes can be placed at strip
edges where the field quantities and currents are the highest and exhibit large
non-uniformities. This can be implemented by including series stubs into the
conductor strip nodes along with the shunt stubs. Another requirement for more
computationally efficient code is to streamline the scattering update procedure
of the conductor strip nodes as was done for the regular condensed node [54].

There are a number of means of suppressing the spurious modes which need to
be 1ooked at. The most obvious is using 3D low pass spatial filtering which was
suggested in Chapter 2. While this does provide some attenuation of spurious

modes it does not eliminate them. Also, merely absorbing the spurious modes in
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a spatial filter does not produce the correct field distribution, nor does it
correct the driving point impedance of the source or discontinuity that
originally excites the spurious modes.

A possibility for eliminating the spurious modes is to use the FD-TD version
of the condensed node developed in Section 2.7. Terms in the FD-TD recursion
equations were identified that result in the type of spurious modes observed.
If these terms are removed, then the node will lose its symmetry and will not
support the present type of spurious modes. However, it is necessary to
determine the overall dispersion equation of this new FD-TD node to establish

whether other types of spurious modes are generated.
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APPENDIX A
TEMPORAL SAMPLING PROPERTIES OF THE TLM MESH

From a signal processing viewpoint the TLM method can be considered as a

Tinear sampling system as illustrated in Fig.A-1. Here we define e(t) as the

q r(t)

€q
node reconstruction
—:\-——> > —
me fiiter
At

e

Fig. A-1 Temporal sampled system equivalence of the TLM mesh

input excitation signal and r(t) as the observed signal. The excitation signal

is first sampled in time generating a sequence of discrete sampled values e, such

that



e, = e(t) (A-1)
t = gAt

where At is the sampling interval. The time samples e, are applied to a source
node in the TLM mesh. In general, e, may be applied to a sequence of nodes in
a structure to excite, for example, a particular waveguide mode. However, for
the moment there is no Toss in generality by considering only one source node.

Somewhere within the TLM mesh there will be a set of observation nodes where
an output sequence of samples will be extracted. For the moment only one output
node is considered, and the sample extracted at q=nit is denoted as r,. To
reconstruct a continuous signal from the output sample stream, a reconstruction
filter, based on the conventional sinc function is used such that the continuous
output waveform, r(t) is given by

r(e) = i L sinc(A—tt -q) (A-2)

gu=-n

As usual, the ideal reconstruction filter is non-causal and a practical filter
would depend on a delayed truncated sinc kernel. Details of the reconstruction
filter are not important to the development given here.

The discretized response of the TLM network considered must be linear.
Consequently we can discuss the relation between e, and r, in terms of the
discretized impulse response denoted by h,. The relationship between the input

and output samples is then



L Y

q a q
q
= L h,oa.. (A-3)
q’=0

where * denotes a discrete convolution.

In addition to the discrete impulse response, the TLM mesh is a real
physical network with a Tinear continuous time signal impulse response. This
impulse response, relating the source and observation nodes will be denoted by
h.(t), where the subscript "c" denotes “continuous". A simple relationship
exists between h.(t) and h, as will be shown below.

Consider a continuous sinusoidal excitation signal, e(t), at frequency f,

such that

e(t) = Re[E(f)exp(j 2 n £, At}] (A-4)

where E(f,) denotes the complex amplitude at frequency f,. At the observation

point the continuous signal that is extracted is

r(t) = Re[Hc(fo) E(fa) exp{j 2% fo At)] (A_s)

where H.(f,) is the Fourier transform of h.(t). Next consider a time sampled

version of e{t) denoted by e ,(t) such that



e,(t) = Rele(t) ¥ 3(t - pAt)]
q=0
- : (A-6)
= ; L
Re[E(f,) I-E-- exp(; 2 (fo + At) t:)
The response to e, (t) is denoted by r (t) which is given by
r,(t) = RE{E(fO) x H(£,+ o) exp(jzn(ngit)t)] (A-7)

In the TLM mesh, the scattering nodes are frequency independent and the 1ink
lines are dispersionless. The impulse responsz of a link line is thus §(t-At),
Consequently the frequency response of the link line has a periodicity in
frequency of 1/At. As the Tink lines are the only members of the homogeneous TLM
mesh that are frequency dependent, it must follow that H.(f) also has a

periodicity in frequency of 1/At. Consequently

r (t) = Re{E(fo) H.(f,) exp(j2u(f,+-Ai.t) t)‘ (A-8)

and hence
r,(t) = RelH.(f,) e, (t)] (A-9)

Comparison of Eq.A-5 and Eq.A-8 shows that the TLM network has the same frequency

response whether the input signal is continuous or sampled. It follows that

h.(q &t} = h (A-10)

q

The tmplication of Eq.A-10 is that the transfer function for the TLM mesh is the



A-5
same for a continuous or sampled signal provided the excitation sources are band-
limited to frequencies below 1/2At. In other words, if the excitation sources
are sufficiently band-limited, there is no distortion caused by temporal sampling
in the TLM mesh. This essentially means that the effects of temporal and spatial

sampling can be analyzed separately, a property that is exploited in the

dispersion analysis of the TLM mesh in Chapter 2.



APPENDIX B
DERIVATION OF EIGENMATRIX FOR 3D EXPANDED TLM NODE

In this appendix the derivation of the 3D dispersion relation is given.
Consider the expanded node as illustrated in Fig. 2-5. It consists of three
shunt nodes and three series nodes. The voltages V,, V, and V_ are represented
at the three shunt nodes of the unit cell. The three series nodes of the
expanded node are shown in Fig. B-1. The voltages associated with the series
nodes, X,, X, X3» Xis Yis Yoo Ya» Yer 25, 25, Z3 and Z, are defined in Fig. B-1.
The initial step of deriving the dispersion relation is to write the voltages V,,
V, and V,, at the shunt nodes, in terms of the voltages of the surrounding series
nodes to which they are connected. Using the dispersion relation of the shunt

node (Eq. 2-40) and Fig.B-1, the following relations are obtained

Ve = Col-2, T, - y, T, - 2, - ¥) (B-1a)
v, = C, (x, Tz-l - 2, Tx-1 X, - z,) (B-1b)
Vi = GO T, + x, + y, + % T) (B-1c)
where
sin(k"d)

c = _.__2__
° 7 Zsin(k,d (B-2)



T, = e?%d
= oIk

T, = e

T = edkd

Next corsider a single series node connected to four surrounding shunt nodes
with V" as the vector of the port voltages at the series node centre and V is the
vector of node voltages at the ends of the interconnecting lines (at the centre

of the shunt nodes). Define V' as the vector of voltages incident at the series

node centre. Consequently

vV o=(1 + §) v (B-3)

V = (T'+Ts)y" (B-4)

where § i< the scattering matrix c¢f the series node and T is defined as

T=T,1 (B-5)

where I is a 12x12 identity matrix and

Using Eq. B-4 in Eq. B-3 we obtain

Vo= (I +S)(T'+T§)*v=0QV (B-6)
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Fig. B-1

Definition of variables used in derivation



with

301 1 -1
_ 1 3 -1

e °l1 -1 3 1

-11 1 3

(B-7)

The relations generated by the three serjes nodes are then given by

Y
x| _ 0 v, T,!
Xy v, T,
X4 v,
yl "V
Ya _ vV, Tx
¥ - e “Vx T,
Y v,
z, -V,
z, -v, Ty
2y ) Q -v, T -1
L 4
2y -V,

(B-8a)

(B-8b)

(B-8c)

Finally £q. B-8 is substituted into Eq. B-1 which results in the eigenvalue

equation of Eq. 2-53.



APPENDIX C

EXTRACTION OF WAVEGUIDE S-PARAMETERS FROM TLM SIMULATION

This appendix details the methodology used to evaluate the scattering
parameters determined from a TLM analysis of a waveguide discontinuity. Consider
a homogeneous waveguide section that contains a localized discontinuity. The
scattering parameters of the discontinuity are determined by first measuring the
scattering parameters of the complete section of waveguide and then de-embedding
the required scattering parameters of the discontinuity. In the laboratory, the
scattering parameters of the waveguide section are measured by placing a
termination on each end of the waveguide that is matched to the impedance of the
TE,, mode at the frequency of interest. A TE, mode is excited from one end of
the waveguide using an appropriate launcher. Scattering parameters are then
determined from a measurement of the field strength at the terminations.

In the TLM method, the S-parameter extraction is very similar. Johns
absorbing walls are used as matched terminations. An array of voltage
generators, connected between the Johns wall and the TLM mesh at one end of the
waveguide, generates an incident impulse appropriately weighted to excite the
Tt,, mode. A DFT of the reflected voltages at the end of the waveguide is
calculated to determine the S-parameters as a function of frequency.

There are several problems with this approach. The first is that the
incident impulse signal propagaies in two directions, towards the discontinuity

and into the absorbing Johns wall. Hence, the unit incident impulse has to be



c-2
decomposed into a forward and backward propagating signal. Also the reflected
signal at each port must be decomposed in terms of the TE,, eigenmode field for
each frequency. This is not a trivial task as the Johns wall is a frequency
dispersive impedance representing the waveguide impedance. This problem can be
overcome by using a normalization procedure developed by Eswarappa and Hoefer
that is outlined in reference [32]. The second problem is that the impulse
response generated excites the TE,, mode with some frequencies that are below
cutoff. These frequency components never decay with time (at z=0) unless the
discontinuity is lossy. Hence there will be truncation errors in the DFT
recovery of the S-parameters unless careful windowing is performed. To avoid
this problem, the excitation signal must be bandwidth-1imited such that
frequencies below cutoff are not excited.

A more direct method for S-parameter extraction has been developed which
avoids the problems mentioned above. In this appendix we consider the case of
extracting the S,, parameter of a waveguide discontinuity. This is illustrated
in Fig. C-1. The generator, G,, at the incident port P, is matched to the link
line impedance Z, rather than the guide impedance Z,. G, generates a unit
amplitude incident impulse that is weighted with respect to the link lines to
excite a TE,, mode. Hence if a TE,, mode impulse is desired into a mesh aperture
- size of N, by N, nodes, the generator attached to port 3 of node i,j,k=0

generates an incident voltage

Vion = sInE(ih)/N,) q=0 (c-1)

=0 otherwise
Note that the frequency components below the TE,, cutoff are reflected back into
the matched impedance Z, and absorbed. It is assumed that the plane pl, in Fig.



Zo
Johns
TE1D ™ Y owcontinuty |- ™ Absorbing
weighting moesh }: ] maesh Wall
G
piane plane piane 'm

Fig. €¢-1 Extraction of §,, parameter of a waveguide discontinuity
simulated by a TLM mesh.

C-1, is far enough away from the discontinuity that evanescent modes do not reach
the generator.

Let S,,(f) be the S-parameter at the input port P,. It is given by the DFT
of the reflected signal at P, as

- Jnte N1 n(i+%)
~jaxfgAt r .
2: € ;2 qV.LLOJ 91 N

S, (f) = L2 x

" Ny-1 n(i"'"]"') :
$ a2 :
ap NX ( -2)

Let r(f) represent the reflection coefficient looking into the waveguide

discontinuity from the reference pilane R, shown in Fig. C-1. The relation



C-4
between r'(f) and S,,(f) is found from the equivaient signal flow diagram in Fig.
C-2 which represents the waveguide problem in Fig. C-1. Here R{f) is given by

Z,(£) - Z,
Z,(f) + Zz, (C-3)

R(f) =
I, is the propagation term between the reference plane R, and the input port P,

given by

Po(f) = e-jk,(.ﬂ d N, (6-4)

with N as the number of TLM nodes between R, and P,. Note that k.(f) can be
determined from the dispersion equation of the condensed node. Z (f) is the

impedance of the simulated TE,, mode in the rectangular waveguide. It is very

close to the analytical expression of

k
Z(f) = 2 22

z (C'S)

An exact evaluation of Z,(f) is possible by considering the eigenmode of the TE,,
mode in the TLM mesh. Unfortunately, this procedure is very lengthy and is
therefore not included here.

Using Mason’s rule, the expression for I'(f) is derived as:

S, () - R(£)

I'(f) =
(£) T (F)2 (1 - R(£)2) - (8,,(H - R(FH) T,(H2 R(E)  (C-6)
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Fig. €-2 Equivalent signal flow diagram of waveguide discontinuity

If the discontinuity is lossless and of infinitesimal width, then the

equivalent normalized shunt admittance of the discontinuity can be related to I

by

2 4y, (C-7)





