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ABSTRACT

The TLM method has the advantage that electromagnetic field equations are
modeled by means of transmission line networks. Therefore, embedding of lumped and
distributed devices in the TLM mesh is straightforward since the equivalent models of
those can be connected to a TLM node using transmission lines. In this thesis, several
techniques for spreading the device over a finite volume corresponding to its physical
size are presented. In order to connect the device to the TLM network, the equations
governing the devices are solved using a central difference scheme. However, this
approach is time consuming and requires extra programming effort, especially for a
nonlinear active device. The connection between SPICE and TLM enables us to
overcome the encountered problems. The main benefit of such a hybrid system is to take
advantagé of the efficient combination of their respective strengths to solve complex

electromagnetic problems and enhance computational efficiency.
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Chapter 1

Research Objectives

1.1 Introduction

Electromagnetic problems may be solved using several techniques. These
techniques can be classified as experimental, analytical, or numerical. Experimental
techniques are not used very often since they are very expensive, time consuming, and do
not allow much flexibility in parameter variations. They serve mainly to validate
analytical or numerical solution. Analytical methods are still used in solving field
problems. These [1] include Separation of Variables, Series Expansion, Fourier
Transformation, Perturbation Method, etc. It is not easy, however, to apply them to the

problems involving complex geometry.

Numerical techniques have been thoroughly studied in the past three decades. Due
to the necessity of developing and researching microwave and RF devices,

electromagnetic interference, IC circuits, antenna design, etc, numerical techniques have
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become an important research topic. Numerical methods are used to characterize and

model problems that cannot be solved analytically.

Numerical methods [2] include Finite Difference, Finite Element, Transmission
Line Matrix (TLM) methods, the Method of Moments, Mode-Matching, and the Spectral
Domain Approach. The first three methods are derived from the differential or integral
form of Maxwell’s equations and require the discretization of the computation region.
These methods lead to identical discrete algorithms for field computation under certain
condition [3]. The last three methods are mostly based on the integral form of Maxwell’s
equations and require some analytical preprocessing. The numerical solution of large
electromagnetic problems can require huge storage and CPU time. Therefore, numerical
methods are chosen on the basis of trade-offs between accuracy, speed, storage

requirement, versatility, etc.

For instance, field problems involving layered structures with simple boundaries
can be resolved efficiently by spectral domain methods since considerable analytical
preprocessing reduces the computational effort and simplifies the data input and output
procedures. These methods have some disadvantages. They cannot take time-dependent
properties into account and also cannot be applied to structures of complex and irregular
cross sections. Time domain numerical techniques, such as TLM and FDTD, are capable
of tackling these problems. These methods are useful in dealing with complex, closed
boundary, heterogeneous media structures. They also account for transient effects,

electromagnetic coupling and interference.

The TLM (Transmission Line Matrix) method [4][5], which models wave

propagation by an equivalent spatial network based on Huygen’s principle, has become
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increasingly popular for the computation of electromagnetic wave propagation and

scattering problems. It is based on the equivalence between Maxwell’s equations and the
equations for voltages and currents on a mesh of transmission lines. Unlike other methods
such as Finite Difference and Finite Element methods, the TLM method utilizes a
physical discretization approach. In TLM, the field problem is replaced by an equivalent
spatial network and the analogy between the fields and network quantities (voltage and

current) is established. The equivalent network is then solved by iterative methods.

The outstanding features of the TLM method that make it particularly suitable for
solving a wide range of electromagnetic field problems are
1) Great flexibility : The electromagnetic problem does not need to be
formulated for every new structure.

2) Unconditional stability : Space and time steps are related by the propagation
speed of the wave in the TLM mesh, which is a passive network and hence,

unconditionally stable.
3) Observation of transient response to arbitrary excitation waveforms
4) Use of transmission line and network theory
5) Modeling of time-dependent materials and nonlinear devices
6) Visualization of the propagation of electromagnetic fields

7) Ease of programming

The FDTD method first introduced by Yee in 1966 [6], which solves Maxwell’s
equations numerically in the time domain on a spatial grid, is another popular numerical

method. The TLM and FDTD methods are similar in several respects and complementary
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[7][8][9] even though they are based on different modeling principles. These methods

were combined to advantage for solving semiconductor problems [10].

However, the TLM method is different from FDTD in that the electric and
magnetic fields are co-located. These advantages and unique characteristics of the TLM

method brought us commercially available simulation tools such as Stripes and Mefisto

[11].
1.2 Research Objectives

The 2D-TLM method has been used to model active nonlinear subregions of
distributed circuits [12][13] where extra stubs were used for embedding lumped circuit
devices into a TLM mesh. Regions of negative conductivity might cause spurious
oscillations at the TLM mesh cut-off frequencies. To avoid this problem, the TLM mesh
cut-off is chosen to be well above the active device cut-off frequency. A scheme to
incorporate lumped voltage sources in 3D-TLM was presented in [14]. An embedding
technique for linear passive elements was introduced in [15] where devices were directly

connected to the TLM link lines.

The FDTD method has also been researched actively. A technique to embed
elements into the 2D-FDTD grid, such as resistors, capacitors, inductors, diodes, and
transistors, was proposed in [16]. A three-dimensional implementation with
improvements was presented in [17]. A general scheme to incorporate lumped circuit
elements into an FDTD grid by coupling SPICE (Simulation Program with Integrated

Circuit Emphasis) with FDTD was described in [18] where the finite difference
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formulation of Ampere’s law has been directly represented by an equivalent circuit in the

form of a SPICE input file.

The objective of this thesis is to develop several techniques for including lumped
linear and nonlinear devices into a distributed system. Moreover, the final goal is to
connect SPICE with the TLM algorithm to model more complex and extensive nonlinear

circuits effectively.
1.3 Original Contributions

The above research objectives have been met by virtue of the following original

contributions to the TLM method

* Star-type scheme to embed lumped circuit elements

-- Star-type implementation can be used as an alternative to node implementation

in modeling linear and nonlinear passive and active devices in 2D- and 3D-TLM.

* Coupling SPICE with TLM

-- The connection between SPICE and TLM enables us to take full advantage of
all existing device models in SPICE. Time consuming efforts such as derivation
and programming of the discretized nonlinear equations describing the behavior
of a device is avoided. The user can modify the SPICE input file without altering

the TLM algorithm.
1.4 Preview of Contents

Chapter 2 covers the fundamental theory of the 2D- and 3D-TLM methods. The

characteristics of TLM and sources of errors are discussed. Chapter 3 reviews the models
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of nonlinear semiconductor devices such as p-n junction diode and tunnel diode. This

Chapter presents the I-V characteristic of the devices in a manner suitable for time

domain discretization, and their operating principles.

Chapter 4 focuses on the three different device-embedding schemes, namely node,
boundary, and star-type implementations. The schematic layouts of each technique and
its properties are presented. Chapter 5 is devoted to validation of these schemes. Here, the
discretized formulations for devices are derived, and the results obtained by each

technique are compared and analyzed.

Chapter 6 focuses on a methodology to couple SPICE with the TLM algorithm.
This algorithm is verified by comparing the results of SPICE with that of SPICE-TLM.

The last Chapter ends this thesis with a discussion of future work and conclusion.



Chapter 2

The Transmission Line Matrix Method

2.1 Introduction

This chapter provides an overview of the fundamental theory of the 2D- and 3D-
TLM methods. It also presents the characteristics of the TLM method and sources of
errors. In order to solve a general electromagnetic problem, the computational region of
interest must be discretized in time and space. A TLM mesh or network consists of
orthogonal 1D transmission lines interconnected at nodes. The unit time step Af is the
time necessary for a wave to propagate from one node to an adjacent node. The mesh size

Al is the distance between two adjacent nodes. Therefore, the phase velocity (v,) of the

transmission line is

v, =— (Eq2.1)
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In the TLM network, the propagation of electromagnetic fields can be described

by the scattering process of the electrical quantities (voltages and currents) at each node.
The correspondence between the electrical voltages and currents and the electromagnetic
fields was first introduced in [19]. Analogous to the Huygen’ principle [20], the TLM
algorithm can be split into two steps (scattering and connection). In the scattering step,
the impulses incident on a node are scattered isotropically in all four directions. Each
scattered impulse carries one-fourth of the incident energy according to energy
conservation. The scattering process in the TLM algorithm can be described by the

following simple matrix equation
[V I=I[S]-[, V'] (Eq2.2)
[, V'] : vector of reflected voltages at 1=k At

[, V'] : vector of incident voltages at =k At
[S] : impulse scattering matrix

In the connection step, the impulses emerging from a node become incident

impulses on the neighboring nodes. This process can be described by
[ V' 1=[CI-[, V'] (Eq2.3)

where [C] denotes the connection matrix. The reflected impulses propagate to the
neighboring nodes according to the connection matrix. The above process is described in

Figure 2.1.
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Many electromagnetic problems can be formulated as two-dimensional problems.

For instance, the propagation of TE (Transverse Electric) and TM (Transverse Magnetic)
modes in homogeneous parallel plate and rectangular waveguides involve only two
spatial directions. The propagation of TE waves is thus described by the 2D-TLM shunt

network, while the propagation of TM waves is represented by the 2D-TLM series

network [21][22].

(2) (b) (c)

Figure 2.1 The description of the scattering and connection processes of the TLM algorithm.
(a) Injection of impulse voltage (b) Scattering at the node (c) Connection to the
neighboring nodes

When 2D-TLM is insufficient to solve electromagnetic problems, a three-
dimensional TLM network must be employed. Of the 3D-TLM nodes developed for
solving arbitrary structures, the SCN (Symmetrical Condensed Node) introduced by P. B.
Johns is the most commonly used [23]. We will discuss the 2D-TLM shunt node and the

symmetrical condensed node in the following subsections.
2.2 Shunt-Connected 2D-TLM Network

In order to model the propagation of a TE field in free space by the 2D-TLM
network, the shunt nodes in Figure 2.2 (a) are employed. The lumped element equivalent

circuit of the shunt node is shown in Figure 2.2 (b). Here, L denotes inductance per unit
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length and C capacitance per unit length of the link lines. A cell is a square or rectangular

subsection of the TLM mesh with a node at its center.

y ., A2
LAI/2 Hﬂ/
L % < LAI/2

, LAI/2

2 T % /4 ; ' T/IZQ"
i

(a) (b)

Figure 2.2 2D-TLM shunt node (a) TLM cell (b) its lumped element equivalent circuit

The propagation of a TE mode in dielectric lossy materials can be modeled by
joining additional transmission lines to the nodes. In this case, the shunt node consists of

the intersection of two transmission lines (link lines), an open-circuited transmission line
A o : :
stub of length 5 and a matched transmission line. The inductance and capacitance of

an open transmission line of length ézl are LA?] and Cys%l, respectively: This open

transmission line is called the permittivity stub [20]. y_ is the normalized characteristic

admittance of the stub. The inductance and capacitance of a matched transmission line of

length A?[ are L%[ and Cgs%l, respectively. This matched transmission line is called

s

the loss stub. g, is the normalized shunt conductance. The permittivity stub is used to

represent the property of the material filling the computation region, while the loss stub is

employed to describe the loss of the material.
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2.2.1 2D-TLM Shunt Node Wave Properties

If the mesh size Ax=Az=A/ is infinitesimally small, the 2D-TLM shunt node
exactly describes the propagation of TE fields governed by Maxwell’s equations.
However, the fact that A/ is finite in practice causes errors. Therefore, in order to

represent the propagation of the wave properly in space, the cell size A/ must be small

compared with the wavelength of interest.

For the shunt node in Figure 2.2, the voltage and current changes in x- and z-

direction are

Ny __ ok
ox

oVy g olz
Oz ot

L

- 73 gO\/:
Oz  Olx _ —2C( +X&)aﬂ__LVy

0z Ox 4° ot Ax

(Eq24)

The corresponding Maxwell’s equations in a lossy medium obtained by setting

i=O and Ex=FEz=Hz=0, are
oy

@__ OHz
" &
oy oH
=

_TE o ” +o Ey (Eq 2.5)
ol
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where ¢, denotes the permittivity, u, the permeability, and o, the conductivity of the
network.

The following correspondence between Eq (2.4) and (2.5) can be obtained.

Vy=Ey Ix=Hz Iz = -Hx
¢ €
= Yoy = YL _
L= 2C(1+22) = = 2.6
H, U+ =4, A O (Eq2.6)

If we assume that the nodes have no stub for modeling free space, the inductance

and capacitance per unit length of the link lines are

po =L 2C= ¢, (Eq2.7)
and the wave equations are
O’Ey O°Ey O’Ey 1 0°Ey
+ = = 2.8
ox® oz’ ot o v?' o (Eq2.8)

oy . Ny _ 2IC vy _ 1 &y

Eq 2.9
o | o a v or (Eq29)

By comparing the wave equation (Eq 2.8) for the electric field and (Eq 2.9) for

the voltage traveling in the TLM mesh, we can find the analogy between electromagnetic

fields and electric quantities.

It can be seen from Eq (2.8) and Eq (2.9) that the velocity v, and the

characteristic impedance Z, on the link lines are +/2 times the velocity v, of the voltage

waves on the TLM network and the intrinsic impedance of the network, respectively.
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2.2.2 2D-TLM Shunt Node Scattering matrix

A voltage impulse incident on a stub-loaded node is scattered into six
transmission lines. The impulse scattered into the loss-stub is absorbed because this stub
is terminated in a matched load. Five of these scattered impulses will be returned to the
node. The reflection coefficient seen by an impulse incident on one of the four external

ports of a node is

2 -
At 4 =14 (Eq 2.10)
Yy
and the transmission coefficient is
2 .
S,=1+§,=— k#i (Eq2.11)
Yy

where y=4+y,tg;.

The reflection and transmission coefficients seen by the permittivity stub are

2y —
S55: ys y

S =148,=22 (525 (Eq2.12)
y y

Using Eq (2.10), (2.11) and (2.12), the scattering process is described by

V, 2=y 2 2 2 2y, V.1
v, 2 2=y 2 2 2y, V,
2 1, 2-y 2 2y, Vv,
v.| 7| 2 22—y 2y | |m
sl L2 2 2 2 2y,-y] Vs

< -
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2~y 2 2 2y,
2 2=y 2 A 2y,
[S]:l z 2 2-y 2 2y, (Eq 2.13)
d 2 2=y 2y,
| 2 2 2 2 2y-y]

where [5] is the scattering matrix for a stub-loaded node.

The connection process can be represented by

k+1Vli(x’ )= K (x-12) k+1Vzi(X, 2)=,V, (x,z-1)
Ve (6,2) =,V (x+1,2) Vi (6 2)=, V, (x,z2+1)
Vi (x,2) =, VS (x,2) (Eq 2.14)

where the superscripts i and r denote incident and reflected impulse voltages, the

subscripts &k and £+ / represent the time in Az.

The 2D series node is governed by a formulation, which is dual to that of the shunt node.

More details on the properties of the 2D-TLM series node can be found in [20][21][22].

2.3 The 3D-TLM Network

The modeling of electromagnetic problems that cannot be formulated as two-
dimensional problems requires the three-dimensional TLM cell with six tield
components. Unlike FDTD [24] and the expanded node for the 3D-TLM [25], in which
the positions of the electric and magnetic field components are staggered in space, the
symmetrical condensed node for the 3D-TLM [23], which is the most commonly used,

defines all electric and magnetic field components at the same point in space. Its main
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advantage is that it allows us to implement boundary conditions in a simple manner since

both £ and H are defined in the boundaries of each cell.

Figure 2.3 shows the structure of the symmetric condensed node. It consists of 12
ports representing 2 polarizations in each direction. The impulse voltages are carried on
transmission lines represented by thick lines. Two orthogonal transmission lines such as 7

and 12 do not directly couple with each other.

AW
7

S

Figure 2.3 SCN mesh

The scattering properties are obtained from general energy and charge conservation
principles as described in [21] and [23]. The scattering matrix [S] (Eq 2.15) relating

reflected 77" to incident «J/' voltages is a 12x12 matrix.
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0o 1 1 0 0 0 0 1 0 -1 0
1 0 0 0 0 1 0 0 -1 0 1
1 0 0 1 0 0 1 0 0 0 -1
o 0 1 0 1 0 -1 0 0 0 1 0
0o 0 0 1 0 1 0 -10 1 0 0
S1=05® 1 0 01 0 1 0100 0,
0o 0 0 -1 0 1 0 1 0 1 0 0
o 0 1 0 -1 0 1 0 0 0 1 0
1 0 0 0 0 -1 0 0 0 1 0 1
o -1 0 0 1 0 1 0 1 0 0 0
-1 0 0 1 0 0 0 1 0 0 0 1
01 -1 0 0 0 0 0 1 0 1 0]

Let us consider the propagation process in a regular SCN mesh by studying the
scattering matrix. Exciting port 8 on all the nodes on a x-y plane in order to propagate in

the z- direction will produce the following scattered impulse voltages.
Vo ==V = V. ==V, =05 (Eq2.16)

At the next time step, the incident voltages on node (x,y,z) come from neighboring

nodes. i.e.,
Vs (6 3,2) =,V (x-1,,2)=0.5
Vs 9,2 =,V (x,y-1,2) =05
Ve (6, 3,2)=, V. (x,y+1,z)=-05
Vil (6 3,2)=, V) (x+1,y,2)=0.5 (Eq 2.17)

The voltages incident upon node (x,y,z) produce the only reflected voltage ,.,V,",

which is equal to 1. It can be easily seen from this fact that it takes two time-steps to
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propagate the distance A/ without dispersion. Therefore, the time discretization must be

such that

A

At =—
2v

(Eq 2.18)

where v is the medium propagation velocity.

At each node of the TLM network the electric and magnetic fields can be
calculated from the incident voltages on the link lines. The relationship is given in Eq
(2.19). Similar expressions apply for other electric and magnetic field components.

_W+W+W+m’
2Ax

Ex=

I/;i—l/si+1/'7i—L"8i
27, Ax

Hx =

(Eq 2.19)

where Z; is the characteristic impedance of the transmission lines (link lines).

In SCN 3D-TLM, as in the 2D-TLM shunt and series nodes, capacitive and
inductive stubs can be connected to the node in order to allow for variations in €, y, node

shape, and dimensions.

The connection of stubs does not affect the connection process, but affects the
scattering matrix (Eq 2.20). Three capacitive (open) and inductive (short) stubs produce

the 18x18 scattering matrix [23] as given in Eq 2.20.
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123456789 (1011|1213 |14|15]16|17]18
1 |a d|c| g i
2 1b d -d b|g -1
3 1d a|b b c | -d g -i
4 b d -d b g i
5 a|b|c|-d b g | -
6 d bla|b -d| c g i
7 -djc|d|a]|d g |1
[S]= 8 b|c|-d d b g -1
91b|c -d a | d b | g i
10 -d b|lc|b d| a g -1
11 | d c|b b a | d g -i
12| c | b |-d b g -i
13 | e e e | h
14 e | e € e h
15 e | € e h
16 f|-f -f J
17 -f f f | -f j
18| f -f f | ]

(Eq 2.20)

The coefficients of the scattering matrix in Eq 2.20 are

D R po_ 2
204+Y) 24+2) (4+7)
Y  Z g2
24+7) 2(4+2) (4+2)
e=b f=2d g="Yb
Y -4 4-7
h=""_ i=d == 221
4+Y / 44+ 7 (Eq )

The values of ¥ and Z used in these expressions are chosen to correspond to the
relevant stubs. If the cubic cells are used for modeling an isotropic medium, then all the

admittances and impedances are



19

);:)}x:);y:);z:4(g,—l)
Z=Ix=Zy=Zz=4u -1) (Eq 2. 22)

In order to deal with general inhomogeneous anisotropic media and to use a
graded mesh, which is employed to save on computer requirements by using a fine mesh
only in areas of rapid field variation, three different admittances and impedances must be
taken into account in the determination of the scattering matrix. The general expressions

are given by

u,At - Ax u,At Ay uAt Az
szzﬂ’ AyAz_4 Z~y:2,u, AxAz_4 22:2#’ AxAy_4
u,At Ax u,At Ay uAt Az
(Eq 2. 23)
1
where u, = ;
Eoldy

The relationship between the electric and magnetic fields and the voltages are

given by

205 4V, VL, + Tl

Ex= )
Ax(4 +Tx)
,’i . ,i ’71' _ ri _ i
o 2V VS VY -V V) (Eq 2.24)

Ax(4Z,+ Z,Zz)
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Similar expressions apply for other electric and magnetic field components. More details

about the 3D-TLM node can be found in [21][23].

2.4 Characteristics of the TLM method and Sources of Errors

2.4.1 Characteristics of the TLM method

The 2D-TLM series and shunt nodes and the symmetrical condensed node for 3D-
TLM are different from FDTD or the expanded node for the 3D-TLM in that the electric
and magnetic field components can be defined at the same point in space. This allows us

to define boundary conditions in a simple manner.

Just like the FDTD method, the TLM process is also reversible in time. This is
possible because the scattering matrix of the TLM process is invertible. During the time

reversal, scattering and connection are performed in reverse sequence.

2.4.2 Sources of Errors

The accuracy of TLM results is limited by three kinds of errors (velocity error,

coarseness error, and truncation error), which will be discussed below.

1) Velocity Error

If the wavelength A of a signal in the TLM network is much larger than mesh size
Al, its phase velocity in the TLM network is virtually independent of the direction of
propagation. However, as the wavelength of the signal decreases, the wave velocity
becomes dispersive and depends on the direction of propagation and on frequency. This

is known as velocity error. Velocity error can be reduced by using a fine TLM mesh such
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that ATISO.I. This fine mesh should be compatible with the computer memory

resources. More details about the dispersion characteristic of 2D- and 3D-TLM can be

found in [26][27].
2) Coarseness Error

Coarseness error occurs when the TLM mesh is too coarse to resolve highly non-
uniform fields (field singularities) at sharp corners. This error is dominant when
analyzing structures with thin metallic strips and sharp corners. Even though the mesh
size is sufficiently small everywhere else in the structure, it is too large to resolve the
high spatial harmonics at singularities. One way to reduce this error is to use a very fine
mesh in the whole computational region. This would require very large memory and CPU
time. A better way to reduce this error is to introduce a graded mesh to provide higher
resolution in the non-uniform field region only. This approach, however, requires more
complicated discretization techniques and reduces the length of the time step. Another
method is to locally embed a finer mesh into the coarse mesh [24]. Even though this
avoids the reduction of the time step, it creates interfacing problems between the fine and
coarse regions. This approach must conserve charge and energy, and must not introduce

parasitic reflections and delays.
3) Truncation Error

We must truncate the computation in time to analyze the response. This leads to
the so-called truncation error. Due to the finite duration of the time domain response, the

frequency domain response will be given by the convolution of the desired frequency
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. sin x : C . .
spectrum with a —— function, giving rise to the Gibbs’ phenomenon. In other words, its
x

Fourier transform is not a line spectrum, but rather a superposition of sinc functions,

which may interfere with each other such that the spectral peaks are slightly shifted. In

. sin x g
order to get the desired frequency spectrum, the —— function must be as narrow as
X

possible. Satisfactory results can be obtained by using sufficient computation time, or by

using specific windows in the Fourier transform.

2.5 Conclusion

In this chapter, the basic theory and algorithms of the 2D-and 3D-TLM has been
summarized. The principal characteristics of the TLM method have been discussed. In
addition, the sources of errors encountered in the resolution of electromagnetic problems

and their correction methods have been reviewed.
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Chapter 3

Review of Non-Linear Device Characteristics
and their Circuit Models

3.1 Introduction

This chapter gives an overview of the characteristics of nonlinear semiconductor
devices to be embedded in the TLM mesh. Time domain numerical methods such as
FDTD and TLM are suitable for large signal or transient analysis of circuits containing
such devices. Many kinds of devices such as diodes, BJT (Bipolar Junction Transistor),
JFET (junction Field-Effect Transistor) and MOS (Metal Oxide Semiconductor)
transistor have been studied in the past years, and therefore the equivalent circuits of the
devices, including package and thermal effects and noise, have been established and can
be used to connect the devices into the TLM mesh. These equivalent circuit models are

useful for the design of integrated circuits, and have been incorporated in SPICE.
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In this chapter, the basic characteristics of p-n junction and tunnel diodes and an

ideal bipolar transistor are reviewed, and the equivalent circuit models used in SPICE for
those devices are discussed. Note that we must represent these devices by their nonlinear
differential or integral equations in time domain in order to predict their interaction with

the electromagnetic fields.

3.2 P-N Junction Diode

The p-n junction diode is the simplest nonlinear semiconductor made by joining a

n-type material to p-type material. Eq (3.1) represents the I-V characteristic of the diode.

i :I{exp(’i}:—;j—l} (Eq3.1)

where i; = current in the diode
v, = potential difference across the diode
I, = leakage current
q = electron charge : 1.6x10-19( C)
k = Boltzmann’s constant: 1.38x10-23 J/°K
I' = absolute temperature in degrees Kelvin
n = empirical constant between 1 and 2

In order to obtain a large-signal diode model, the charge-storage effects of the
device should be taken into account [28]. Charge storage results from excess minority
carriers injected across the junction in forward bias mode. This charge (Eq 3.2) is
proportional to the total current injected into the junction. These effects can be

represented by a diffusion capacitance C, (Eq. 3.3).
Q, =7,i,(v;) (Eq3.2)

where 7, (transit time of the diode) denotes the minimum time required to either store or

remove the charge.
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dQ
Cav) =54 =5l exp[%“j (Eq33)

The presence of a dipole consisting of fixed positive and negative charges in the
depletion region leads to a junction capacitance C; (Eq 3.4) that is dominant during
reverse and small forward bias. Since the number of charges that exist in the depletion

region varies with the applied voltage V', the value of C; depends on V5.

C (0
C,(vy)= ,© for v, <05-¢,
v
%,
C (0) V
C,(vy)= 0,151'5 [0.25+27‘;J for v, 20.5-¢, (Eq3.4)

where C,(0) is the zero-bias junction capacitance and ¢, is the built-in voltage [28].

3.3 Tunnel Diode

The tunnel diode is a p-» junction diode with a dynamic negative resistance. The
negative resistance exists due to the tunnel effect of electrons in the p-n junction. Tunnel
diodes are used in microwave amplifiers, microwave oscillators, and binary memory

because of their low cost, light weigh, high speed, low-power operation, low noise, and

high peak-current to valley-current ratio.

Current flow in a tunnel diode is due to three distinct effects [29]: thermal current
which is analogous to that in a conventional diode, tunnel current due to the direct
tunneling effect, and excess current due to the indirect tunneling effect. Writing these

three terms in PSpice’s extended syntax, we get the following:
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(Eq3.5)

V
)'eXP(V—”—l)

t1

fp

p( >

V

yel,

V
g
»

exp(1— I

1,V
VP

I -exp(V -V,)+

Fo

300K .

=25.86mV at T

=kT/q

where a thermal voltage V;

The main

shows the /- characteristics of a tunnel diode.

Figure 3.1

characteristics of a tunnel diode /-J" curve are the peak voltage V), and current /,, the

and current /, , and the forward peak voltage J;. The tunnel current

r
v

valley voltage

decreases in the voltage region V), <F'< V,, but this current increases exponentially for

V>V, like the conventional p-n junction diode current.
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3.4 Bipolar Junction Transistor

In this section, the /-} characteristic of a NPN bipolar junction transistor is
reviewed. The Ebers-Moll model of the ideal BJT in Figure 3.2 is characterized by the
saturation current (/;), the ideal maximum forward current gain (), and the ideal

maximum reverse current gain (f,).

[ e C
dem
>B,

|
B .—b—_ C* Icc‘Iec
—

yle
B

Ee ¢ E

Figure 3.2 Ebers-Moll large-signal model of a Bipolar Junction Transistor

The BJT’s terminal currents are given by

Vo @b Ve
I=I(e" —e )-Zu(en —1)
] @Vre Ve
=lefp® _fya(p ¥ _1)

ﬂf Igr

(Eq. 3.6)

This ideal BJT model neglects many nonlinear parameters which must be taken
into account for a practical BJT. In practice, it is difficult to include all BJT parameters in

a TLM simulation since it is not straightforward to solve the extensive coupled nonlinear
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equations. However, SPICE provides a well-established BJT model. Therefore, we
preferred to embed a BJT into the TLM network using a SPICE program rather than
discretizing and programming the nonlinear equations directly.

3.5 Conclusion

This chapter covered some basic characteristics of nonlinear semiconductor
devices and the derivation of the equivalent circuit models for those devices. These
equivalent circuits are suitable for embedding into the TLM mesh using different device
embedding techniques. More equivalent models for other semiconductor devices such as
JFET and MESFET transistors are available in the literature [28] and can also be

incorporated in the TLM algorithm in a similar manner.
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Chapter 4

Lumped and Distributed Device Embedding
Techniques

4.1 Introduction

The TLM method has the advantage that electromagnetic field equations are
modeled by means of transmission line networks [23]. Therefore, embedding of lumped
and distributed devices in the TLM mesh is straightforward since the equivalent circuits
of those devices can be connected to the nodes using transmission lines. However, due to
the discrete nature of TLM, the behavior of an embedded device will depend on its

numerical implementation.

In the FDTD method [16], the lumped device is embedded into a cell by
extending Maxwell’s equations (Ampere’s law). A forward time average for the £ term in

the current density is taken to avoid instability in the FDTD method.

There exist several techniques for embedding devices into the TLM network. In

this Chapter we discuss three different embedding techniques. Figure 4.1 shows the
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simple embedding schematics for node (a) and (c), cell-boundary (b) and (d), and star-

type (e) implementations.

Figure 4.1 Typical node and boundary implementations of lumped devices in a TLM
mesh. (a) Single Node implementation (b) 1x1 boundary implementation
(c) 3x3 node implementation (d) 3x3 boundary implementation (e) 3x3
Star-type implementation. The mesh size is the same (A/=1mm) in all cases.
The 50Q parallel plate waveguide is 31 A/ wide.

In many cases, the device may occupy a volume that exceeds the size of a single
cell, yet the dimensions of this volume remain small compared to the wavelength. We are
thus faced with a situation where the device is distributed over several TLM cells but
remains quasi-lumped from a field perspective. The question thus arises how the device
will interact with the field in such a situation. The effect of device connection and
spreading over a number of nodes is better explained through an example. We consider a
50Q) resistor placed in a matched 50() parallel plate waveguide and compute the S-
parameters. The width of the waveguide is discretized finely into 31 cells of size A/
=Imm. The resistor is connected to 1 and 9 nodes in a manner shown in Figure 4.1,

using both node and cell-boundary connections. In all cases, the volume occupied by the
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element remains small compared with the wavelength in the frequency range from 0 to 6

GHz.

Figure 4.2 shows the equivalent circuit for calculating the theoretical S-
parameters of an ideal 50Q resistor. These parameters can be obtained using transmission
line theory or by converting the ABCD matrix of the circuit into S-Parameters. The
reflection coefficient seen at port 1 when port 2 is terminated in a matched load of 50Q is

-1/3. Therefore, the transmission coefficient is 1-1/3=2/3.

Ls/2 Ls/2
P T Y N SNV,
z Z z e,
o 0= 0= o
Port 1 500 50Q 500 Port 2 Port 1 500 500 Port 2
50Q
(a) (b)

Figure 4.2 (a) The ideal equivalent circuit of a 50Q resistance in a transmission line (b)
Equivalent circuit of a 50€ resistive post in a parallel plate waveguide with
50Q characteristic impedance, including parasitic reactances.

Figure 4.3 compares the S-parameters obtained with the different embedding
techniques. At very low frequencies, the effect of the reactive parasitic elements
disappears, and all device implementations converge to the theoretical values of
[S11|=1/3 and |S21|=2/3 of the ideal equivalent circuit in Fig. 4.2 (a). However, at higher
frequencies, the effect of the finite size of the device due to its parasitic reactances
becomes more pronounced, underlining the importance of spatial distribution of the

equivalent elements.

As long as the geometrical size of the device remains small compared to the

wavelength, a relatively coarse discretization of the device volume is sufficient for its
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accurate modeling, including its parasitic elements. For example, if we refine the

discretization of the 502 device in Figure 4.2 by a factor of 8 (from A/=2mm to
Al=0.25mm) while keeping the absolute dimensions the same, the difference in S-
Parameters is only 0.01%. Node and boundary implementations also yield different

responses even when the same physical volume is used. This is because the boundary

model excludes the electromagnetic field completely from the volume it occupies.

S-Parameters of Lumped 50 Ohm Resistor

T T *
& 0.9 - 1. 1 . <: % 1*1 (Node)

. I =Z4— 1*1 (Bound
) $21 ‘ J— oundary)
-g 0.8 1 I s ‘i |~ 3*3 (Boundary)
© 0.7 - e — ~ - =t~ 545 (Node)
- 0.6 1 i i { { 5*5 (Boundary)
2 _ , . | | ,
S 82 YT ‘ ‘ 5*5 (Node)
8 il ‘ : ' %3*3 (Boundary)
= 0.3 ‘ [ | L~ 5*5 (Boundary)
5 0.2 1 i ‘ ; ‘ ' tl*l (Boundarv)
g 0.1 | ~ l - 1*1 (Node)

0 , - - - 1

0 1 2 3 4 5 6

Frequency in GHz

Figure 4.3 S-Parameters of a lumped 50 Ohm resistor placed in a matched 50 Ohm
parallel plate waveguide computed with TLM using different implement-
ations outlined in Figure 4.1

The situation becomes more complex when nonlinear and, in particular, active
elements are embedded. From a physical point of view, it would be more realistic to
spread the device over a finite volume corresponding to its physical size. However, if
this results in the division of the equivalent circuit into several parallel devices, two types
of problems may arise. Separate sub-devices are created which may interact in a parasitic

fashion that is non-physical, involving the local resonant properties of the discrete mesh.
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In the presence of gain, this may lead to instabilities due to the excitation of spurious
oscillations. Also, the nonlinear differential equations governing the device must be

solved separately for each sub-device, leading to increased computational demands.

In the following subsection, the three different embedding techniques are

discussed in detail.

4.2 Node Implementation

The node implementation used to connect lumped elements to the TLM mesh is
the same as the method introduced in [12][13]. In general, a device can be directly
connected to either the TLM node or the link lines of the TLM mesh [30]. It can also be

connected to the TLM node through a stub of length AZ/2[12].

Figure 4.4 Models for connecting lumped elements to a TLM network: (a) link-
line connection, (b) node connection with device stub of length A//2
and (c) node connection with device stub of zero length. The TLM link
lines are numbered 1 - 5.
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The first approach (a) in Figure 4.4 requires the modification of the connection

matrix at each time step. In this approach, the reflected voltages from a device travel
toward the node and some of them will be reflected back into the device. This reflection
causes a coupling between the linear and nonlinear part of the circuit [12][13]. However,'
this coupling does not affect the value of the simulation results. The second approach (b)
employs a stub of length A//2 to ensure synchronism of the impulses in the TLM mesh.
In this method, the scattering matrix is modified by the device stub, but is not changed at

each time step.

The main advantage of node implementation is that the decoupling of the linear
and nonlinear parts of the circuit can be achieved by choosing the appropriate admittance
value of the device stub. The disadvantage of this approach is that the device stub
introduces an extra reactance in the equivalent circuit of the device. However, such extra
reactance can be eliminated by reducing the length of the device stub to zero (c). The

only difference between the approaches (b) and (c) is that (c) introduces no time delay.
4.2.1 The embedding of a one-port lumped device in 2D-TLM

In the following, the modeling of a one-port lumped device in 2D-TLM will be
examined. The total voltage in Figure 4.5 across the lumped circuit and the current

flowing toward it at time k47 are given by

y rr ri
kI/ =k LS +k I/S

. : (Eq4.1)
kl :Ys{kI/S Tk Vs }

where Y is the characteristic admittance of the device stub.
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Figure 4.5 A lumped device connected in parallel to a 2D-TLM shunt node

The general current-voltage equations describing the lumped circuit can be

expressed as

dv(t) d*v(1)

—t XD s s Eq 4.2
PR } (Eq4.2)

i(0) = f{v(0),

This can be rewritten in discrete form by using a central difference scheme at the

half time step (k—1/2)Af to give

dv _ kV k-1 v
at a k-1/2 At
ﬂ _ k]_k—l /
dt a k12 At (Eq4.3)
V(t) = kp +k—1 V
at k-1/2 2
10 il !
at k-1/2 2

The unknown impulse Vs’ can be obtained by substituting Eq 4.1 and 4.3 into Eq

4.2. Therefore, the voltage incident upon the node from the device has the form

kVSi =f( VSr’k—l Vsiakq Vsrkaz Vsiakfz Vﬁra """" ) (Eq4.4)



36
The element Sss of the scattering matrix (Eq 2.13) is null when the normalized

characteristic admittance y, of the stub with length zero or Al/2 is ys=4. Choosing this
value enables us to avoid the undesired coupling between the linear and nonlinear part of

the circuit. The 3D connection is considered in the following subsections.

4.2.2 Modeling of one- and two-port devices with Node Implementation in 3D-TLM

1) One-port device

4 4
Z P 4 D i
eoo H
i
L/
® ® oo o @
® ® o000 ®
y ® ® o0 o ®
"
4 V
/
X (N N ) 2
3 J i
L/ /
/ /
eoe I
1 2 \%Y%

Figure 4.6 A device volume occupying WAx*HAy*14z. Each sub-device is connected to the
corresponding node.
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Let us consider the situation where the device volume exceeds the size of a single
TLM cell. In this case, it is very important to know how many cells are occupied by the
device volume in the direction of the feeding voltage or in its perpendicular plane. Figure
4.6 shows the volume of the device occupying more than a single TLM cell. The device
volume consists of H identical equivalent sub-devices in the direction of the feeding
voltage V), and W sub-devices in the plane perpendicular to its direction. The lumped
device is thus modeled as a series combination of identical equivalent sub-devices in the
direction of the feeding voltage. It can also be viewed as a parallel combination of

identical equivalent sub-devices in the perpendicular plane.

In order to model the devices properly, the impedance values of the identical
equivalent circuits are multiplied by W/H. Also, the admittance values are multiplied by
H/W. The current source values must be divided by W, while the voltage source must be
divided by H. Hence, each sub-device acts according to only the local field at the

corresponding TLM cell.

Instabilities may, however, arise in modeling nonlinear active devices such as
Tunnel or Gunn diodes if several active sub-devices are connected in series. Extra
computational efforts to solve HxW nonlinear equations describing the behavior of a

nonlinear device at each time step are required.

An embedding technique for nonlinear active devices was introduced in [31]. In
this technique, only a single device occupies the whole active region in the direction of

the feeding voltage. Such a device consists only of parallel sub-devices as shown in

Figure 4.7.
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Figure 4.7 A single element connected to a 3D-TLM mesh by means of stacked stubs in the

direction of the feeding voltage (V)
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Figure 4.8 The stacked stub arrangement (a) and its Thevenin equivalent circuit (b). Z;
is the characteristic impedance of the stubs.
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Considering the Thevenin equivalent circuit of each active region in Figure 4.8,

Eq 4.1 can be rewritten as

H H ,
R A AN A A Y AANA (Eq4.5.2)

1 i i T
kIZEYsl:kV—z(kl/l +H Ve w Wy )]

1 r i ¥ yi r i
:-}}-Ys(kl/l =V H V=V vy = V) (Eq 4.5.b)
where H is the number of TLM cells occupied by sub-device in the direction of the

feeding voltage, and each cell is numbered by 4. ¥ is the characteristic admittance of the

device stub. Note that the total characteristic impedance of the stacked stub is HZ,.

The amount of current flowing in each stub is the same so that

ler Tk I/li ~k Vzr Tk Vzi =T Tk VHr Tk VHi (Eq4.5.c)
Therefore, Eq 4.5 (b) can be rewritten by
A=Y,V -V (Eq 4.5.d)
Eq 4.5 (c) yields
AT AR AR A h=23, - H (Eq4.5.¢)
Combining Eq 4.5 (e) and (a) yields
H
F=HV +Q-H)J+2> .V (Eq4.5.9)
h=2

Eq 4.5 (f) and (d) involve only a single unknown voltage ;/;'. This unknown
voltage can be obtained by solving the discretized current-voltage equation of the device.
The other unknown voltages are then obtained by using Eq 4.5 (e). The unknown
voltages for the first order device, which are a function of the reflected voltages, can be

expressed as
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H

lei = f[kl/lr’k—l I/]i’k—l Vlr’z th,’Z k‘thr]
=2 h=2
thi =V = F + V;I (Eq 4.6)

It is obvious from Eq 4.6 that the unknown voltages are obtained by solving a

single nonlinear equation at each time step.

1) Two-port devices
h
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Figure 4.9 A schematic connection of a two-port device in the z-direction by two sets of
stacked stubs
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Two-port nonlinear active and passive devices can be modeled by means of two
sets of stacked stubs (Figure 4.9). In this structure, the lumped device is connected
between two adjacent stacked stubs in the z-direction and occupies H nodes in the y-
direction. The z-directed link lines of the nodes equipped with a device stub must be

terminated by an open circuit.
2) Embedding a lumped element in an inhomogeneous medium

Traditionally, stubs are added to the standard SCN mesh to modify the medium
properties and the cell geometry. We also use stubs to connect lumped equivalent
circuits. In the case described above, the device is embedded in a homogeneous medium
with permittivity constant &=1. However, in order to embed the device in an
inhomogeneous medium, additional stubs (port numbers 13~18) are employed to
represent the characteristics of the computational region and other stubs (port numbers
19~21) are used to connect the device to the nodes. Usually, since only one of the three
field components will be affected by the presence of the device, only one of three stubs is
needed to connect the device. Since the others are not used, their admittances must be
zero. A full 21x21 scattering matrix [31] for this purpose can be obtained by using

Kirchhoff’s laws and energy conservation.

4.3 Boundary Implementation

4.3.1 Modeling of one-port devices with Boundary Implementation in 2D-TLM

The boundary embedding technique (Figure 4.1 (b),(d)) provides a scheme for
connecting the device without using stubs. In Figure 4.10, the link lines interfaced with

the device volume are terminated by the lumped device circuit. Therefore, no
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electromagnetic fields exist in the device volume. This causes some differences in results

obtained using boundary and stub embedding techniques.

>4 i Device

A i i i X -

4.

Z i

Figure 4.10 The layout of sub-devices in boundary implementation using 2D-TLM
shunt node

Obviously, the layout in Figure 4.10 which shows independent sub-devices can
only be used when the device is linear. If the device is non-linear, the properties of the
sub-devices must be kept the same and depend on the total current and a space average of
all voltages across the sub-devices at each time step.

4.3.2 Modeling of two-port devices with Boundary Implementation in 3D-TLM

Figure 4.11 shows the schematic connection of a two-port device by two sets of
stacked link lines. Compared with Figure 4.9, this connection scheme has the advantage
that it does not require the extended scattering matrix to include the device stub. This
results in less computational demand. In node implementation, the connection between
the device stub and the TLM node introduces an error that has the same effect as a

discontinuity in the medium filling the propagation space. The scattering matrix for the
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nodes equipped with the device stub is different from that for the nodes without the

device stub, and must therefore be corrected. However, the boundary scheme does not

introduce this kind of etror.

y X
Z
k
Lo Lo |
. ;—’l I «‘r’
- =3
(] @
() @
V V
2 |
vV’ L/
4
| I* —
z=1 z=2

Figure 4.11 A schematic connection of a two-port device in the z-direction by two
sets of stacked link lines

Another difference between boundary and node implementation is that no extra

reference admittance for the transmission line connecting the device needs to be defined,
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since it is simple. In 3D TLM, the characteristic admittance of the link lines is 1/,

where 7, is the characteristic impedance of free space. However, the characteristic

admittance of the device stub is arbitrary. Usually, this value is chosen so that the

reflection coefficient seen by the device into the node is null.

The unknown voltages incident from the device upon the node can be calculated
using Equation 4.5 (a)~(f). Note that Equation 4.5 (a)~(f) is still valid except that the
characteristic admittance of the device stub (Y;) must now be replaced by the

characteristic admittance of the link lines (1}).

4.4 Star-Type Implementation

Device
volume

Figure 4.12 A schematic layout of star-type implementation in 2D-TLM shunt node

Figure 4.1. (e) and Figure 4.12 show the star-type device implementation. Here,
the device is represented by a single lumped element that is connected centrally to N

TLM transmission lines entering the boundary of the device volume by solving the
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nonlinear device equation only once at each time step. The length of the transmission line

connecting the device to N TLM transmission lines is zero.

The scattering matrix for this device-embedding scheme is given by

Y| |0 1n 1/n /n - 1/n V!
Jo| |1 =m/n 1/n /n - 1/n p4
4 _ 1 I/n (A-m)/n 1Un - 1/n . sz’ (Eq4.7)
T 1 1/n I/n  (-n)/n - 1/n B
il |1 Un 1/n Un -« (1=n)/n| | 7|

where J| represent the voltage impulses reflected on the star lines by the device at time

step k, and ,J! are the incident voltage impulses on the n star lines. The voltage incident

on the device is given by

yr = lel "'szl +kV31 +“'+er:
&y =
’ N

(Eq4.8)

Note that the reference admittance for the device is chosen as N times the
characteristic admittance of the star link lines. This condition decouples the incident and

reflected voltage pulses of the device.

This technique is valid when the wavelength of interest is much larger than the
size of the device volume. The extension of this approach to 3D problems is

straightforward and therefore, is not discussed here.

4.5 Conclusion

In this Chapter, three kinds of device embedding techniques have been discussed.

Node implementation is used to model the linear/nonlinear and one-/two-port devices by
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means of stubs of length zero or A//2. The stubs, traditionally used to model the
properties of the medium and cell geometry, have been employed to connect the
equivalent device circuit to the node. A method used to embed the device in an

inhomogeneous medium has also been presented.

It is shown that boundary implementation and star-type implementation are also
suitable for embedding linear and nonlinear devices. In particular, the boundary scheme

is less computational demanding and much simpler to implement.

On the other hand, boundary implementation removes field space from the inside
of the device volume with the effect shown in Figure 4.3. However, it is possible to
account for this effect by artificially adding appropriate energy storage to the equivalent

circuit of the device in the form of reactances.

When selecting a particular type of implementation, the primary concern should
be the need for modeling the physical configuration of a device as closely as possible. In
this way we can ensure that the parasitic elements due to the geometry and topology of a
particular device are properly accounted for. Accuracy has been verified by studying the
convergence of the solution for a given geometry when the mesh size Al is progressively
reduced towards the infinitesimal limit. Extrapolation of results obtained with different
mesh sizes using Richardson’s approach is very reliable in the case of TLM field models,

even in the presence of field singularities at sharp edges and corners.

-
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Chapter S

Comparison of Device Embedding Techniques

5.1 Introduction

In the previous chapter, we discussed the properties of three kinds of device
embedding techniques and their schematic layouts in a TLM network. The embedding of

one- and two-port devices in 2D- and 3D-TLM was also examined.

In the following, we compare the results obtained using these schemes for linear
and nonlinear devices. We first derive the numerical expression representing the behavior
of the specific device to be embedded and discretized them. In other words, the general
expressions Eq 4.4 and 4.6 must be rewritten to obtain the unknown voltages incident
from the device upon the TLM nodes. The numerical results obtained with each
technique must then be analyzed and compared with the theoretical results. To minimize
parasitic effects due to the finite volume of the devices and to test only the device

equations and their connection to the TLM algorithm, we have performed simulations
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involving 1D field distributions (Figure 5.1). This allows us to compare the numerical

results directly with circuit-based results obtained both analytically and with SPICE.

Note that the embedding techniques described in chapter 4 and their validation
procedure are the basis for a connection between SPICE and the TLM algorithm that will
be discussed in the next chapter. In this chapter, we test all three embedding techniques
for several linear and nonlinear devices. For the node implementation we have only

considered device stubs of zero length.

The modeling of linear first-order devices is discussed first. The embedding of

nonlinear passive and active devices is then described.
5.2 Modeling of Linear First-Order Devices

5.2.1 Derivation of the formulation for the linear devices

In this section, the first order differential equations of a linear device such as a
capacitor or an inductor will be reviewed and discretized using a central difference

scheme (Eq 4.3) to obtain the unknown voltage incident from the device upon the TLM

nodes.

The current-voltage equation of a capacitor is

dv(t)

i(t)=C = (Eq5.1)

Discretizing Eq 5.1 with a central difference scheme (Eq 4.3) yields

L+ ]

C p
2 B A_](kp ~1 V) (Eq5.2)

Substituting Eq 4.5 (d) and (f) into Eq 5.2 gives
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_ H
(le+w)le'—Ezkvh'+0.5k_ll+(£)k_,V
i_ 2 At At 5 At
Vi (Eq 5.3)
B [, HC e
— Yot —
2 At

and other new incident voltages (,V, -----, V,') are obtained by Eq 4.5 (e). Note that the

value of the capacitance is divided by the number of sub-devices connected in parallel.

Similar relations can be written for an inductor.
5.2.2 Simple low- and high-pass filter implemented by Node implementation

A simple low-pass filter represented by a capacitor and a high-pass filter

represented by an inductor are simulated in 3D-TLM.

377€2

Figure 5.1 The geometry of a parallel-plate waveguide containing device volume (a)
and its 1D equivalent circuit (b)
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The devices are connected to the TLM network by a set of stacked stubs (Figure

4.7). Figure 5.1 (a) shows the geometry of a parallel-plate waveguide into which those
filters are embedded as devices distributed in the device volume. Its 1D equivalent
lumped circuit with the characteristic impedance Z;=377Q is shown in Figure 5.1 (b).
This structure is discretized into 3 Ax x3 Ay x20 Az where Ax =Ay = Az =Al =Imm. The
computation region is filled with air. Hence, the characteristic impedance of the parallel-
plate waveguide is 377Q. Three sub-capacitors are distributed along the x-direction. This
3D-TLM structure is equivalent to a perfect one-dimensional problem so that its

characteristics can be predicted theoretically.

The S-parameters of those filters are drawn in Figure 5.2. Excellent agreement
between theoretical and numerical results from TLM and FDTD is obtained. The 2D-
FDTD [16] simulation has been performed using Mur’s first-order absorbing boundary

conditions [32].

L 1
Is11] e [T )821)
09 \ - 0.9 \
0.8 v/ 0.8 1 /
0.7 0.7 /
f \ Theory {\ Theory
06— X— T === - TLM 06 HF—F—— - TLM
\ ------ FDTD } \ —————— FDTD
05 / \ 05 ] \\
04 ’r X 0.4 C
" N \\
02 0.2
S~ 1s11]
1 |s21|
. S 0.1 ———]
0 0
0 1 3 4 5 0 1 2 4 5
[GHZ] [GHz]
(a) (b)

Figure 5.2 S-parameters of low-pass filter (a) and high-pass filter (b)
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The values of capacitance and inductance are 2pF and 0.1uH, respectively. Here,

the device stubs of length zero are used. Therefore, the extra reactance introduced by the
stubs of length A//2 which may cause a discrepancy between simulated and theoretical

results has been eliminated. This extra reactance can be evaluated as follows:

The input admittance (¥,) of an open stub of length A//2 for low frequencies is

given by
7, = 7,2~ v, 22— jac, (Eq 5.4)
2vy, 2vy
From Eq 5.4, the parasitic capacitance of a stub Cy is
¢ = LA (Eq5.5)
Wy

where ¥; denotes the characteristic admittance of the device stub, vy represents the

velocity of propagation in the stub, and A/is the spatial mesh size.

The parasitic inductance of the stub L, is of the order of (At)z. This value is small

enough to be negligible. However, the total extra capacitance introduced by the device

stubs of length A//2 in device volume in Figure 5.1 is given by

iA]

¢,=le=fm g a-nasas (Eq 5.6)
H 2v,

and cannot be neglected. In fact, its presence gives rise to a parasitic resonance with the

inductance that occurs at

1

Jo = omic

=5.35GHz (Eq5.7)
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The resonance causes undesired numerical error. However, it can be seen from

5.2 (b) and Eq 5.7 that no extra reactance exists and infinite resonance frequency is

brought about when the length of the device stub is zero. Such undesired parasitic

reactance can also be eliminated by using the star-type and the boundary

implementations.

5.2.3 The modeling of a narrow band-stop filter by a star-type implementation

As mentioned in section 4.4, star-type implementation enables us to represent the

behavior of the device by a single lumped element. As a result, the computational effort

can be reduced and the effect of parasitic reactance can be avoided. This scheme is

demonstrated using the same TEM transmission line as in Figure 5.1.
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Figure 5.3 The S-parameters
of the band-stop filter

Figure 5.3 shows the S-parameters of the series resonance circuit composed of an

inductor of inductance 0.1pH and a capacitor of capacitance 0.2pF in a 2D-TLM

network. It can be seen from Figure 5.3 that there is no parasitic resonance effect

introduced by the device stubs of length A//2.
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5.3 Modeling of Nonlinear Passive and Active Devices

5.3.1 Push-Pull Transmission-Line Oscillator

We also consider a push-pull oscillator comprising two identical Tunnel diodes.
Figure 5.4 shows the oscillator featuring a slightly off-centered biasing arrangement. The

I-V characteristic of the diode (Eq 3.5) is plotted in Figure 3.1.

1=20mm

AAAAAAAAAAAA _Voltage
......... _ _Supply

h=3mm (Height of parallel
plate waveguide)

(a) (b)

Figure 5.4 (a) The transmission line oscillator (b) stacked biasing circuit of height h

The nonlinear current-voltage characteristic of the diode is specified in Table 1.

Peak Peak Valley Valley Forward Peak
Current Voltage Current Voltage Voltage
(Ip) (Vp) (Iv) (Vv) (pr)
- ImA 65mV 0.14mA 350mV 510mV

Table 1. Specifications of the Tunnel diodes used in the oscillator in Figure 5.4
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In addition the diode has a series resistance of R=4€) and a shunt capacitance of

C,=5pF (Figure 5.5).

Figure 5.5 Equivalent DC circuit of the push-pull transmission-line oscillator.
This circuit is only valid at dc.

The diode has a biasing point /y=0.73872mA and V;=0.15V. The DC bias source
supplies 0.2V and is positioned slightly off-centered to start the oscillations. Once the
value of the DC bias source is determined, the source internal resistance R;,; must be

calculated so that the diode operates at the desired operating point (Figure 5.6).

.S — s g =

1 : Vo=0.15V Vs=02V |
Io=0.73872mA Figure 5.6 I-V characteristic of a
g Sl tunnel diode and its
biasing point

084

] 0.1 02 0:3 0.54
Vp Wi Vv

i )
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The source resistance is given by

R, =5 (=2 -R) (Eq5.8)

O

and the maximum current at V=0 is

V.

i = 5.9
max 2Rim +Rs (Eq )

The unknown voltages incident from the device upon the nodes can be calculated

as described in section 4.2.2 and given by

: 1 r E r ,
K = iy (2RI -3

ARSI A A h=23, - H (Eq5.10)

The equation of the equivalent tunnel diode is given by
dv
i(0)=C 20 1i,0,0) (Eq5.11)
where v,(1)=v(f)-Ri(t) and i(7) is the current flowing in the conductance. The
discrete form of Eq 5.11 obtained by central differencing is then given by
20, .
k1+k—1]:E(kI/1 - VD) LG+ LG Y) (Eq5.12)

In order to obtain the new voltages incident from the device upon the nodes, Eq

5.12 is solved numerically at each time step by Newton’s method [33].

Figure 5.7 shows the transient behavior of the push-pull oscillator in which the
diodes were embedded in a 3D TLM network using a 3A/x3A/x3A/ and a 1A/x1AIx1Al

implementation, respeciively.
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Figure 5.7 Transient behavior and frequency response of the push-pull oscillator by
3D-TLM network (dotted line : 1*1, solid line : 3*3).

There is an obvious difference in the magnitude and phase of the two oscillators
due to the differences in device volume and to the interaction between the separated

sub-devices.

Figure 5.8 depicts the time domain responses of the tunnel diode oscillator when
the diodes are occupying the same volume, but are implemented using node and
boundary implementations. In the node implementations case, nine sub-devices are
distributed over a 3AIx3 AIx3Al volume. In the boundary implementation case, nine

instead of 12 sub-devices are placed on the lateral surface of the diode volume.
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Figure 5.8 Time domain responses of a tunnel diode obtained with the node and
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Figure 5.9 Comparison of the transient behavior and frequency response of the

push-pull diode simulated by the node (dotted line) and star-type device
embedding technique (solid line) in 2D-TLM.
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Figure 5.9 shows the transient behavior and frequency response of the push-pull

oscillator simulated by node implementation (dotted line) and star-line implementation
(solid line) in 2D-TLM. The phase difference between these two implementations is a

direct consequence of the differences in energy stored inside the device volume.
5.3.2 P-N Junction Diode

The simplest nonlinear device, a p-n junction diode, is modeled to compare the
three embedding techniques. The nonlinear behavior of the diode is described by the
formulae (Eq 3.2, 3.3 and 3.4). A similar approach used in section 5.3.1 to obtain the new
voltages incident from the device upon the nodes can be applied. The current-voltage

equation of the equivalent p-» junction diode is given by

qv(t)

i) =1, [eW - 1} +[C, () +C, (1)) ]

dv(?)
= (Eq 5.13)

and its discrete form is given by

ol Ppg I=d, {e%’ - I}I{eqﬁy —1}+[C}.(,{V) +Cd(kV)+Cj(k_1V)+Cd(,HV)J-"—V—;—’;“K
(Eq5.14)

This discretized equation is obtained by averaging the capacitance at the time

steps kA7 and (k—1)Az. Figure 5.10 shows the frequency response of a p-n junction

diode embedded in a 2D-TLM network by the node and the star line embedding

techniques.
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Figure 5.10 Frequency response of a p-n junction diode obtained by the star-type
device embedding technique in 2D-TLM

The diode is placed at one extremity of a TEM transmission line discretized with
five TLM cells in transverse direction, while a sinusoidal source is used to excite the line
at the other end. The graph clearly shows a DC component and the higher order

harmonics at 20, 30, and 40 GHz.

The values for the excitation and diode parameters are

Sinusoidal excitation: 10 GHz
Zero-bias

junction capacitance: 0.1 pF
Transit time: 0.1 ns
Saturation current: 10"4A
Built-in voltage: 0.8V

5.3.3 The Bipolar Junction Transistor

The node implementation to embed two-port nonlinear devices is described in

section 4.2.2. In the following, the equivalent circuit of a bipolar junction transistor in
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Figure 3.2 is modeled. The two nonlinear-coupled equations (Eq 3.6) representing the

behavior of a bipolar junction npn transistor can be derived [28] and solved numerically

to obtain the new voltage incident from the device upon the nodes.

However, the numerical computation of two nonlinear coupled equations is very
difficult. Thus, the optimization toolbox in Matlab version 5.3.0 was used for solving
them. This procedure is very time-consuming and requires extra care in programming
them. Hence, in order to avoid the need for such difficult derivations of the discretized
form of the equivalent circuit equations, we have investigated the possibility to connect

SPICE to the TLM algorithms.

5.4 Conclusion

In this chapter, the properties of three different embedding techniques for several
kinds of devices have been described. Simple linear devices were modeled first, and then

several nonlinear passive and active devices were embedded in a TLM network.

Numerical results obtained with different embedding techniques were compared
with theoretical results. Good agreement was achieved. Therefore, we can conclude that
the three different embedding techniques are suitable for connecting a device to the TLM
node even though they show slight differences in results due to their own embedding
properties. This can easily be compensated by the addition of connective reactance. It
has also been found that it is not straightforward to solve the discretized form of the
extensive nonlinear equivalent circuit equations. The methodology to reduce such a

heavy computational effort will be discussed in detail in the next chapter.
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Chapter 6

The Connection between SPICE and TLM

6.1 Introduction

So far, we had to derive the formulae describing the behavior of devices in order
to obtain the unknown voltages incident from the devices upon the TLM nodes. This
approach is time consuming and requires extra programming effort to solve the nonlinear
equations representing the characteristics of the devices. In the case of very stiff
nonlinearities, the time step used in the field solution may be even too large to accurately
integrate them, and instabilities may result. It is possible to avoid these problems by
solving the device equations separately using SPICE. In this chapter, we will discuss the

connection between SPICE and TLM and exploit its powerful features.

TLM has the advantage that electromagnetic fields can be represented by voltages
and currents in a network of transmission lines. This enables us to couple SPICE [34],

version 2G.6, directly and easily with TLM through a data pipe. SPICE was developed
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for analyzing IC designs. It is still widely used in industry and universities. We can thus

take full advantage of all existing device models in SPICE and do not need to formulate
them again. All other features supported by SPICE like temperature sensitivity are

available at no extra cost.
6.2 Connection between SPICE and TLM

As shown in Chapter 4, the voltage (} ' incident from the device upon the node
(Figure 4.5) is a function of the voltage (/" reflected from the node into the device and
the incident and reflected voltages at the previous time step for a first-order device. We
should set up the proper SPICE model to obtain the unknown new incident voltage V".

This approach is described below.

Figure 6.1 shows a circuit layout in SPICE obtained with Thevenin equivalent
circuits of the device stub for calculating the incident voltage (:/" ") of one-port (a) and
two-port (b) devices. The value of the DC source in the SPICE model is thus 2;}" " and

the value of the resistor (Z;) is the characteristic impedance of the device stub.

@) @

/
£\

‘__
ZS kV Zs % kV}I kV_’l Zs
T l 24V = I r
2T = kY = . = Zak3
¢ kV. 'l' Vi izt
_L ® = L
(a) (b)

Figure 6.1 The schematic in SPICE for one-port (a) and two-port (b) devices
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In SPICE, it is impossible to distinguish between the incident and reflected

voltages. Only the total voltage can be measured. Therefore, the incident voltage /' can

be obtained by
V=V T (Eq6.1)

Note that the Thevenin equivalent circuit is valid only for one TLM time-step.
This means the parameter values in the SPICE model will be changed at next time-step.
These values can be changed through the data pipe. This applies to both one- and two-
port devices. The procedure described above is summarized in the flow chart in Figure

6.2

TLM engine generates the reflected voltage
s WV

Pipe to SPICE

The DC source value in SPICE input fileis [+

changed to 2,V" N |

WV ' is used as the initial
condition of the device
at the next time-step

SPICE supplies the total voltage ;" across TT
the device at each time step

H Pipe to TLM

The incident voltage xJ"' in TLM is
calculated using (Eq 6.1)

Figure 6.2 The flow chart representing the coupling between SPICE and TLM
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Note that SPICE [28][35] performs a transient analysis using the initial condition
(voltage or current) of the devices. This enables us to assume that the value of the DC

source is constant during each TLM time step.
6.3 Validation of the SPICE-TLM Algorithm

In this section, the SPICE-TLM algorithm is verified for both lumped element
passive and nonlinear active devices. Figure 6.3 shows the S-parameters of the high-pass
filter simulated using the geometry shown in Figure 5.1. Here, the value of the inductor is
0.1nH. SPICE has also been coupled with 2D-FDTD using Ampere’s Law [36]. The
computational region at the extremities of the structure has been truncated by Berenger’s

split-field PML [37]. Good agreement is obtained using both 2D SPICE-TLM and 2D

SPICE-FDTD.
! - 1521
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The band-pass filter has also been modeled with SPICE-TLM using the geometry

shown in Figure 5.1. The values of the inductor and the capacitor are 1nH and 2pF,
respectively. The S-parameters and their phases are shown in Figure 6.4. The device stub
of length zero has been employed to minimize the extra reactance introduced by the

device stub of length A//2.
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Figure 6.4 The S-parameters and their phases obtained by SPICE-TLM (solid line) and Theory
(dotted line)

Note that in SPICE, version 2G.6, an inductor requires the value of the current as
initial condition. The inductor current cannot be measured directly in SPICE. Only
current flowing in independent sources can be measured. To circumvent this, we connect
a 0 DC voltage source in series with the inductor. Circuits are defined in SPICE by means
of an input file which lists each circuit element and indicates how each is connected using
node numbers. Each circuit element in SPICE is connected to a node. SPICE then reads
the input file and uses Kirchhoff’s current law to create a system of equations for the

circuit. The SPICE input file for a lumped element band-pass filter is presented below.



VDC 100

RA 123996

CA 2 0 0.6667E-12 IC=0
VL230

LA 3 00.3E-8 IC=0
"TRAN 0.235863P 2.35863P UIC .
PRINT TRAN V(2,0) I(VL)

END

Here, the DC voltage source (VDC) is updated at each time step by the voltage reflected
by a TLM node into the device. The values of the capacitor are divided by the number of
the sub-devices connected in parallel, while the values of the inductor are multiplied by
it. The quantity RA 399.6 indicates the characteristic impedance of the device stub. This

value is given by

R=1=399.6Q (Eq 6.2)

o | =

where H is the height of the device and Y, is the characteristic admittance of the device
stub. 2.35863P is the time-step in TLM and SPICE runs during this time. 0.235863P is
the fixed integration time-step in SPICE. It can be changed to integrate more accurately.
The initial condition (IC, UIC) is used for the first DC transient analysis ( TRAN). The
quantities V(2,0) and I(VL) are the measured voltage across, and current flowing
through, the device. V(2,0) is sent to TLM through the data pipe to obtain the new
voltage incident from the device upon the nodes, and I(VL) is used to update the initial

conditions of the device for the next time-step.
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In order to verify the SPICE-TLM algorithm for nonlinear active devices, a

simple amplifier (Figure 6.5) was analyzed featuring an ideal BJT transistor inserted into
a parallel-plate waveguide of size 3 Ax x3 Ay x20 Az where Ax=Ay=Az=A/=Imm. The
lumped resistive input and output voltage sources as well as the BJT transistor are
inserted by means of two sets of stacked stubs (Figure 4.9) or stacked link lines (Figure
4.11). The source delivers V;=0.88+0.08-sin(2xnft) where f=220MHz, R;,=1200Q, V=5V

and R~=377Q.

18mm

Figure 6.5 A simple amplifier with a BJT transistor.

Figure 6.6 and 6.7 show the base-emitter voltage and the collector-emitter
voltage at the transistor obtained with a full SPICE simulation and with a coupled 3D
SPICE-TLM algorithm using node and boundary implementations, respectively.
Excellent agreement between the three results is obtained. The extra capacitance
introduced by the device stubs and the finite distance between the source and the

transistor have been taken into account when creating the equivalent SPICE circuit.
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Figure. 6.6 The base-emitter voltage computed with SPICE alone (dash dotted line),
SPICE-TLM using node implementation (solid line), and SPICE-TLM
using boundary implementation (dotted line).
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Figure. 6.7 The collector-emitter voltage computed with SPICE alone (dash dotted line),
SPICE-TLM using node implementation (solid line), and SPICE-TLM
using boundary implementation (dotted line).
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The input file used for the transistor example is presented below. Note that in
order to model a transistor with IS (saturation current), this value must be divided by the

number of sub-devices connected in parallel one another in SPICE input file.

VDC1100

RI 1 2282.56 5 3
% RI 12 1130.19 for boundary scheme RI
QTR 4 2 0 AMP IC=0,0

RC 4 5 282.56 D s
% RC 4 5 1130.19 for boundary scheme T T
VDC2500

MODEL AMP NPN(IS=0.3333E-16)

.TRAN 0.16678P 1.6678P UIC

PRINT TRAN V(2,0) V(4,0)

RC

Here, QTR is the name of the transistor and AMP is the model name. V(2,0) and V(4,0)
measure the base-emitter and the collector-emitter voltages, respectively. These
quantities are used as initial conditions for the device and to obtained the new voltages
incident from the device upon the TLM nodes. The impedance of the set of stacked stubs

used in Figure 6.5 is 282.56Q and the impedance of the set of stacked link lines is

1130.19Q2.

The charge-storage effects of the BJT transistor are represented by parameters
such as CJE, CJC, TF, and TR. CJE and CJC indicate base-emitter zero-bias depletion
capacitance and base-collector zero-bias depletion, respectively. 7F is the ideal forward

transit time and 7R is the ideal reverse transit time. The BJT transistor with the charge-
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storage effect is also inserted into the parallel-plate waveguide in Figure 6.5. The source

delivers V=0.875+0.075-sin(2nft) where f=2GHz, R;,=1000€, V=5V and R=377Q.
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Figure 6.8 The base-emitter voltage computed with SPICE alone (dotted line),
SPICE-TLM using node implementation (solid line), and SPICE-TLM

using boundary implementation (dash dotted line).
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Figure 6.9 The collector-emitter voltage computed with SPICE alone (dotted line),
SPICE-TLM using node implementation (solid line), and SPICE-TLM

using boundary implementation (dash dotted line).
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Figure 6.8 and €.9 show the base-emitter voltage and the collector-emitter voltage
at the transistor obtained with a full SPICE simulation and with a coupled 3D SPICE-
TLM algorithm using node and boundary implementations, respectively. The slight
differences in the results during the initial phase of the time response are due to the
different implementations and reflect the differences in the reactive parasitics of the

models.

The SPICE input file for the BJT is described below. Note that the saturation
current (IS) and the values of the capacitance are divided by the number of the sub-

transistors.

VDC1100

RI 1228256

% RI'12 1130.19 for boundary scheme
¥i230

QTR 43 0 AMP IC=0,0

VO 640

RC 6 7 282.56

% RC 6 7 1130.19 for boundary scheme
VDC2700

MODEL AMP NPN(IS=0.3333E-16 CJE=0.03333P CJC=0.03333P TF=0.1N TR=0.1N)
.TRAN 0.16678P 1.6678P UIC

PRINT TRAN V(3,0) V(4,0) I(VI) [(VO)
END

Note that the transistor in this thesis is inserted into the parallel-plate waveguide
as in Figure 6.5. In this case, we can assume that the voltage at the transistor can be
simply divided by the device height for obtaining the new voltages incident from the
device upon the nodes. However, this assumption is not valid when the transistor is
inserted into the microstrip line because of its fringe effect. Therefore, a generalized

algorithm is required. This can be formulated using Eq 4.5.
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6.4 Conclusion

A simple and very powerful method to connect SPICE with TLM was introduced
in this chapter. Both one-port and two-port devices were modeled with 2D or 3D SPICE-
TLM using node and boundary implementations. Excellent agreement has been achieved.
It is seen that this method enables us to model much more complex structures with
general nonlinear devices without the need for solving any nonlinear equations describing
the behavior of the devices. However, the computational speed is slightly reduced as
SPICE is called by TLM at each time step. The SPICE-TLM connection can be applied to

star-type configuration.
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Chapter 7

Discussion and Future Work

7.1 Introduction

It is not always advantageous or even possible to model a whole complex
electromagnetic structure by a single numerical method since the required computational
effort could be tremendous. A possible solution to this problem is to couple two available
and appropriate numerical methods. The main benefit of such a hybrid combination of
methods is that we can make use of their respective strengths to solve different parts of a

complex electromagnetic problem and thus enhance computational efficiency.

The connection between SPICE and TLM is such a case in point. This hybrid
system is very useful for solving electromagnetic field problems involving both linear
and nonlinear devices. The integro-differential equations describing the behavior of the

devices are solved by SPICE, and the field part is modeled with the TLM method.
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In this thesis several techniques for embedding devices into a TLM network have
been investigated and compared. While in previous studies [12][31] devices have been
implemented exclusively using shunt stubs (device stubs), we have developed new

techniques for boundary and star-type implementations.

The node implementation has the main advantage that the decoupling of the linear
and nonlinear parts of the circuit can be achieved by choosing the appropriate admittance
value of the device stub. The disadvantage of this approach is that the device stub
introduces an extra reactance in the equivalent circuit of the device. However, this extra
reactance can be eliminated by reducing the length of the device stub to zero. In this
case, the stub admittance merely plays the role of a reference admittance for the

interfacing between the TLM and SPICE variables.

The boundary embedding technique provides a scheme for connecting devices
without using stubs. As a result, the computational effort is slightly reduced. This
approach 1is realistic if the electromagnetic field does not penetrate into the device
volume. However, if the device volume contains electromagnetic energy, the boundary
model implementation introduces errors which must be compensated by adding

appropriate reactive components to the equivalent circuit model of the device.

The star-type implementation uses a single lumped element to represent the
device. As a result, the computational effort can be considerably reduced, particularly
when modeling nonlinear elements, since the device equations need to be solved only
once. At the same time the effect of parasitic embedding reactances can be reduced. It
should be noted that the star-type implementation supposes that the connections between

the device and the TLM ports are all of identical electrical length.
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7.2 Future Work

We have explored the properties of the SPICE-TLM hybrid system. In this thesis,
SPICE, version 2G6 first developed in 1970’s, was coupled with the TLM algorithm.
Since it is the oldest available version, some shortcomings became apparent. SPICE does
not allow a user to measure directly the current flowing through a device. Independent
sources must be connected in the SPICE input file. This may have been alleviated in

newer versions of SPICE.

It is natural that the connection between SPICE and TLM reduces the
computation speed since SPICE is called by TLM at each time step. The computation
speed can be enhanced by using a flexible integration time step in SPICE, but this
requires additional steps in the connection between the algorithms. For practical
embedding of SPICE into TLM it will be necessary to provide a friendly user interface

for entering a SPICE input file.

In this thesis, we have verified the SPICE-TLM algorithm by embedding linear
and nonlinear devices into a simple structure. This algorithm has considerable potential
for modeling complex electromagnetic structures such as MMICs. The distance between
elements in an integrated MMIC circuit is very short. Therefore, SPICE can be employed
to model those IC circuits using ideal transmission line elements. One additional
advantage is that SPICE allows for the inclusion of thermal device properties and

packaging parasitics.
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It is important to note that the TLM-SPICE hybrid approach can deal with
arbitrary waveforms and allows the inclusion of transients in the bias supply as shown in

the various examples of Chapter 6.

7.3 Overall Conclusion

In this thesis we have studied embedding techniques that allow active and passive
devices to be coupled to 2D and 3D TLM electromagnetic field models. We have focused

on two fundamental concepts, namely

1) connection of devices to TLM nodes

2) connection of devices to TLM cell boundaries

We have implemented and compared both techniques and discussed their
respective advantages and disadvantages. One of the main challenges is the formulation
and discretization of the integro-differential equations that govern the behavior of
complex nonlinear devices. There exists an extensive public domain software package
(SPICE) for the time domain treatment of such devices and networks. It appears thus
advantageous to connect this software to the TLM field algorithm for solving field

problems with embedded devices.

The integration of SPICE and TLM is facilitated by the fact that TLM is already
a circuit model of Maxwell’s equations carrying voltage and current impulses. The
connection of TLM with SPICE is thus straightforward and involves only a
transformation between scattered and total voltage/current values via the characteristic
admittance of the TLM link lines or stubs. The use of a separate program for device

modeling allows the use of a different time step for the field and the device solvers, thus
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potentially saving considerable computational effort. In fact, some problems are not

amendable to solutions employing only TLM formulations. The availability of numerous

library models in SPICE also represents a major bonus.

The examples given in this thesis confirm the advantages of the hybrid SPICE-
TLM scheme, and results are virtually indistinguishable from analytical predictions
provided that the errors due to the exclusion of field energy by the boundary
implementation of finite volume devices are properly corrected. The results obtained in
this thesis are sufficiently convincing to predict, that the embedding techniques can be
used in the realization of field simulation tools for design purposes. The development of
user-friendly interface features is beyond the scope of basic research, but it will certainly

allow future designs to put the models developed in this thesis to good practical use.
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