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ABSTRACT

The finite difference time-domain (FDTD) method and the transmission line matrix
(TLM) method are the two best known time-domain numerical techniques for modeliing
electromagnetic fields. Both algorithms provide time-domain as well as frequency-
domain data. The latter is obtained from a Fourier transform of the time-domain impulse
response. To achieve accurate frequency-domain data, some applications require long
time iterations before a Fourier transform can be applied. This can be a problem when the
computation time becomies excessive. In this case frequency-domain methods may be
more suitable. Within the framework of the finite difference method one can always
choose between the frequency-domain finite difference (FD) method and its time-dornain
(FDTD) counterpart without leaving the framework of the finite difference method. In the
TLM method this was not possible until recently. In {16] a frequency-domain TLM
(FDTLM) algorithm was introduced based on the time-domain TLM symmetrical
condensed node. The new approach operates entirely in the frequency-domain
eliminating the time iterative algorithm of the TLM method and establishing a duality
between the time-and frequency-domain TLM method. )

In this thesis the concept of the FDTLM method is further developed. While the first
approach for the FDTLM was based on the time-domain symmetrical condensed node
(SCN), it is shown in this thesis that the FDTLM nodes can be derived directly in the
frequency-domain. A set of new 3D condensed nodes are established and their accuracy
compared to other numerical techniques. Subsequently the nodes are applied to
cylindrical coordinates.

Based on the symmetry properties of the characteristic admittance SCN, a novel
decoupling procedure is introduced which makes it possible to represent the 12X12 node
scattering matrix by two 6X6 scattering matrices. This step reduces the matrix size
significantly and leads to a significantly faster algorithm.

Finally, the concept of th= intrinsic scattering matrix is discussed for the case of 2D
and 3D dlscontmuxtes Based on a novel S-parameter extraction technique, S-parameters
for a vancty of planar, rectangular and circular waveguide discontinuities are computed
and where possible compared with data from other numerical techniques and/or
measurements to verify the accuracy of this new approach. In most cases veiy good
agreement was found.
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Chapter 1
INTRODUCTION

1.1 The Need for Numerical Methods in 3D Electromagnetic
Analysis

With the rapid growth of the telecommunication market, the applications for
microwave and high-speed devices are increasingly diversified. Responding to
this trend, microwave circuit designs have taken on more importance. However,
microwave and high-speed circuit packages usually have complicated three-
dimensicnal structures. The complexity of the package structures makes it
difficult to provide appropriate equivalent circuits, and the great variety of
package structures requires case-to-case treatment. Therefore, the problem of
microwave and high-speed circuit analysis may be summarized by two
questions. Firstly, which analysis technique enables the design engineer to
analyze such complex package structures? Secondly, how universal is the
application of this analysis technique?

Electromagnetic numerical analysis is an attractive solution to these
problems. Recently, remarkable progress has been made in computer technology
which makes it possible to carry out large-scale computation for various
microwave circuit designs. In fact, several numerical analysis software packages
are already available on the market. Meanwhile, keeping pace with computer
innovation, a number of full-wave numerical analysis methods of
electromagnetic fields have been intensively pursued for years. Most readily
available are software packages based on the finite element method (FEM), finite
difference (FD) method, and transmission line matrix (TLM) method. This section
is a brief description of these numerical methods.
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Finite element method  The basic principle of the finite element technique
[1,2] is that a field region of interest can be divided into a number of discré‘\te
elements. The unknown electromagnetic field is then approximated by a linear
combination of a complew sei of interpolation functions to represent the
variation of the field over the elements. Polynomials are often used as they are
easy to integrate and differentiate, also greater accuracy is possible if higher
order functions are used. Then, to determine the prepertics of each element, a
variational, or energy-based functional is minimized, leading to a system of
equations. Upon solving this system, the unknown nodal values of the field
variables are obtained. Knowing these nodal values and geometry of the
elements, the field values at any other point can be calculated easily. This means
that the field or potential is defined explicitly everywhere, which leads to easy
manipulation mathematically. For example, when evaluating spatial derivatives
to give the field or impedance, often closed form expressions can be obtained,
thus avoiding troublesome numerical integration and differentiation.
Furthermore, when triangular elements are being used, a wide variety of odd-
shaped geometries can be approximated. This is the main advantage of the FEM.

A disadvantage of the FEM is the potential for spurious modes (non-physical
solutions). This problem and the fact that the formulation leads to large matrix
equations make this method inconvenient for extraction of scattering parameters
of microwave circuits. Furthermore, for scattering parameter calculation of a
general two port circuit, the spatial discretization must not only resolve the two
port itself but also the space sufficiently far away from the two port so that only
one propagating mode can oxist at the reference planes.

Finite difference method  The finite difference technique [3] is based on
numerical differences to approximate differentials. This method can be divided
into three parts. Firstly, the solution domain is divided into a grid of node points.
This grid is uniformly spaced with a shape that reflects the type of problem and
its boundary conditions. Secondly, a partial differential equation must be
transformed into the most convenient co-ordinate system and then be written as
a partial difference equation. The difference formula is used to describe the
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functional relationship between nearby nodes i« the grid. Finally, the system of
equations is solved using mairix algebra.

Discretizing the differential Maxwell equations in space and time is called the
finite difference time-domain(FDTD) method [4,5], which has been used to
perform' time-domain simulation of pulse propagation in arbitrary three-
dimensional structures. In the transient analysis of microwave circuits, a short
Gaussian pulse is used to excite the circuit. The pulse propagating through the
component or circuit is observed in a time iterative process. The frequency
dependent data can be calculated by a Fourier transform of the time-domain
response.

However, the use of time-domain methods in the analysis of sharp
discontinuities requires a very small mesh size, which in turn leads to smiall time
steps to satisfy the stability condition. As a result, the computational effort is
significant to reach steady-state conditions.

The finite difference frequency-domain(FDFD) method [€] has been
developed to overcome the Fourier transform necessary to give the frequency
response of a circuit. It is used to discretize the time-harmonic Maxwell's
equations. The space components of the electric and magnetic fields are defined
in each elemen: 'ry cell ( a "Yee"-grid [4]) shown in Fig.1.1. This kind of field
allocation has the adva:itage of implicitly fulfilling the continuity conditions
between two neighboring cells of different material. However, the spatial
discretization of the complex 3D structure using the FDFD algorithm also leads
to a large matrix equation, which has to be solved by using iterative ma:rix
algorithm such as the Jacobi or biconjugate gradient method.

The FD method has been successfully applied to eigenvalue problems for
calculating the propagation characteristics of arbitrarily filled guides as well as
scattering parameters of arbitrary three-dimensional structures such as MMIC
chip interconnections [6]. Comparing the time-domain FD method and the
frequency-domain FD method, both approaches are complementary and, in the
context of a si.igle method, provide a tool to analyze time-domain as well as
frequency-domain problems.




Fig. 1.1 Yee's grid cell

Transmission line matrix method  The TLM method [7,8] is a numerical
technique for solving field problems using equivalent circuits. The TLM method
models Maxwell's equations by discretizing the space of interest with a three-
dimensional mesh of intersecting transmission lines. The number of transmission
line nodes necessary to accurately model a given problem is dependent on the
particular geometry being examined and the desired accuracy of the solution.
Direct analogies can be drawn between the voltages and currents at the nodes of
the mesh and the electric and magnetic fields at these points in space. Similarly,
the inductive, capacitive, and resistive properties of the transmission lines
correspond to the permeability, permittivity, and conductivity of the space being
modeled. By properly terminating the transmission lines, boundaries can be
modeled. Thus, the solution of Maxwell's equations is reduced to solving for the
currents and voltages at each node in the mesh and this is accomplished via a
time-domain iterative process or advanced frequency-domain matrix algorithm.
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While the origins of the FEM, FD and TLM methods are different, they are
related methods[9,14,18]. These methods are extremely general and flexible. They
model the intrinsic behavior of electromagnetic fields without refesence to
specific boundary and material configuration. They can be formulated either for
time-harmonic or time-varying fields in two- or three-dimensional space, thus
forming the basis for either frequency-domain steady state or time-domain
transient analysis of electromagnetic problems.

In developing a numerical method one should always consider efficiency (i.e.
CPU time and memory space),-accuracy and flexibility (i.e. capability to model a
large variety of structures). On the other hand, the choice of a numerical method
is also strictly dependent on the problem at hand. No method can be thought of
as the best one. Each can have advantages over the others. The contribution of
the TLM method is that the TLM node can be represented as a passive
transmission line network for which the scattering matrix is known. Since the
node scattering matrix only relates the reflected and incident wave voltages at
the surface (boundary) of each node, the reflected and incident wave voltages at
different nodes are then interconrected by imposing the boundary conditions at
the interfaces of nodes. Therefore, in the frequency-domain TLM node, the
voltage variables at the interface between nodes can be easily elimited when
nodes are interconnected. The resulting scattering matrix only relates the
variables at the exterior branches of the guided structure, i.e. the size of the final
general scattering matrix is only dependent on the area of the boundary surface
of the structure regardless of the complexity and the volume of the structure
within the boundary surface. This feature is particularly useful in the analysis of
microwave circuits where the boundary surface (usually the reference plane in
the circuit analysis) consists of the cross sections of the uniform guided structure
which are usually much smaller in comparision with the total volume of the
circuit. This makes it possible for the TLM method to handle complicated and
large structures through matrix algebra. In fact, elimiting the voltage (field)
variables at the interior nods branches will reduces the size of the operating
matrix and hence reduces the CPU time significantly.

Considering the above attractive feature of the frequency domain TLM node
and algorithm, the motivation of this thesis is to develop method further and to
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apply it to practical microwave circuit problems. We first begin with a detailed
review of the TLM method.

1.2 Review of the Transmission Line Matrix Method

Back in 1944, an equivalent electrical network had been developed by Kron
[10] representing the field equaticns of Maxwell. In the same year, Whinnery and
Ramo [11] sucessfully applied this equivalent network to the solution of high
frequency field problems using a two-dimensional Cartesian mesh. Inspired by
the above ideas, Johns and Beurle first develcped the transmission line matrix
method, by which very good results were obtained for the solution of two-
dimensional waveguide problems in 1971 [7]. Subsequent papers (2,8] applied
this method to inhomogeneous and lossy problems and also extended this
method to three-dimensional cases. Various features and improvements were
also added by other researchers in a short period of time. The theory and
application of the TLM method for time-domain electromagnetic simulation are
described in a review paper(2] and a chapter on TLM by Hoeferi8].

It should be mentioned that the symmetrical condensed node, as first
proposed by Johns in 1986 [12], has contributed to the method to make it a more
accurate and computationally more efficient technique for three-dimensional
electromagnetic field analysis in the time domain. Since then some new concepts
like the time-domain diakoptics [13], the time-domain Green's function [15] have
further improved the method.

While the time-domain TLM(TDTLM) algorithm provides direct solutions for
transient analysis and visualization of electromagnetic wave phenomena,
frequency-domain data can only be obtained from a Fourier transform of the
impulse response of the network. For many applications, however, only a steady-
state circuit analysis and design is required and only a small frequency range is
of interest. Hence, in computational comparison to some methods which work
entirely in the frequency-domain, time-domain methods are at a disadvantage.
There are several reasons for this. The most prominent among all is that the
TDTLM algorithm is a simple time iterative process for solving a system of linear
equations with scattering and connection matrices as well as initial values. This
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procedure is naturally slow since many advanced matrix algebra techniques
“cannot be applied. Furthermore, the transformation from the time-domein into
the frequency-domain introduces errors which are not always negligible. For
example, to extract the microwave scattering parameters over a wide range of
frequencies froma single TLM simulation, wideband absorbing boundaries must
be modeled in the time-domain. Unfortunately, there are no perfect and
wideband absorbing boundaries. Practically every absorbing boundary will
produce a few percent cf reflection, particularly in structures supporting non-
TEM modes of propagation. Thus, even though the time-domain results may be
reasonably accurate, the frequency-domain results obtained from their Fourier
transform may not be acceptable, since the Fourier transform of the time-domain
response is very sensitive to imperfect boundary treatment. Thus, the time-
domain simulation of absorbing boundary conditions is crucial for accurate
computation of scattering paraineters.

In order to retain the flexibility of the TLM method and, at the same time,
avoid the problems that occur when transforming from one domain into another,
the FDTLM method has been developed by Jin and Vahldieck [16]. In this
method, the space is discretized by the same transmission line network as in the
conventional TDTLM method. However, instead of exciting the network with a
single impulse, an impulse train of sinusoidally modulated magnitude is
assumed. At any time step, this new excitation retains the form of an impulse but
its modulated envelope contains the information of the structure at a particular
modulation frequency. Hence, the frequency-domain information of the system
is directly obtained from the impulse response ainplitude rather than through the
Fourier transform. Since the entire solution procedure is carried out in the
frequency-domain, this method takes advantage of the numerous advanced
frequency-domain techniques, such as the diakoptics and matrix algebra
techniques, to greatly enhance its computational efficiency.

Historically, the TLM method was developed from lumped electrical network
theory, which has been used to represent electromagnetic fields for many years
" as a standard frequency-domain analogue technique. For a given structure, the
FDTLM method starts with discretizing the space with a transmission line matrix
or periodic arrays of nodes similar to the TDTLM method. Thus, the FDTLM
algorithm does not leave the framework of the TLM method. However, since the
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FDTLM ntethod operates entirely in the frequency-domain, the less restrictive
requirements in constructing the FDTLM nodes allow a wider range of
transmission line networks to be used. In conjunction with a novel scattering
parameter extraction technique [16], a very powerful and flexible numerical -
modeling tool can be developed for frequency domain (iésign problems As such,

the FDTLM method represents a true frequency doma«m counterpart 0 the time
domain TLM method. 1

Based on the current state and original contributions of the TLM method, the
purpose of this thesis work is to describe and develop systematically the physical
modeling process, the formulation, and the implementation of the FDTLM
method. This new numerical technique combines the flexibility and versatility of
the time-domain TLM method with the computational efficiency of conventional
frequency-domain methods. A general-purpose computer program fcr the full-
wave electromagnetic analysis is applied to calculate a variety of 2D and 3D
electromagnetic problems.

1.3 Organization of this Thesis
This thesis is divided into six chapters which are outlined below:

Chapter 2 describes the origin of the symmetrical condensed TLM node for
the time-domain simulation. Then, it is illustrated that the nodes used in the
FDTLM method can be constructed through either the time-domain scattering
procedure or derived directly in the frequency domain. The corresponding
scattering matrices are given. Finally, a comparison of the different available
nodes is made. The best use of the various nodes is discussed.

Chapter 3 first introduces the concept of the intrinsic scattering matrix. Then,
the FDTLM algorithm is established for solving waveguide eigenvalue problems
and spatial three-dimensional discontinuity problems. An efficient method to
develop the algorithm is also introduced for reducing the computer storage and
run-time.

Chapter 4 deals with the applications of the FDTLM method for the
calculation of propagating characteristics of arbitrary waveguide structures as
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well as scattering parameters of arbitrary spatial discontinuities. As a special
case, the FDTLM algorithm is implemented to analyze the characterization of
periodic structures in microwave and inte,rated optical circuits.

Chapter 5 develops a generalized treatment of the FDTLM method in a
cylindrical coordinate system in order to facilitate modeling of cylindrical guided
structures. Furthermore, microstrip discontinuities on cylindrical dielectric
substrates as well as circular waveguide bandpass filters are calculated using the
cylindrical FDTLM algorithm.

Chapter 6 concludes this thesis and discusses possible future research .
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Chapter 2

THE SYMMETRICAL CONDENSED NODE

2.1 The SCN for Time Domain TLM Simulation

The symmetrical condensed node (SC.7* has been developed by Johns in
1986[12,17]. He develops first the SCN without stubs (Fig. 2.1) for modeling a
homogeneous space with identical cubic space nodes. This approach has
obviously limited application. After presenting the concept, he exiends the
analysis to generate a node with inductive and capacitive stubs to model
inhomogenous space and graded mesh.
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Fig. 2.1 Symmetrical condensed TLM node
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The SCN has significantly advanced the TLM method. Unlike former nodes,
which are traditionally represented as a passive transmission line network, the
SCN is essentially an algebraic object: a novel physical picture of the discretized
Maxwell equations. Over the years, significant improvements of this node have
been published [19-22]. Moreover, reference [18] demonstrates that the SCN can
be formulated directly from Maxwell's equations using centered differencing and
averaging. Based on the derivation presented, one finds that the SCN always
preserves a second-order accuracy regardless of a uniform or graded mesh.
Reference [37] also gives the field theorelical derivation of TLM using the
Method of Moments. In fact, the SCN is a unique finite difference scheme.
Therefore, it can be considered as either a physical model of the FD method o1 a
mathematical model of the TLM method.

Usdally, it is convenient to express a numerical algorithm in terms of a
network model. The physical picture given can often help us to visualize the
properties of the method. Hence, in this section, the emphasis will be on the
network modeling approach of the SCN for the TDTLM algorithm. As shown in
Fig, 2.1, each of the six branches represents two transmission lines carrying the
two possible polarizations of the wave traveling in a given direction. The
characteristic impedance of these lines is that of free space. The voltages
indicated in the figure are the voltages across the transmission lines at each of the
twelve ports. The dimensions of the node are u,v and w in the x,y and z
directions, respectively. The approximata differential equations that govern the
behavior of voltages and currents at each node are given in time-varying form:

ol al v a, oV ol
—r e = (O e iy R x
v » w o C, > v E™ w—-—az L, -—--at
al al av av av ol
el SPUEYY Jousial S — e Yl ], .
5 u ; C, —"-; and w o u o L, o (2.1)
a, dl v N, oV ol
e e 1) mamenke - ot & - Y e = = [, il
u : v : C, > u—-l; v L, S5

where Lx,Ly, and Lz are the total inductances associated with the x,y,and 2
" directed transmission lines and Cy, Cy, and Cz are the total capacitances. Iy, Iy,
and I are the net currents flowing in the x, y, and z directions. The voltages Vyx,
Vy, and V7 are defined to be the total x, y, and z directed voltages at the node.
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Now the following equivalences are established reiating voltages and currents to
the electric and magietic fields: |

E=V./u H =Il/u
E,=V,/v H=I|v
E=V,/lw H=I|!w 2.2)

Substituting these into (2.1), the following set of differential equations is
obtained:

3H,_3H,=C u JE, %_.iE_’:_L _u_oH,

dy Jz Fwv oot dy 0z “wv ot

OH, oH _. v JE _OE __, vOoH

% x Cwa ™ % TuEThwa 23
a_HL_aHx=c wE, E’L_QE‘;:—L woH,

ox dy uv ot ox dy ‘uv ot

Comparing equation (2.1) with (2.3) yields the following equivalence between the
paranieters:

ngg.ﬂ Lxgﬂﬂ

u u

uw uw
C.=e— L=y— 24
,=e= L=p= 24)
Cee L =gt

w w

Then equation (2.3) exactly corresponds to the time-varying Maxwell's curl
equations, i.e.,

Vxl?:-p%ﬂ-
az:f @9
VXH'—-" 53;

In order to solve the transmission line mesh with impulses anA obtain the
scattering procedure for the time-domain node, the most important condition is
the space-time synchronism, which means that the wave impulses must reach the

T
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nodes or boundaries at the same phase delay, regardless of the distance they
cover between any two consecutive nodes in any direction. Therefore, any
solution must assume that the propagation velocity of the voltage waves is
proportional to the line length. This requires that the distributed inductance, Ly,
and capaatance, Cd , be the same on all of the transmission lines in the network.
Therefore, in order for (2.4) to be satisfied, it is necessary to add inductances
and/or capacitances to certain nodes in the mesh in order tc model the material
properties and shape of a given node. The required additional inductances and
capacitances are usually added to the nodes using short and open circuited
transmission line stubs attached to the center of each node. The other alternative
is that the branch lines are allowed to assume different characteristic impedances
such that they incorporate all of the required inductances or capacitances. Stubs
are still needed but fewer than in the first case. The first option results in a node
loaded with two kinds of stubs (stub-loaded node) developed by Johns in
1987[17], which leads to a (18x18) node scattering matrix with 12 main branches
and 6 stubs. The second gives a node with lines of different characteristic
impedances and at least one kind of stub (hybrid node) described by Scaramuzza
and Lowery 1990 {19], which leads to a (15x15) node scattering matrix also with
12 main branches but only 3 stubs. The complete scatiering matrices for both
stub-loaded and hybrid nodes are given in Fig.2.2 and Fig. 2.3.

Now the problem of solving for the vector electric and magnetic field
quantities has been simplified to that of solving for the voitages and curients on a
3D transmission line mesh. This is accomplished most conveniently by
performing an impulse analysis of the mesh. The mesh is initially excited with
ideal voltage and/or current impulses corresponding to the desired excitation
field values. These initial impulses are then tracked in time as they travel
between and scatter 5% the nodes in the mesh. The pulses reflected from a node at
time step % are given by

Vv=s. v | | | (2.6)

where V' is the vector of reflected voltages at time &, V' is the vector of voltag s
incident on the node at time step &, and S is the scattering matrix for a TLM
node. The pulses reflected from a particular node in the mesh become incident on
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neighboring nodes at the next time step. This transfer is represented by a
connection matrix C,

WV =C -V - 2.7)

This scatter and connect time-stepping procedure is continued until the desired
steady state is reached. Obviously, by combining (2.6) and (2.7), the TDTLM
algorithm is essentially a simple time iteration procedure.

Again, since the excitation is by ideal impulses, the outpu’t' consists of a
stream of impulses in time for a given field component which corresponds to the
impulse response of the mesh for a particular excitation. This output impulse
response can be Fourier transformed to yield frequency domain information, or it
may be convolved, in the time domain, with any arbitrary excitation function.

However, it shouid be recognized that accurate frequency-domain data
obtained from a Fourier transform of the TLM impulse response requires long
iteration times. Sometimes this can result in excessive computaiion time which
renders the TDTLM inconvenient for frequency-domain design and optimization
problems. in order to avoid the shortcomings of the TDTLM algorithm while
retaining its great flexibility and versatility, the FDTLM algorithm has been
developed to represent a true frequency-domain counterpart to the time-domain
TLM method. This new FDTLM algorithm is based on either the time-domain
TLM node or, for more efficient computation, on a new class of FDTLM nodes.
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Fig. 2.2 Scattering matrix of the stub-loaded symmetrical condensed node
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x 2|b a d a —d b 2
y 3|d a b b a-d g
y 4 b a d -d a b g
z 5 d a b a-d b g
z 6 d b a b --da g
z 7 -d a b a d b g
y 8 b a —-d d a b g
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Fig. 2.3 Scattering matrix of the hybrid symmetrical condensed node
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2.2 On the Construction of the Frequency Domain SCN through
the Time Domain Scattering Procedure

As in the TDTLM method, the FDTLM algorithm discretizes the space to be
analyzed by a transmission line network. The difference to the TDTLM methel,
however, is that the netwnrk excitation is done by a pulse train with time-
harmonic (sinusoid) wave amplitude. Therefore, the resulting frequency-domain
solution can be regarded as a particular case of the transient solution. Since a
time-domain solution can also be considered as a superposition of frequency-
domain steady-state solutions with different frequencies, it follows that, in
principle, the same space discretization may be used for both time-domain and
frequency-domain simulations. The frequency-domain node is not only similar to
the time-domain node but also preserves the basic properties of the time-domain
node.

Based on this consideration, the FDTLM node can be constructed by
modifying the existing TDTLM ncdes. Without losing generality, we may write
the scattering matrix equation for two kinds of symmetrical condensed nodes
(stub-loaded node and hybrid node) as follows:

Valorgr[Val_[Sm Sa] [V
e S =0
where V,,V; are the vectors of the reflected voltages at the main branches and
stubs, respectively, while V.,V denote the vectors of incident voltages. § is the

node scattering matrix. The matrix coefficients are given in Fig.2.2 and Fig.2.3 for
the general case with graded mesh and anisotropic materials.

By assuming that d is the minimum of all the node dimensions throughout
the mesh, the propagation factor is defined as ¢, where k, is the wave

number of free space. Therefore, for the stubs, the reflected voltages are related to
the incident voltages at the center of the nodes in the following way:

Vice™.T,.v' (2.9)

where T, is a diagonal matrix with the i* element being either 1 or -1, depending
on whether the i* stub is open or short circuited. From equations (2.8) and (2.9),
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the relationship between the incident and reflected voltages at the main branches
can be obtained by

V:, = [SM + e-jk'd . Sm . r, * (1 - e-ju * s.r: : r’)-l ' Sm]' V:n (2'10)

equation (2.10) relates the reflected and incident voltages of the main branches at
the center of the node. Then moving the reference plare from the center of the
node to the boundary of the node, i.e. the ports of the main branches, yields

PV;';, = e—jkod ' [Smm + e_jkod ',Sms Tg-(I - e—jkod *Sgs* l“s)“l ) SS’”}PVL’
) (2.11)

Equation (2.11) provides a direct expression for the scattering matrix of the
symmetrical condensed FDTLM node. The scattering matrix relates the reflected
and incident voltages at the ports of the main branches of the node and its

property is completely dependent upon both the propagation factor and the node
scattering matrix.

It is obvious that any kind of nodes used in the TDTLM algorithm can be
readily used for the FDTLM method, with some slight modifications. The main
procedure of constructing the frequency-domain node from the existing time-
domain node is to eliminate the stubs and then move the reference planes from
the center of the node to the boundary of the node. Thus, any full-wave three-
dimensional TLM node can be expressed in the frequency-domain by a (12x12)
scattering matrix.

2.3 A Class of SCNs Derived Directly in the Frequency Domain

2.3.1 Introduction

The concept of the frequency-domain TLM (FDTLM) method was first
introduced by Jin and Vahldieck in [16]. The theoretical foundation of the
FDTLM algorithm in conjunction with a scattering parameter extraction
technique is well established and has been tested for a large variety of microwave
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structures. The FDTLM node may be constructed from the existing time-domain
TLM node, which is formulated from general time-varying Maxwell's curl
equations. To preserve the space-time synchronism or the conservation of charge
and magnctic flux in the time'domain node, the choice of values of the electric
parameters on the link transmission lines of the node is limited. Therefore,
whenever necessary, stubs are added for compensation. In the derivation of the
FDTLM algorithm, the stub lines of these nodes are absorbed into the link lines of
the node. As a result, the scattering matrix of the FDTLM node becomes an
implicit expression. In addition, as shown in section 2.2, the procedure to
eliminate the stub lines of the TDTLM node will add computer run-time.

However, if the FDTLM nodes are derived directly in the frequency domain
using Maxwell's equations in time-harmonic forms, then the time-domain detour
is not necessary. This is indeed possible, because in the frequency domain the
space-time synchronism is not required and, therefore, an extra degree of
freedom is added which can be used to choose freely the propagation constants
and characteristic admittances on the link transmission lines of the node as to
represent the properties of the discretized space correctly. Thus stubs are no
longer needed in the FDTLM node. Since stubs need not to be considered in the
frequency domain node, the determination of scattering coefficients becomes
rather simple to handle. This makes the newly developed frequency domain
node presented in this section very attractive.

2.3.2 Generation of the symbolic scattering matrix

Starting from the frequency domain symmetrical condensed node shown in
Fig.2.4, the corresponding symbolic scattering matrix is shown in Fig.2.5. This
node is the intersection of six link transmission lines. Note that these lines have
certain propagation constants and characteristic admittances. Without losing
generality, we first assume that the characteristic admittances of link lines for 6
polarized directions of the wave are as follows:
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Line Polarized Direction Admittance
+Xy , -Xy Yadi
+XZ , -XZ Yd2
+yz , -yz Ya3
+yx , -yx Yd4
+zXx , -ZX Yds
+zy , -zy Ydé

Since the SCN is a 12-port lossless junction at the centre of the node, the energy
conservation condition leads to '

(ST -[¥,)-(ST" = [¥,] (2.12)

where [S] is the symbolic scattering matrix of the node, and [¥,] is the diagonal
admittance matrix including 12 link line characteristic admittances. Applying
equation (2.12) with current and voltage conservation laws yields the 30
equations in appendix. As there are only 24 variables, this matrix is solveable.
Furthermore, it is observed that the variables of each row of the symbolic
scattering matrix may be solved independently. Thus the solution procedure
becomes rather simple. As an example, a set of nonlinear simultaneous equations
are obtained by considering +xy polarized directions, i.e.,

Yu(al +)+2Y b +2Y 10d? =Y,
Yaac + Ydsblz - Y“dlz =0

Yo(a, +0)+2Y b =Y,

Ya(a —6)+2Y 4ud =Y,

(2.13)

After some manipulations, one finds three useful solutions which correspond to
- the shunt node, series node and condensed node, respectively. The solution of
the condensed node is




= Yo=Yy + You—Yu
20 +Ys) 2(¥n+Yy)
_Ya-Ys  Yy-Y4

= -
VT2 +Y) 20Wa+Ys)
Y , Y
b = dl , di= d1
Yy+Y4 'Y, atYa
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(2.14a)

Similarly, the remaining variables of the symbolic scattering matrix may be
found by taking other polarized directions. The complete solutions are given by

Yi =Yy +L2'Yds‘

o W 4¥.) 2V +Y.5)
¢ = de "ng _ de —Yds
2(de +Y43) Z(le +Yd§)
Y Y
bz = 42" , é =—A—
Y47, Yo +Y,s

4= Yy =Yp + Yo=Y
2¥53+Ys) 2(Y;5+Y )

€ = Yds"de _ Yis =Yy
2¥p3+Ys) 2(Y;3+Yy)

Y Y
b=t 4. Yo
Yis 47, ? Yoz + Y46

a, = Y- Yys + Y-V
2Y s +Yss) 2(¥us+Yy)
€= Yaa=Yss  Yu-Yqy
2(Yge+Yys) 2Yu+Yy)
e Yu
Yoo +Yys ! Yo +Yy

b, =

’

- YJS—YJ4 YJS-de

ac =
* 2Yys+Yy) 2(Y;+Y,,)
~ Yas=Yu  Yu~Yg

C =

’ 2(Yys+Y4) 2(Yus+Yy)
Y Y

by = ds ,d = s

Yy +Yu 7Y, as+Yay

(2.14b)

(2.14¢c)

(2.14d)

(2.14e)




YdG - Ydl + YdG - Yd3

06 =
2(¥us+Y4) 2(Yus+Y4)

€ = Yo=Yy  Yi—Y4p
2¥i6+Yy) 2(Y46+Ys)

7 Y
R d = 6
6 ’ 6

Yis+Yy Yis+Ya3
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(2.14f)

The FDTLM method is a space discretization technique. The local
electromagnetic field is represented at the ports of the FDTLM node. Each node
can be constructed independently of its environment and characterized by a
scattering matrix. A general scattering matrix at the centre of the node is obtained
from the conservation laws. Furthermore, to construct the entire FDTLM
algorithm by joining all scattering matrices of the nodes in the discretized space,
the reference planes for the scattering matrix must be moved from the centre of
the node to the ports of the node. To do so, the node link line parameters must be
determined. This procedure follows in the next section.
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+XY 4XZ —Xy —XZ +yZI +yx ~yz -yx +zx +zy -—-ZX =2y

a cy d4 —d4 b5 b6 +xy
da (5] b; by ds ~ds +x2Z

ol a ~ds d4 bs bg| —»y
2 @ b bs —ds ds =Xz

b b a €3 dg ~dg} +yz

- §=14d; —d @ cqg bs bs +yx
b bh o a3 —dg dg| -z

-d d Cq @ bs bs —=yx
d; -d by by as cs +2x

by by dy ~dy ag c| +2y
'~dz dz b b4 cs as -2X

by b ~dy dy g ag| -2y

Fig. 2.5 Symbolic s-matrix for 3D condensed FDTLM node

2.3.3 Determination of the node line parameters and s-matrix

The approximate differential equations that govern the behavior of voltages and
currents at a single FDTLM node (shown in Fig.2.4) are given in time-harmonic
form:

vga!y&—w-?’= joC.V,

w%!;- u%lx-‘-=ja)C,V,

al

u-a}l—v%- = joC,V,

v%—w%=-jamxl,

w%—u%‘i‘c— jaLl, (2.15)

v
u?—xL - vé—vl- =-joll,

Similar to the time domain derivation in section 2.1, we establish the same
analogy between the network and field quantities as in equations (2.2) and (2.4).
Therefore, solving Maxwell's equations is equivalent to solving a transmission
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line network. Again, equation (2.15) corresponds exactly to the time-harmonic
Maxwell's curl equations. According to equation (2.4), we can now equate the
total inductance and capacitance of the discretized medium to the distributed
inductance and capacitance of the link lines. In all six polarized directions, the
distributed inductances and capacitances of link lines are denoted as foilows: -

Cay» Caz+ Cax» Cans Cays Cae

Ly Ly » Ly, s Ly, Ly, L,

Hence

vw yw
s—l-‘-=Cdyxv+me [l—u—=Ldsz+LdzyW

s-l-‘vﬁ= s+ CyW uyv-‘z=Lduu+L¢xw (2.16)

uv uy
w w

where € and u are the permittivity and permeability of the space in which the
node is located. The characteristic admittance and propagation constant on the
link lines of the node are defined by

L, (2.17)

and the intrinsic admittance and propagation constant in the discretized medium
of the node are

Yo= f‘

H (2.18)

ko = o€

Combining equations (2.16) with (2.17) and (2.18), the whole node line
parameters and scattering matrix can be solved by choosing the different
conditions. In this section, three optional approaches to construct the condensed
FDTLM nodes are presented.
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The Characteristic Admittance Node As the simplest case, we assume
that the characteristic admittance of each link line is the same. The diagonal
admittance matrix of equation (2.12) is reduced to a unit matrix, and the
coefficients of the symbolic scattering matrix for the condensed node are
reduced to a,=c,=0, b,=d,=0.5, n=1~6. Assuming that the characteristic
admittance of each link line equals the inirinsic admittance of the medium and
the propagation constants on each branch are the same for both orthogonal
polarisations, then the propagation constants are solved from a system of
equations (2.16) - (2.18), i.e.,

__k£’v2+w2_vw
7'—2L W w

ko w+w ouw

== T = 2.19
H 2( uw vz) 219)
'y=-k1 W +v _w

Y

where 7,,7,,7, are the propagation constants in x, y, and z directions,

respectively. In general, the propagation constants could be complex if € and u
are complex nurnbers to model electric and magnetic losses.

Knowing the propagation constants on all link transmission lines, we move
the reference planes from the centre of the node to the ports of the node. Thus,

Y =[8,] V' (2.20)

where PV’,,V‘ are , respectively, the vectors of the reflected and incident voitages
at the 12 ports of the node. §, is the complete scattering matrix of the

symmetrical condensed FDTLM node which is shown as follows:




26

+Xy  +az —-Xxy ~xZ +yz  +yx -yz -yx +2x +2zy -2x -2y

. Axy _ "'xy o Axz ) Az +2y
Axy ' "xy Az ~Axz . +az
) "A’xy Axy Axz Axz] —xy
}'xy "xy “Axz Axz —xz
1|, lxy ' lxy ‘ a‘yz ' "a'yzl +yz
Sp =31’ ~Axy ' Ay ‘ Ay ' +yx
‘2 Axy Axy “Ayz Ayz| -2
- xy lxy Ayz lyz —yx
' Axz _ “Axs ' Ay . Ay +zx
Axz ' Axz ' A’yz B -Ayz +2y
~Axz Axz "yz ’lyz ad
Axz A _l'yz Ayz ~-zy
(2.21)
where
=e-z(7x-ul2+7y-v/2)
xy
N (RTLI AT
X7
-j(yy-v/2+yz-w/2)
yz =€

The Propagation Constant Node In contrast to the previous approach, we
now chose different characteristic admittances of the link lines and then

satisfying:

w v

Yp==Y, , Yp=—Y,
4 w

Y= ‘l““Yo y Y= KYo (2.22)
w U

%
Yds'—';Yo » Yu==Y,

Combining equations (2.22) with (2.16) - (2.18), it is evident that the propagation
constants of all link lines are the same and equal to 1/2 the intrinsic propagation
constant k. Hence, the completc scattering matrix of the propagation constant
node is given as:
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clz’xx

b

LT

4

>
&
il
®

-I-k-‘L(u'rW)

4

> 0>
-]
I
1Y

=

k
—j==(v+v)
e 4

dA,

-d4 21 xy

dsA

bk,

dsa'xz
_dSA'n
bSA' yz

bsa’yz
aSA‘u

"slu

bGA'n
_dS )’xz
bﬁa'n
d52'xz
bA
—-dGA'yz
bA
CS)'u
062’22
asa'zz
cﬁz'zz

27

bed,,
b6 a'xz
"ds l

yz

dsA

CGA'zz

aGA‘:z

(2.23)

The SCN in Fig.2.4 can also be considered as three

shunt nodes and three series nodes that are coupled with each other at the center
of the node [38]. Hence, we can define three characteristic admittances
corresponding to three series nodes, i.e.,

sw €
Yo=Yy=—.—
w\u
v |E
Yo=Yy =—,|—
uw\u

Su |€
Yds=yas=';'w‘ l—‘

(2.24)
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where s =™ +u'w? + V') (18 +V +w?). Y, ¥, are associated with the z-
direction series node including the +xy and yx polarized directions; Y,,, Y,
are associated with the y-direction series node including the txz and *zx
polarized directions; and Y,, , Y, are associated with the z-direction series node
including the *yz and *zy polarized directions. Therefore the variables of the
symbolic scattering matrix is now simplified as follows:

Yy —Yye Yio-Ys
=—4l__&#_ =g @y=—L_B_ =g
: 2y +Yy46) S . 2 +Y ) T
Ya 1 Yo 1
= , dy=— = —— . d, =—
4 Yi+Y ) b Yo+Y, :
Y=Y, Y=Yy
=4l _ 2 ey a=—"=2_d45 . =g
’ 2(Y 53 +Y,;) T * 2(Y 44 +Y,s) M
ng 1 Yd4 l
= — . =— b =——=— , dy=—
b, Yoo +Y 0 2 YT Y Y )
Yds"Y.u Y ds"Ydl
QG =—————m | (=0 Qg =~ v Cg=4a
* 2(Y s +Y,,) T ¢ 2(Yy+Y,) 6 (2.25)
5=—.—&__ d =l b = Yds d6=}_ '
Yys+Ya ) ST Ye+Y, ’ 2

Again, a similar analysis may be carried out to find the propagation constants on
the link lines for the hybrid node. The propagation constants of all link
transmission lines are derived to give

su sV
Yo=—7T—7hk 7yx=uz_+7ko

u+v
2 2 2 2
uy wu' +v°—5%)
- | =WV —5) 2.26
Va s(u +v2)k° Y s@u® +v) ko (2.26)
2
= =
¥ s’ +v )ko » Vo= VYa

Finally, the complete scattering matrix of the hybrid node is obtained as:
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S, =
ady Y™ dyhy —dA bsAg bsher
@Ay Ay by biA,, dsAs =dsAs
CiAy aAy —dyAy d, Ay ) 561 Y6t
Gy @Ay by byAy =dgis dsAs
22 bAn ads, C3hy, deAg, —dghg
did;; ~diAy, ahgy chy  bls, bsAs,
b2y, bAyn C3Asy a3, ~dgAe deAe;
-dyAy, did,, Cala ahy  bshs, bsAs,
23 ~dyAps by s by  ashsy CsAss
bAy, b diAy, ~dyA, dghes Cshes
=y dyAy byA s bydy  CsAsy asAs;
bids biAs —dyh s, dsAsz; Cehes A
(2.27)
where

IR N R L s R I P A
1‘21 =g /Ta¥ . 2'22 =e—f(7.,-u/2+7,,-v/2) , 123 = g i Taul24 T wi2)
Ay = e /m Ay = oIt 12 aul2) y A= v 21y wi)
14; = e-}ryx'v , .14, = e'/(r,,-vlzwx,-u/z) , 143 - e—j(y’x.v/z.‘,nx_w/z)
Ay = e v Ay = eI Tuwl2éyauldy Ay, = o w2 Tevi2)

= o~ TyW
163 - e »

e o= I Yy WI24 Y ryus]2) — I Yy w247y v/2)
Aﬂ_e 1y xy , 1'62—8 Iy ”

We have considered three characteristic admittances for three series nodes to
construct the hybrid FDTLM rnode. A similar analysis can also be performed by
considering three shunt nodes.

2.4 Accuracy Assessment and Comparison of Various SCNs

If space continuous equations such as Maxwell's equations are discretized,
some error is introduced. Like all other numerical techniques that are based on
space discretization, also the TLM method is subject to the various sources of
error due to this approximation and must be applied with caution in order to
yield reliable and accurate results. In general, there are three types of errors in
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the TLM simulation using the SCN: the truncation error, the velocity error, and
the coarseness error.

A truncation error, which is the truncation of the time iteration, occurs only in
the TDTLM simulation. This error does not occur in the FDTLM simulation.

A velocity error is introduced due to the fact that the velocity of waves
through the mesh depends on both the frequency and the direction of
propagation. Therefore, the space to be discretized and the frequency range of
interest should be considered during the layout of the TLM mesh.

The coarseness error is directly related to the space resolution. To reduce this
error, a fine mesh must be used to resolve rapid variations of the field
distribution.

A measure of the accuracy of the TLM modeling is given by the value of the
propagation constant of a plane wave traveling through the mesh along the
cocrdinate axis direction. This analysis has been done for the 3D symmetrical
condensed node [20). However, the dispersion error analysis is only associated
with a single node, that is, the procedure is local.

To test the various frequency-domain nodes, the structure in Fig.2.6 has been
chosen. It is noted that the dominant mode has an even symmetry of the
tangential electric field at x=0. The layout of the TLM mesh for half of the
structure is shown in Fig.2.6(b). To allow a better comparison, the mesh size is
first chosen deliberately large. The number of nodes in x-direction is 4, with a
graded mesh size ranging from (from the centre to the right wall ) 0.11mm,
0.11mm, 0.12mm, 0.16mm, respectively. The number of nodes in y-direction is 5,
with the mesh size ranging from (from: bottom to top) 0.1mm, 0.12mm, 0.08mm,
0.08mm, 0.12mm, respectively. Table 2.1(a) illustrates that the numerical
solutions for all frequency-domain condensed rodes are slightly higher than the
results given by the standard spectral-domain approach (SDA). The results
obtained from the frequency-domain hybrid node (#1) are clcser to the SDA
results than those obtained with the others. At low frequency, the error is due
mainly to the coarseness error. Results from the propagation constant node (#3)
and the modified time-domain condensed node (#4) are slightly better than those
from the characteristic admittance node (#2). But when the frequency increases,
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the velocity error clearly appears in the case of all the nodes. For the #2 node the
velocity error is maximum.

Table 2.1(b) shows results for a large number of mesh points. The number of
nodes in x-direction is &, with a graded mesh size ranging from (from the centre
to the right wall ) 0.055mm, 0.055mm, 0.055mm, 0.055mm, 0.055mm, 0.065mm,
0.075mm, 0.085mm, respectively. The number of nodes. in y-direction is 7, with
the mesh size ranging from (from bottom to top) 0.Imm, 0.08mm, 0.07mm,
0.05mm, 0.05mm, 0.07mm, 0.08mm, respectively. It can be seen that the results
converge better to the SDA results. Table 2.1(b) also shows that the FDTLM
results of all the nodes agree to within 5.5% with the results of the SDA at all
frequency points. This error can be further reduced to any level desired by the
use of a finer mesh.

In this section the four kinds of 3D FDTLM nodes available to date have been
tested. The characteristic admittance node is by far the simplest resulting in a
node scattering matrix which is symmetrical. This property can be exploited to
decouple the FDTLM algorithm (the detailed procedure will be given in the next
chapter). On the other hand, this node also produces the !argest node dispersion.
The frequency-domain hybrid node is slightly more accurate than the others. A
drawback is that the link lines have different characterisuic admittances and
propagation constants which leads to the most complex node scattering matrix.
Thus, all nodes have advantages and drawbacks. The choice is essentially
governed by the structure under study and by the computer resource available.
For example, for the TLM mesh discretization of the rectangular waveguide, an
accurate solution can be obtained by using the simplest characteristic admittance
node with the least CPU time and memory space. This is because of the simple
mode field distributions (TE and TM modes) of the rectangular waveguide. The
error of the node dispersion will be not obvious for these rectangular waveguide
modes. However, for planar transmission line structures like the microstrip, the
high concentration of the electric field near the corner of the conductor (Fig.2.6)
requires a dense mesh, and thus a large ratio between the size of the smallest to
the largest node is needed, which leads to large node dispersion error. Therefore,
the use of the hybrid node is the best choice.
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Table 2.1(a)

The dispersion characteristics Ay / A, of a suspended stripline
obtained with the different symmetrical condensed node

33

Resulis of different SCNs

F with (4 % 5) mesh Results Errors compared with theSDA (% )

CHY™TT w2 | # | % | °fSDA [ r7) T W
4 1447(42 14799| 14697 1.4663| 13491 646 | 884 821 799
60 | 14629 15000] 14900] 14866 1.3602 702 | 932 8.71 8.50
80 | 1.4866] 15297 15166] 15133] 13784 729 | 989 9.11 8.91
100| 15166] 1.5653| 1.5492] 1.5460| 1.4036 745 | 1033 | 9.0 921
120] 1.5492] 1.6062| 1.5875| 1.5843] 1.4283 781 | 1108 | 1003 | oss
140| 15875| r6s23| resr0f 16279|  1aseo 828 | 1188 | 1073 | 1056

#1 : The frequency domain hybrid node

#2 : The frequency domain characteristic admittance node
#3 : The frequency domain propagation constant node

#4 : The modified time domain symmetrical condensed node




Table 2.1(b)

The dispersion characteristics A, [ A, of a suspended stripline
obtained with the different symmetrical condensed node

Results of different SCNs )
Gp with (8 x 7 ) mesh Results Errors compared with theSDA (% )
GHY™1 T w B | W of SDA 4 ) " ¥a
40 | 1.3928] 1.4107] 14071] 14071} 13491 3.14 4.37 4.13 4.13

60 | 1.4107] 1.4283] 14248] 14212] 13602 3.58 4T 454 430

80 | 1.4318) 1.4491| 144570 1.4457] 13784 3.60 4.88 4.65 4.65

100| 14560 14765| 14731 14697] 14036 373 494 | am 470

1201 1.4900] 1.5067] 1.5033] 1.5000] 14283 399 5.20 4.99 4.78

401 151661 153951 1.5362] 1.5330] 1.4560 4.14 542 522 502

#1 : The frequency domain hybrid node

#2 : The frequency domain characteristic admittance node
#3 : The frequency domain propagation constant node

#4 : The modified time domain symmetrical condensed node
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Chapter 3

THE FREQUENCY-DOMAIN TLM ALGORITHM

3.1 The Concept of Intrinsic Scattering Matrix

The FDTLM algorithm is based on the concept of the intrinsic scattering
matrix, which is defined as the coefficient matrix relating the reflected and
incident waves at the exterior branches of a TLM network. By establishing the
intrinsic scattering matrix, the original large network problem is transformed
into a matrix algebra one, and all the properties of the structure can be readily
computed through matrix operations. This offers the possibility to use numerous
advanced techniques in matrix algebra to enhance the computational efficiency
of the FDTLM algorithm. Furthermore, the diakoptics technique may be easily
implemented in the algorithm. The entire structure may be broken up into
several substructures. The intrinsic scattering matrix for each substructure is
calculated and the one for the entire structure is obtained through simple matrix
operations. Due to this property of the FDTLM algorithm, the computer storage
required in the computation is only linearly proportional to the volume of the
structure. This makes the FDTLM method very attractive and efficient in
handling structures with complex configurations and large volumes.

Reviewing the original work in [16], Jin and Vahldieck consider a space
discretized by the TLM network with N exterior branches connecting the space to
the surrounding space (Fig.3.1a). Therefore, the following relationship between
incident and reflected waves holds:

Ve =S5V, 6.1

where V! and V! are the vectors of the incident and reflected waves at the
exterior branches. S is defined as the intrinsic scattering matrix of the
structure. To derive S5, all the branches in the TLM mesh with SCN are
classified into three types: interior, exterior and stub branches. Interior branches
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connect the nodes within the mesh, while exterior branches connect the nodes in
the mesh to the surrounding space. Stub branches are absorbed in one time step.
We define

V" Sll SIZ Sl3 V:
Vi =8, S, S ||V (3.2)
V: s31 s32 S33 V:-

where V],V and Vi, respectively, are the incident (reflected) voltage vectors
of the interior, exterior and stub branches. To eliminate the V' and V', we use the
following relationship:

Vi=y-Vy

Vi=y-C-Vf @3.3)

Therefore, from (3.2) and (3.3), a relationship can be established between V! and
V.

Ve =Sem - Ve = (YIS + 185 -G 55)- C-[1-7(S;; +15,5- G- Sy,)- CJ”
[S1, +7813 - G-Syp)+ Sy +¥55 -GSy} - Vi 3.1)

where G =(1-15,)", 7 is the propagation factor on the node link lines. C is the
connection matrix relating the interior branches.

Multi-port
Network

Exterior Branches

Fig. 3.1(a) Space discretized by the TLM network with N exterior branches
connecting the discontinuity space to the surrounding space
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‘ z
- y

1 Two-port network £ 2

Fig. 3.1(b) Space discretized by the TLM network with two exterior branches
connecting the discontinuity space to the surrounding space

Equation (3.1) provides an explicit expression of the intrinsic scattering
matrix Sy, for a multi-port network. For a two-port network problem (i.e.

Fig.3.1b), the intrinsic scattering matrix can be simplified so that the size of the
matrix of equation (3.1) is reduced. We define the coordinate z-axis as the
propagation direction of the wave. The link lines of the symmetrical condensed
FDTLM node (Fig.2.4) are classified into two types:

exterior branches: +ZX, +ZY, -ZX, -ZY.
interior branches: +Xy, +XZ, -Xy, -XZ;
+yz, +yX, -yz, -yx.

The exterior branches point into the propagation direction of the wave, while the
interior branches between neighboring nodes are connected through the
following relationship

vi=c_.v’
X X X
vizc .vr G4
y- oy 'y

Where C,and C, are the connection matrices which connect the neighboring
branches in the x- and y- directions, respectively. V, , V. are the incident and
reflected voltages between neighboring nodes. Therefore, a modified intrinsic
scattering matrix can be defined as follows:
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vil [s. s. s,][vi]
Vil=|S. S. S, ||Vi (3.5)
V; S)" Syx S)” V;

From 2quations (3.4) and (3.5), we can now find a relationship between incident
and reflected voltages of exterior branches, which are the branches that point in
propagation direction:

V; = [SISM] Vi (3.5a)
where
S,SM=S"+Su-C,-P-(M-Sn+M-Sxy-C,-N-S,,) (3.5b)

+8,-C,-Q-(N-S,+N-S,,-C,-M-S,)

and

M=(-§,-C,)"
N=(-§,-C,)"
P=(I-M-S,-C,-N-§, -C,)"
Q=({-N-§,-C,-M-§,-C,)"

Equation (3.5b) provides a simplified explicit expression for the intrinsic
scattering matrix S, in terms of the scattering and connection matrices of the
network. For example, if we consider the cross-section of a guided structure
discretized with the SCN mesh, then the size of the largest operating matrix S,
of equation (3.1) is 8 xn, xn,, where n, and n, are the number of nodes in x- and

y-directions, respectively. In contrast, in equation (3.5a), the size of the largest
operating matrix is reduced to 4xn, xn,.

The intrinsic scattering matrix Sy, fully characterizes the structure and plays
a central role in the FDTLM algorithm. Once equation (3.5a) is obtained, the
eigenvalues of a guiding structure can be determined and the scatteriﬁg
parameters for two guiding structures connected through a discontinuity can be
computed. Details of this procedure for 2D and 3D problems will be described in
the following two sections.
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3.2 The FDTLM Algorithm for 2D Eigenvalue Problems

The FDTLM discretizes any guided structure as an infinitely long periodic
network with a structural periodicity of 4 in the propagation direction ( along the
z-axis ). Therefore, the intrinsic scattering matrix is constructed from only one
slice of Waveguide which contains only one node in the propagation direction as
shown in Fig.3.2. For this case, the intrinsic scattering matrix of the unit cell
reads:

[Vé]=[SM S,w]{Vé] : (3.6)
VB SM Spp VB

where V;, denotes the incident voltage vector and Vs the reflected voltage
vector. To determine propagation constants and the transverse mode distribution

in the guide, a transfer matrix, which is related to the scattering matrix, is
obtained as follows:

vV, V, SR SR'S-R V,]
=A. = . 7
[IA ] [lﬂ ] [ R-l R-ls lﬂ (3 )
where

S=[(I=Su) =S =S ST (U +5,,)
~[(1-8,0)S3n(1-55a) - Syp] 'S

R=[(I = Sy)~ S —S1)" S 11" S
-[(1-Sp)Sas(T-Spn) -Sup] (T +S,,)

Let the propagation constant in z-direction be 6, then the periodic boundary
conditions based on Floquet's theorem imply that

Vil w [Va
Heat

Thus, the transfer matrix of the unit cell must satisfy the eigenvalue equation

[l
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The solution of the eigenvalue equation (3.9) is simplified if we consider the
analytical properties of the matrix A. We observe first of all that if (3.9) is
satisfied, then the following eigenvalue equation is also satisfied.

1 V]2 Loy . [V]o 1Y
2(A1-A ) [1]—2(e +e ™) [1]-—cosh(0d) [1] (3.10)

Inspection of equation (3.7) shows that the inverse matrix of A can be easily
obtained by

SR™ R-SR'S
Al= 3.11
LF‘ RS ] @.11)
So that
1 a SR 0
~(A+AN) = 3.12
2 ) [ 0 R*S] 612
Thus, it is sufficient to consider the reduced eigenvalue equation
(SR™)-V =cosh(6d)-V (3.13)

Equation (3.13) is the standard form of an eigenvalue problem which, when
solved, yields the transverse field distributions and the propagation constants of
the modes supported by the structure at a given frequency. All modes of interest
can thus be obtained by solving a single eigenvalue problem at a given
frequency.

d
——
Ia Is
J Va VB*
o~ e

Fig.3.2 A slice of waveguide structure
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3.3 The FDTLM Algorithm for 3D Discontinuity Problems

The discontinuity under consideration is divided into the areas: 1)
discontinuity region, and 2) longitudinal homogeneous waveguide attached to
the discontinuity as the input and output ports. The first step in the S-parameter
calculation is the solution of the cross-section eigenvalue problem for the chosen
input and output waveguide structures. This yields the necessary mode field
distributions over the cross-section. In the second step, the intrinsic scattering
matrices of the discontinuity and the input and output waveguides are
determined. In the third step, one of the ports is excited by the proper mode field
distribution. From the reflected and the transmitted mode amplitudes the S-

parameters can be found.

)

Semi-infinite Discontinuity 1  Semi-infinite
waveguide (L) region i waveguide (R)
\-/:
[}
\U/ @
Vio
[} ]
1 t
| :
] ]
] ]
: i
M ] M
: :
i | i -
\' ——»E ﬂ__: VRI
Vp - l—a I
(b)

Fig. 3.3 Two-port waveguide discontinuity and equivalent network
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For the case of a two-port waveguide discontinuity wroblem (Fig.3.3a), the
method for evaluating the S-parameters is described extensively in [16,21], but
for reasons of compdeteness the main steps are presented in the following,

The intrinsic scattering matrices for the discontinuity region and the two
attached semi-infinite waveguides are denoted as M, M, and M, respectively.
Matrix M; or Mg can be constructed from the modes of the waveguide by taking
a slice of the input or output waveguides. As described in the previous section,
all the eigenvectors (modes) of a waveguide can be obtained by solving a single
eigenvalue problem. Then an arbitrary wave can be expanded in the form of
these eigenvectors. Assuming there are N pairs of solutions V!, V* (n=1,2,... N),
the arbitrary wave is expanded as

Vi= [V:'], K (3:14)
v =[vi] x (3.15)

where V' and V" are the incident and refiected wave vectors, matrices [V} ] and [V]
are the collections of the column eigenvector V; and V!, respectively. K is the
vector containing all the modal field coefficients of N pairs of waveguide modes.

Eliminating K in (3.14) and (3.15), we establish the relationship between V' and
\"AR

V= [V [V V! (3.16)

Thus, the matrices M, and M; for the input and output semi-infinite
waveguides are defined by:

M, =[VL, ] VL] (3.17)
Mg =[VL ) [VLI? (3.18)

After the intrinsic scattering matrices of the discontinuity region and the two
semi-infinite waveguides are found, the problem is simplified to a matrix algebra
problem as illustrated in Fig.3.3b. The incident and reflected waves at the
interfaces to the discontinuity region and the attached waveguides are related as
follows:
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Vil_p. "% |7 Ml [V (3.19)
Vy Vel UM M) [ Vi
where V/,V! are the incident and reflected wave vestors at the interface of the
left-hand waveguide and the discontinuity region; while V;,V;, are the incident

and reflected wave vectors at the interface of the right-hand waveguide and the
discontinuity region.

For the right-hand semi-infinite waveguide, V; represents the incident wave
vector, while Vi represents the reflected wave vector, hence:

The excitation of the system, V;, and V7, is incident at the interface between the
left-hand waveguide and the discontinuity region (Fig.3.3b). V}, and V|, are the
incident wave vector and reflected wave vector of the initial exciting modes,
which can be obtained from the 2D eigenvalue analysis (section 3.2) of the left-
kand waveguide. They can be related by:

Vi, =M, - Vi, (3.21)

When the initial excitation injects at the interface between the left-hand
waveguide and the discontinuity region, the reflected modes are introduced
there. The ;vcident and reflected wave vectors V;, and V[,, associated with the

reflected modes are related by:
Vi =M,V (3.22)

Thus the total wave vectors V; and V| at the left-hand port is the sum of two
parts:

Vi =Vi+ Vi (3.23)
VI =V + V[, (3.24)

Combining equations from (3.19) through (3.24), the reflected wave vector Vj,

associated with the reflected modes at the left-hand port and the reflected wave
vector Vg associated with the transmitted modes at the right-hand port are found

from




Vlf‘l = (ML ‘ Tr - 1)-1 : (ML - T,) ¢ V[i_o (3-25)
Ve =T, -(M,- V[, + Vi) (3.26)
where

T, =my +m-M T,
T, =(1-mgg -Mg)™" mp

Note that the reflected wave vectors given by (3.25) and (3.26) are the total
reflected fields containing all modes (including propagating modes and
evanescent modes) of the corresponding waveguides. The modal field
coefficients of a specific mode can be extracted by use of (3.15). In order to extract
the scattering parameters, we normalize the modal field V! and V! such that the

complex power carried in each of the modes equals 1. For example, the S-
parameters of the first mode (V;, , and V{, ;) excitation are

Su=ki =[VL,I'| -V, (3.27)
Sy=ki=[Va ], Vi, (3.28)

where ki and ki are the first elements of K in (3.15).

3.4 Algorithm Development
—— Decoupled Frequency Domain SCN and Solution Algorithm

The computational efficiency of the frequency-domain TLM method depends
directly on the size of the matrix equations such as (3.1b) and (3.6). In particula,
for cases in which the entire problem solution requires a fine space resolution (i.e.
structures with inhomogeneous cross-sections, like microstrip lines etc.), the
computation time can increase significantly. Although the computational
efficiency of the FDTLM algorithm is still better than most known space
discretization techniques, because several advanced matrix computation
techniques can be implemented into the FDTLM algorithm [16,21], there is still a
'. need to improve the computation time and memory space requirements in order
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to make the method better suitable for optimization of passive microwave
components.

To achieve this we are introducing a new FDTLM node representation, which
is derived from the condensed characteristic admittance node. The node contains
twelve link transmission lines and their interconnections are described by a
scattering matrix of order 12. This scattering matrix represents an algebraic block,
which must be connected to other blocks in the discretized space. To do this, we
need to solve a large-scale interconnected network. Sometimes the order of this
network matrix and the number of variables exceeds the available computer
capacity even if sparse matrix solution techniques are being used.

In our new approach, however, we decouple the 12X12 node scattering
matrix into a pair of independent 6X6 sub-matrices. This is possible by
exploiting the symmetry properties of the 12-port characteristic admittance node
s-matrix and the fact that in the FDTLM method stubs are no longer needed.

To explain this new algorithm, one has to remember that the FDTLM
scattering procedure can be divided into 3 separated steps: step 1, incident waves
propagate from the ports of the node to the center of the node; step 2, incident
waves are scattered at the center of the node; step 3, reflected waves propagate
from the center of the node to the ports. The first and third steps are equivalent to
multiplying incident and reflected waves with an appropriate phase shift yAl/2,
where 7 is the corresponding propagation constant and Al is the mesh size. In
the second step, the reflected waves are linearly related to the incident waves by
a constant matrix. This matrix is identical to the scattering matrix given by
P.B.Johns in the time domain TLM method for free space without stubs [17]. This
matrix can be decoupled into two independent 6 X6 sub-matrices, and therefore
the entire FDTLM algorithm can be constructed bas..d on these two 6X6 sub-
matrices instead of the original 12X12 matrix. As a result, the computer memory
and CPU-time can be reduced. A detailed description of the decoupling
procedure and the corresponding FDTLM algorithm is given in the following.
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Decoupliing Procedure ' Once again we start from the frequency
domain symmetrical condensed node shown n Fig.3.4. The frequency domain
scattering matrix of the 12-port characteristic admittance node is rewritten here
for convenience. ‘

+Xy +Xz2 =Xy -xz +yz +YX =yz -yx +2x +zy —2zX -2y

A’xy _lxy Az Az
}'xy }'xy L. Az
—lxy lxy - A e
a'xy 'q'xy L. Az
i -
xy xy Ay Aye
1 -4 A
S ===I Xy Xy yz yz
2 A -2 A
Xy xy yz yz
“xy Xy yz yz
A -4 Ay Ay,
A A A -
Xz Xz yz yz
“*xz A 'z'yz a'yz
A A -A A
Xz Xz yz yz (3'29)

It is evident that the scattering matrix is symmetrical, which naturally leads to
the use of diagonal voltage components to decompose the matrix as in [22). The
diagonal voltage corilponents consist of the sum and the difference of two
orthogonal polarized ports at the original node. This decomposition procedure is
straightforward since the scattering matrix § is symmetrical, and thus there
always exists an orthogonal matrix Q to perform the 45° rotation like Q-5-Q
For the present case, Q is given by :

[onry

1
0 = 5 (3.30)

COCOOOOOO—D
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1
| E—
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COCOO=OOOCO

and the new scattering matrix after 45° rotation is given by:
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"0 0 A, A, A, -4, 0 0 0 0O O O
0 0 -A, -4, A, A, 0 0O 0 0 0 O
Ay A, 0 O A, A, O O O O 0 O
A, A, 0.0 -A,-4, 0 0 0 0 O O
A, A, A, A, 0 0 0 0 O 0 0 0
st e L] Au=Au Ay -2, 0 0 0 0 0 0 O 0
250"=310 0 0 0 0 0 0 0 -A, -4, -A, A,
6 0 0 0 0 0 0 0 A, A, -A. A,
6 0 0 0 0 0 -4, 4, 0 0 -A, -A,
0 0 0 0 0 0 -4 A, O 0 A, A,
0 0 0 0 0 0 —A A, -A, A, O 0
0 0 0 0 0 0 A, A, ~A, 4, O O
(3.31)

Correspondingly, the incident and reflected waves V' and V’ at the ports of the
node are transformed into

Ul' =0. Vl'
¢ (3.32)
Ur = Q . VI‘
It is readily shown that vectors U’ and U are related by:
Ur=g-s-07-U' (3.33)

A direct result of the transformation above is that the new vectors U’ and U" can
be decoupled into two independent groups which are related, respectively, by:

04 =504

US = SB . Uﬁ (3.34)
where
Vi +Vie ] [0 0 A, A, A, A,
Vi -V 0 0 -A, -4, 4, -A,
por |V tViR| g 1A, <A, 0 0 4, A,
AT VER-VE) A7l A, A, O 0 -4, -4,
VIO 4 yio) Ay Ay Ay =R, O O
vie) _yio) ~Ag Ay A, -4, 0 O |
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[y7itry _ yitn] ¥ 1
Vi) 4 i) 0 0 A, A, -A_ A
Vi) _ i) A 0

viopviol 5= 0
Vo) _yit) ~A, —Ag A
VD i) A Ag -4

i(r) -
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Hence, the 12-port SCN (Fig.3.4) is now decoupled into a pair of independent
é-port nodes (4 and B) as shown in Fig.3.5. It should be noted that matrix S, is
simply the negative of matrix S;, which allows to derive the entire FDTLM
algorithm from the descretization of the structure with the two pairs of 6-port
nodes independently. This is a major advantage over the approach in section 3.3,
where 12-port nodes needed to be connected, and the resulting matrix inversion
was performed on a matrix twice the size of the one used in this new algorithm.

Solution Algorithm The 2D case is used to illustrate the implementation
of the new FDTLM algorithm using the pair of independent 6-port nodes, which
involves only one slice of the structure analyzed. The resulting equivalent
electrical network is shown in Fig.3.6 (in this case we use the example of a ridged
waveguide). It should be mentioned that nodes A and B should be arranged in
such a way that each of them is followed by the other as indicated in Fig.3.6. The
reason for this is that the vector U at the ports of node 4 is always orthogonal to
the vector U at the same ports of node B. Also, the vector U at one port is
always orthogonal to the vector at the opposing port. Consecutive arrangement
of nodes A and B must be done in such a way as to ensures that the vector U at
the node boundary has the same direction as ihe one of the adjacent node.

It has been shown (i.e. [21]) that the main procedure in the FDTLM algorithm
is to calculate the intrinsic scattering matrix. This step consumes large portions of
the overall CPU-time. Thus, the decoupling procedure introduced above
represents an efficient method to reduce the size of the operating matrices and
hence computadon time. The procedure for the calculation of the intrinsic
scattering matrix in the new FDTLM method using a pair of 6%6 nodes is as
follows. First, the structure analyzed is discretized by filling the space with an
array of nodes A and B as shown in Fig.3.6(a). The corresponding intrinsic
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scattering matrix is then obtained. Next, with the same mesh layout but the
positions of nodes A and B changed as shown in Fig.3.6(b), the intrinsic
scattering matrix is calculated again. Both matrices are then combined, which
gives the complete intrinsic scattering matrix.

To test the procedure numerically, the propagation constant of the dominant
mode for a standard rectangular waveguide partially filled with a dielectric slab
(Fig.3.7a) was computed at 10 GHz. It is noted that the dominant mode in the
structure is the distorted TE,, mode in the unloaded rectangular waveguide. This
mode has an even symmetry of the tangential electric field at x=a/2. Thus
utilizing the symmetry of the structure, the number of nodes in x direction is 6,
with graded mesh sizes ranging from (from the center to the right wall) 1.70mm,
1.73 mm, 1.80 mm, 2.00 mm, 2.00 mm, 2.20 mm, respectively. The number of
nodes in y direction is 5, with the mesh size ranging from (from bottom to top)
1.70mm, 1.69 mm, 1.69 mm, 2.54 mm, 2.54 mm, respectively. The layout of the
TLM mesh is shown in Fig.3.7(b). For this problem, the conventional intrinsic
scattering matrix algorithm in section 3.3 ended up with a matrix size of
240%240. In comparison, the new approach only resulted in a 120X120 matrix.
This clearly illustrates the reduction of operating matrix size with this new
algorithm.
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Fig. 3.5 Pair of 6-port condensed FDTLM nodes
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Chapter 4

APPLICATIONS OF THE FDTLM METHOD

The great flexibility and versatility of the FDTLM method resides in the fact
that the FDTLM node is a scattering node incorporating the properties of
electromagnetic fields and their interaction with the boundaries and surrounding
media. This local feature makes the FDTLM scattering node essentially an
algebraic object: a novel propagator of discretized Maxwell's equations. Hence,
the electromagmetic problem need not be reformulated for every new structure. A
general purpose program has been developed. This program has great flexibility
since only the parameters of the geometry of the structure need to be entered for
computation. In the following some 2D and 3D problems will be investigated by
using the FDTLM algorithm.

4.1 Analysis of Propagation Characteristics
of Arbitrary Waveguide Structures

For the analysis of a 2D eigenvalue problem, an arbitrary waveguide
structure is discretized to form a periodic network. The study of electromagnetic
wave propagation in this periodic network is performed using Floquet's theorem,
which reduces the theoretically infinite number of network cells to a single unit
cell (a slice of waveguide in propagation direction) as shown in Fig.3.2. The
resulting matrix eigenvalue equation (3.13) is solved numerically using the well-
known matrix eigensystem routines such as the QR-procedure, i.e. decomposing
the eigen-matrix into a product of a unitary matrix Q and the upper right
triangular matrix R, the eigenvalues and corresponding eigenvectors are then
found by an iterative process.




54

In order to test the program, two typical structures are computed for
dispersion characteristics. Firstly, the rectangular waveguide filled with a lossy
dielectric is chosen to illustrate results for the phase constant f and the
attenuation constant & as a function of frequency. As shown in Fig.4.1, the
numerical results are identical with the exact solution choosing only 5 nodes in x-
axis direction.

Secondly, to demonstrate the versatility of this method, the frequency
dependent even- and odd-mode phase constants are calculated for the coupled
microstrip lines on anisotropic substrate. Fig.4.2(a) shows the dispersion
characteristics, as obtained with the FDTLM method. Results calculated with the
time-domain TLM method [23] are also shown in the same figure. In the time-
domain method, the mesh sizes are : a=17 Al, h=3Al, b=6Al, s=3A], w=3Al, and
Al=0.5mm, while in the FDTLM method, the total number of nodes is only 10x6
in the cross-section. This clearly illustrates the accuracy of the FDTLM algorithm
in situations where non-TEM modes propagate. Furthermore, the FDTLM
algorithm is quite robust with respect to the mesh size. The ratio of mesh sizes of
adjacent nodes may change in a wide range without causing any numerical
problem. For example, Fig.4.2(b) shows a microstrip on alumina substrate with
finite metallization thickness t=0.012mm. Both dielectric and ohmic losses are
considered with €;=9.35, s4=2.36 X 10-5 s/mm, and s.=1.7 X 104 s/mm, w=1.245
mm, h=0.508 mm, It is noted that the dominant mode has an even symmetry of
the tangential electric field at x=0. The number of the nodes in x-direction is 8,
with a graded mesh size ranging from (from the centre to the right wall) 0.2mm,
0.16mm, 0.1313mm, 0.1312mm, 0.15mm, 0.3mm, 1.0mm, 5.0mm, respectively.
The number of nodes in y-direction is 9, with the mesh size (from bottom to top)
0.2mm, 0.2mm, (.054mm, 0.054mm, 0.012mm, 0.054mm, 0.1mm, 0.4mm, 2.5mm,
respectively. Table 4.1 illustrates that the numerical results of the FDTLM
algorithm for the effective dielectric constant €. and the attenuation constant a
compare well with the SDA [39] and experimental data[36].
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a=14.15mm, b=23.57 mm,
h=0.508 mm, w=1.25mm,
t=0.012mm, €=9.35

6. =1.7x10* s/mm
Gy =2.36 x 105 s/mm

Fig. 4.2(b) Microstrip with finite metallization thickness

Table 4.1

Dispersion and loss characteristics of a microstrip with
finite metallization thickness

- Results of the FDTLM | Results of the SDA  |Measured data
) et ?éB/cm) et giB/cm) ng/cm)
1.0 6.781 0.0125 6.752 0.0131 0.0135
290 6.904 0.0175 6.809 0.0182 0.0190
3.0 6.904 0.0234 6.872 0.0241 0.0251
4.0 6.993 0.0270 6.932 0.0282 0.0298
5.0 7.053 0.0342 6.987 0.0355 0.0367




58

4.2 The FDTLM Simulation of Periodic Structures
in Microwave and Integrated Optical Circuits

Periodic structures have received considerable attention in microwave and
integrated optical circuits. For example, corrugated waveguides are used as feed
horns, waveguide filters, mode converters, slow-wave matching networks.
Planar periodic structures have also been applied to realize velocity-matching
between the modes of the microwave electrode and the optical guide in the
interaction region of traveling wave integrated electro-optic modulators.
However, a lack of reliable and accurate algorithms to analyze modal fields and
propagation properties has restricted the development of rigorous and efficient
design methods for these components. The mode-matching technique[25], for

example, leads to complex analytical procedures and slow convergence
behaviour.

In contrast to the above method, the frequency-domain TLM method is
ideally suited for the simulation of periodic structures for several reasons: First,
the TLM method discretizes the space into an equivalent periodic transmission
line network. This feature is particularly appropriate to analyze arbitrarily
shaped periodic waveguide structures. Second, the FDTLM node can be
constructed independently of its environment and characterized by a scattering
matrix. As a result, the diakoptics technique can be easily combined into the
FDTLM algorithm, which alleviates significantly the large memory requirements
known from other space discretization methods. Third, extensive calculations
[21,24] have shown that the FDTLM algorithm is quite robust with respect to the
mesh size. The ratio of the mesh sizes of adjacent nodes may change in a wide
range (for example from 0.1 to 100). Such a large ratio is often required in cases
where the structure has widely varying dimensions such as the coplanar slow-
wave electrode structure (Fig.4.5). Such structures can not be easily analyzed
with time-domain methods (TDTLM or FDTD). This is so, because if node sizes
vary greatly, a small time step may be required to satisfy the stability criterion.
Fourth, as a consequence of Floquet's theorem, only one unit cell (one period of
the structure) must be analyzed. The problem of determining the dispersion
characteristics on periodic structures reduces to the solution of an eigenvalue
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equation for one unit cell. At the same time, the transverse field distribution is
also determined by the eigenvectors of the eigenvalue equation.

in the following, the analysis method will be demonstrated for arbitrary
microwave or optical waveguide structures. The study of electromagnetic wave
propagation in periodic structures is performed using Floquet's theorem, which
reduces the considerations to a single unit cell as shown in Fig.4.3(a) for the vane-
type periodic structure. The unit cell of the periodic structure is defined between
reference planes AA' and BB'. d denotes the size of structural periodicity in the
propagation direction.

The first step is to evaluate the intrinsic scattering matrix of the unit cell. The
process is somewhat similar to section 3.2. The difference to the normal uniform
waveguide is that each unit cell is of different cross-section. Therefore, the unit
cell is first cut into slices along the propagation direction and the intrinsic
scattering matrix for each slice is caiculated. Then the overall intrinsic scattering
matrix of the unit cell is calculated by progressively cascading these slices. For
example, in cascading two slices (scattering matrices S’ and §”), the elements of
the combined matrix § becomes

S =S1'2 '[1"51'11 ~S§2]" 'le{ 's2,l +S1'1
Sp =S U-8-8,1" -8,
Sy = S{{ 7 "Szlz ‘Sx'“_l : Szlx

_all I ol ol ol 4 oll
Spp =Sy [1 =8y - SyT" -8+ 85 + Sy

@1

where I is a unit matrix. Thus, beginning with the reference plane AA', we
continue this procedure repeatedly through the unit cell until finally arriving at
the reference plane BB'. If it is assumed that the overall intrinsic scattering matrix
between the reference planes AA' and BB' is

vr S S vi
][ SeT 42)
| v Sas SullVa
then, to determine the propagation constants, a transfer matrix must be
determined from the scattering matrix, i.e.




[VA] _[SR* SR'S-RJVs
IA R-l R.ls IB (4-3)
where

S = [(1-S50)-San(l-Spa) " Sppl" (1 +5,4) - [(1- S50 )SUa(1-Sp0) -Spal 'Sy
R = [(1-S5a)-Sap(1-Spn) ' Sapl"Sap -[(1-524)S1p(1-San) - Sagl (1 +840)

Let the propagation constant in z-direction be 7, then the periodic boundary
conditions based on Floquet's theorem are

=]

Combining equations (4.3) and (4.4), and considering the analytical properties of
the transfer matrix, we have

(SR™)-V, = cosh(p)-V, (4.5)

Equation (4.5) is the standard form of an eigenvalue problem to be solved for the
propagation constants of the periodic waveguide modes. The eigenvectors
correspond to the transverse field distributions. In general, only a few of the
propagation constants y are imaginary, and these are associated with
propagating modes. The modes with real propagation constants are evanescent
modes and are analogous to the evanescent modes which occur in a normal
uniform guide at a discontinuity.

To confirm the validity and effectiveness of the proposed analysis method, a
periodic vane-type slow-wave structure(Fig.4.3a) is analyzed. The dispersion
diagram shown in Fig.4.3(b) illustrates good agreement with the mode-matching
technique [25]. It should be noted that all propagation modes could conveniently
be separated because of the characteristics of the eigenvalue equation.

As a rather general case, a corrugated waveguide with plain corrugations is
shown in Fig.4.4(a). Fig.4.4(b) shows numerical results for propagation phase
constant characteristics against frequency. Results in [26] and measured data [26]
are shown in the same figure, It is evident that the results of the FDTLM
simulation are in better agreement with measured data than the mode-matching
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results. The CPU-time of the FDTLM algorithm is 0.24 second for each frequency
point. Fig.4.4(c) shows isometric representations of the normalised transverse
electrical field distribution of the cross-section in the small waveguide (a x b). One
quarter of the structure is used by considering the symmetry with a mesh layout
of 13 x 13. The discretizing transverse field distribution, which is located at the
beginning (2=0 in Fig. 4.4a) of the periodic structure, is obtained by the
eigenvector of the matrix SR1. It is noted that y-variation of the field is
hyperbolic, but x-variation is trigonometric for the first slow mode ( f/ko > 1) at
frequency 7.5 GHz. For the second fast mode ( f/ko < 1) at 16 GHz, the variations
in both x- and y-directions are trigonometric, which correspond those of the
normal rectangular waveguide with the same transverse dimensions.

The FDTLM analysis has been extended to the geometry of coplanar slow-
wave electrode structures on GaAs substrate suitable for integrated traveling-
wave electro-optic modulators [27]. The structure under consideration is
schematically illustrated in Fig.4.5(a). It is a conventional coplanar waveguide
with slots cut periodically into both ground plane electrodes. These slots

periodically change the inductance and capacitance per unit length of the line.
The phase velocity v, is reduced because the inductance and capacitance per

unit length has been increased. The v,, results for a slotted line and a smooth
coplanar line are shown in Fig.4.5(b). The measured data are mapped into the

same figure to allow a good comparison. As shown the slots have reduced the
Vpi from 11,5 cm/ns to 8.9 em/ns, which is the v, of an AlGaAs/GaAs ridge

optical guide operating at 1.3 pm free space wavelength.
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4.3 S-Parameter Calculation of Arbitrary
Waveguide Discontinuities

The scattering parameters of 3D discontinuities are related to the modal fields
at both sides of a discontinuity. Since the field components for the different
modes can be separated in the FDTLM method, the reference plane for the s-
parameter calculation may be located right in the discontinuity interface. No
additional line length is required to ensure fundamental mode propagation left
and right from a discontinuity. This is an important advantage of this new
method. Furthermore, since each node scattering matrix is an independent
algebraic block, the diakoptics technique can be readily applied to subdivide a
large structure into smaller sub-structures, which are characterized
independently and then cascaded with the other sub-structures. This alleviates
the large memory requirements known from other space discretization methods

significantly.

As a first example for S-parameter calculations, Fig.4.6 presents the
investigation of the transition between a rectangular waveguide and a dielectric
slab loaded waveguide of finite length. The input reflection coefficient calculated
by the presented method is compared with measurements [28] performed in the
x-band. Both results are in excellent agreement. The typical computation time on
an IBM RISC 6000(530) is less than one second per frequency sample point.

The computation for an E-plane filter is shown in Fig.4.7. The whole structure
is divided into three regions: two attached rectangular waveguides which serve
as the input and output ports, and the discontinuity section which consists of
four-section homogeneous waveguide and four-section inserted metal septums,
The discontinuity section is first cut into slices along the propagation direction
and the intrinsic scattering matrix for each slice is calculated. The length of each
slice is around a tenth of the waveguide wavelength. Then the overall intrinsic
scattering matrix for the discontinuity section is calculated by cascading these
slices. The CPU-time in this case is about 0.43 second per frequency point.
Fig.4.7(b) shows the good agreement between the FDTLM method, the mode-
matching method and experiment [29).
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The scattering parameters of hybrid modes at discontinuities is important for
accurate circuit design. As an application of the FDTLM method for the
computation of scattering parameters of hybrid modes, we choose a typical
example of a microstrip step discontinuity(Fig.4.8). The strip thickness is
assumed to be zero. The results are quite flat over a large frequency range and
again in good agreement with the results from the mode-matching technique[30).

A more complicated 3D electromagnetic field analysis of interconnections in a
multichip module structure is presented. Fig.4.9(a) shows a 3D view of the
multichip modul. The pads of the GaAs chip die bonded to the alumina ceramic
substrate are interconnected with substrate electrode pads by tape automated
bonding (TAB). Fig.4.9(b) shiows a simulation model of the chip interconnection
using a TAB technique. The chip interconnection is assumed to be terminated by
50-Q transmission lines at both the input and output terminals. The model can be
considered as a set of planar transmission line structures containing abrupt
changes in the dielectric constant, height, and width, as well as cascaded
discontinuities on different heights of substrate.

The transmission character of TAB leads is simulated for several mounting
conditions. Fig.4.10 illustrates the frequency-dependent s-parameters for a
transition from a microstrip motherboard to a GaAs chip module, here simplified
as a transition from an alumina substrate carrier to a microstrip line on GaAs
substrate. The reflection from such an interconnect increases significantly with
frequency. This is so, because the interconnect assembly may be modeled as a
low-pass m-network that consists of two shunt capacitors (microstrip steps
between both ends of the TAB) and a series inductor (TAB leads). It is noted that
the signal transmission range can be increased by shortening the TAB leads.

Fig.4.11 illustrates the effect of the lateral substrate dimensions of the chip on
the s-parameters of the interconnect. Due to the small substrate width of the chip,
one could also regard this junction as a transition from a microstrip to a
microstrip rib structure. The s-parameters are calculated with two different rib
widths, Both results deviate only slightly towards higher frequencies.
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Fig. 4.6 (a) Dielectric slab loaded waveguide of finite length. (b) S-parameters of the
transition rectangular waveguide to dielectric slab loaded waveguide,
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Fig. 4.8 Frequency-dependent S-parameters of the microstrip step-in-width
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Fig. 4.9 A multichip module structure and simulation modzl of
the chip interconnection using TAB technique
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Fig.4.10 Frequency-dependent S-parameters of the interconnect shown in Fig.4.9
with different distance between pads (h1=0.2mm, h2=0.4mm, w=0.1mm,
w1=0.2mm, w2=0.5mm, w3=1.0mm, I1=1.6mm, 12:=0.2mm, H=t2=t=0,

£,=9.8, £,=12.9).
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Fig4.11 Frequency-dependent S-parameters of the interconnect shown in Fig.4.9 with

different rib widths. (h1=0.2mm, h2=0.4mm, w=0.1mm, w1=0.2mm,

w2=0.5mm, 1=0.2mm, 11=1.6mm, 12=0.2mm, t1=t2=t=0, €,,=9.8, €,,=12.9 )
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44 Frequency-Domain TLM Analysis of the Transition
from Rectangular to Circular Waveguide

Short, compact and wideband transitions between rectangular and circular
waveguides are often required in filters, multiplexers and orthomode
transducers. Although smooth transitions, gradually opening up to the circular
waveguide dimensions are commercially available and provide excellent
wideband performance, they also require more space than sometimes acceptable.
Between the smooth transition on one hand and the abrupt single-step transition
on the other hand there are two possible solutions to obtain the shortest
transition for the bandwidth required: The stepped transformer in which circular
waveguide sections of approximately A /4 lengths and increasing radii are
cascaded (Fig.4.12¢c) and the ridged waveguide transformer (Fig.4.12b) which is
known from rectangular waveguides. In particular the latter transition is of
interest since the two waveguides can easily be fabricated as split-block housings
and the stepped metal septum can be sandwitched between both halves. If the
septum thickness is below 200pm thickness, the transformer dimensions can be
photo etched accurately and, if fine tuning is required, only the septum needs to
be redone and not the waveguide housing, which is in most cases the more
expensive part. A further advantage of the ridged waveguide transition is the
fact that the polarization of the circular waveguide mode is clearly determined
by the orientation of the ridges.

In the following the FDTLM algorithm is used to analyze rigorously such
composite transitions: an abrupt transition, a tapered transition consisting of
cascaded sections of circular waveguide with increasing (decreasing) radii, and a
ridged waveguide transition.

Although the circular ridged waveguide as well as related discontinuities
within the circular coordinate system can be analyzed using the FDTLM
algorithm and a cylindrical mesh (details will be given in chapter V), the
interconnection between nodes in the rectangular mesh and nodes in the
cylindrical mesh is impossible so far. Hence, both structures are discretized with
a rectangular mesh which requires that the waveguide walls of the circular guide
are approximated by a rectangular step function. To get a feeling for the size of
the mesh configuration necessary to obtain good accuracy, a comparison between




75

numerical and analytical results is shown in Fig.4.13. Due to the symmetry of the
structure only one-fourth needs to be considere~.. The results for the propagation
constant of the TE,, mode shows excellent agreement for 8x8 nodes over the
cross-section. '

Another cozparison is shown in Fig.4.14. Since the slot coupled transition
(Fig.4.12a) between a rectangular and a circular waveguide has been investigated
numerically and experimentally by a number of researchers (i.e. [31,32]), we have
chosen this transition to compare the FDTLM simulation results. As illustrated in
Fig.4.14 the agreement between measurements, the moment method solution [31]
and the FDTLM results is very good.

Fig.4.15 shows the calculated 15111 in dB as a function of frequency for three-
and five-step ridged transitions. The transformer dimensions are given in Table
4.2. As expected, in coraparison to an abrupt transition, the return loss is reduced
significantly and can even be further improved by increasing the number of
steps. On the other hand, the results are not quite as good as expected. The
reason for this is the fact that this type of transformer is very sensitive to
variations of section lengths and heights. The results shown in Fig.4.15 and the
corresponding dimensions have been found. It is expected that the use of an
efficient optimization routine will improve the performance significantly.

Fig.4.16 shows a transformer with steps in the radius of the circular
waveguide sections. Obviously, the results are better than fo: the ridged
waveguide transformer. On the other hand, this transformer allows a smoother
transition between the TE,, mode of the rectangular waveguide and the TE,
mode of the circular waveguide as illustrated in Fig. 4.12(c). The disadvantage,
however, is that in this case the transformer sections must be milled individually.
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Fig.4.12 Three types of transitions from rectangular to circular waveguides.
(a) Slot coupled transition. (b) Ridged waveguide step transformer
structure, (c) Direct stepped transformer structure,
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Fig4.13 Geometry and the effective dielectric constant of an empty
C330 circular waveguide using a stepped approximation.
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— FDTLM (t=0.91 mm)
----- FDTLM (t=3.0 mm)
6 |-o- MM (1=0.91 mm) -
& Measurements[31}

Fig4.14 Variation of VSWR with frequency for Fig.4.12(a) structure
( L=17.00mm,W=1.07 mm, a=22.86 mm, b=10,16 mm,
and r=11.85 mm ).




Table 4.2

The dimensions of transformers (unit: mm)
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Fig.4.15 Input return loss of the transition shown in Fig4.12(b).
( WR-28 and C330 standard wavegu? les; Ridge thickness
t = 0.2 mm; For transformer dimensions, see Table 4.1.)
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Fig.4.16 Input return loss of the transition shown in Fig.4.12(c).
(WR-28 and C330 standard waveguides; For transformer
dimensions, see Table 4.1,)
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Chapter 5

THE FDTLM METHOD IN 3D CYLINDRICAL
COORDINATES

5.1 Introduction

Cylindrical transmission lines like coaxial lines and circular waveguides find
appli -.ons where the capability of transmitting or receiving waves having more
than one plane of polarization is required. Furthermore, microstrip transmission
lines on cylindrical dielectric substrate are of importance as feed lines for
radiators on curved surfaces. Therefore, considerable work has been done to
develop analysis methods to aid the design of those components. However,
microwave discontinuities in 3D cylindrical structures often involve complicated
shapes. So far, the theoretical modeling of such structures is still limited to the
calculation of propagation characteristics. Furthermore, most of the data
available is based on quasi-static analysis and does not taken into account
dispersion effects.

As shown in the previous chapters, the FDTLM method is a universal full-
wave frequency-domain simulation tool. In this chapter, the FDTLM algorithm is
expanded to the cylindrical coordinate system, First, the development of the
symmetrical condensed FDTLM node for cylindrical mesh will be exploited.
Then, the numerical procedure of the FOTLM algorithm for cylindrical structures
is also described. Finally, two applications are presented for s-parameter analysis
of microstrip discontinuities on cylindrical dielectric surfaces and the field-
theory-based CAD of circular ridged waveguide evanescent-mode bandpass
filters.
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52 Cylindrical SCN and FDTLM Algorithm

Fig. 5.1 illustrates a typical cylindrical coordinate system and the location of a
single node with interconnecting transmission lines. The dimensions of the node
are u,c, and v in the 7,6, and z directions, respectively. The approximate
differential equations that govern the behavior of voltages and currents at a
single FDTLM node are given in time-harmonic form:

a%{a‘--v% = jaC,V,

v%—u% = jwCyV,

u%’;{l - a%’—o"- = jwCV,

a%—v%‘;i=—jam,l,

v%gﬂ—u%—‘:‘« it [ P11 (5.1)
u%:—/rl- a-o;—‘;i =~jalL,l,

where L, L,, and L, are the total inductances associated with the r, 8, and z
directed transmission lines and C,, C,, and C,are the total capacitances. I, I,,

and /, are the net currents flowing in the r, 6, and z directions. The voltages
V,s Vo, and V, are defined to be the total r, @ and z directed voltages at the

node. Now the following equivalences are established relating voltages and
currents to the electric and magnetic fields:

E.=V /u H=l/u
Ey,=zV,/raa H,=1l,/ra
E=mV /v He=l/v (5.2)

Substituting these into (5.1), the following set of differential equations is
obtained:
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Comparing equation (5.1) with (5.3) yields the following equivalence between the
parameters:

vrol vra
CrEE-u_ LrE#—u-

uv uy
C,=¢6— L, =l — 5.4
o =8a Mg (5.4)

uro uro
C,EE—— LzE/“—_'
v v

Then equation (5.3) exactly corresponds to the time-harmonic Maxwell's curl
equations, i.e,,

VXE = joud 5

VXxH= jocE

In the following, the determination of the node link line parameters and
scattering matrix is the same ac the section 2.3.3. For example, a characteristic
admittance node can be established by assuming that the characteristic
admittance of each link line is the same and also equals the intrinsic admittance
of the medium occupying the node, The complete scattering matrix of the single
symmetrical condensed FDTLM node is shown as follows:
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where
A«w = @ /(Trul2+ygral2)
A,n = @~/ (Trul24y;v12)
A'Oz - e"/('rx'V/2+13'ra/2)
and

_ Ic((roz)2 +v? ra-v)
7r—5 -

rev u?
70=£(u2+v2_ u-v)
20 uv  (ra)

y =£((roz)2+u2 __ra-u)
2\ ra-u v

Once again, in order to establish the FDTLM algorithm for a 2D eigenvalue
solution and a 3D discontinuity calculation, the intinsic scattering matrix is
introduced, which is, in general, defined as the coefficient matrix relating the
reflected and incident waves at the exterior branches of a TLM netweik. In the
cylindrical coordinate system, the coordinate z-axis is defined as the propagation
direction of the wave, and hence as the exterior braicches of the intrinsic
scattering matrix. The interior branches consist of the r8 -plane nodes. It is noted
that the space discretization for the r@ -plane of cylindrical coordinates, shown
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in Fig.5.1(c), always produces elementary cells which are nonuniform, i.e. they
increase in size away from the centre. Thus the modified time domain stub-
loaded SCN is found to be not very useful for such an application, because it
would require to have very large stub impedances near the centre and at the
outer circumference. This would increase the velocity error and reduce the
workable frequency range. It is alco noted that when the centre of a cylindrical
waveguide needs to be discretized by using the cylindrical mesh, all radial lines
are terminated at the centre of the waveguide, which is a circle of infinitesimal
small circumfe.ence. Therefore, the centre point (r=0) is ore of the boundary
conditions to the r@ -plane. In our calculation, this point is usually taken as a
short-circuit or open-circuit boundary, depending on the plot of modal field
distribution in cylindrical waveguides. For example, for the TMp; mode of a
circular waveguide, the center point is the magnetic wall (open-circuit
boundary). Whereas for the TEg; mode, the centre point is the electrical wall
(short-circuit boundary). If an asymmetrical modal field distribution is formed
with respect to the cylindrical centre, the present FDTLM model fails to simulate
this case. This is because it is impossible to consider an appropriate boundary
condition such as electrical or magnetic wal! at such a point. This is unfortunately
a limitation of the present model.

-

Fig.5.1(a) The cylindrical coordinate system and location of a node
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V+9z

Fig. 5.1(b) Symmetrical condensed FDTLM node for cylindrical geometry

circular lines radial lines

\ /

Fig. 5.1(c) r @ - plane mesh of the symmetrical condensed FDTLM node
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5.3 Applications

In the preceding section, we have described how the cylindrical SCN may be
used to model the electromagnetic properties of a cylindrical space. The
technique has been computer-coded and applied to the problem of determining
s-parameters of microstrip discontinuities on cylindrical surfaces and field-
theory-based CAD of circular waveguide bandpass filters.

5.3.1 Microstrip discontinuities on cylindrical surfaces

Microstrip transmission lines on curved surfaces have found wide application
in the design of cylindrical radiating structures. Recently, several nove!
cylindrical microstrip line structures [33,34] have been proposed for saving
dielectric material and reducing conductor losses. However, the work is limited
to the calculation of propagation constant and characteristic impedance.

The cylindrical FDTLM algorithm is now utilized to present a rigorous s-
parameter calculation of cylindrical microstrip step and gap discontinuities on
the same side of the substrate as well as overlay coupling of two microstrip lines
on opposite sides of the substrate. The S-parameter extraction technique is the
same as in section 3.3.

Fig.5.2 shows the calculated S-parameters of a step discontinuity with
different ratios of angles occupied by two strip conductors. The microstrip is
deposited on a half-circular rod substrate with radius r=2.0 mm, and relative
dielectric constant £y=12.9. Like in a planar structure, the frequency response is
quite flat over a wide frequency range. The typical computation time in this case
is approximately 15 seconds for one frequency point on a SUN SPARCII station.

Fig.5.3 shows the calculated s-parameters for microstrip step discontinuities
which consist of a conductor strip on the surface of a dieiectric rod partially
embedded in a conducting ground plane. A comparison between Fig.5.Z and
Fig.5.3 indicates that the frequency-dependent s-parameters for circular rod
substrate is more sensitive when the frequency increases.

Fig. 5.4 shows a gap discontinuity on a substrate with inner and outer radii
r1=10.0 mm and r2=10.635 mm, respectively. The gap width is g=0.2 mm. Also

here the s-parameters behave similar to the structure on a plane substrate.
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Fig.5.5 shows the frequency-dependent s-parameters for a transition of
magnetically coupled microstrip lines on opposite sides of the substrate. Three
different overlap lengths are considered: d=0.5 mm, d=1.5 mm, and d=3.0 mm.

As expected, the longer the overlap length the lower the frequency at which the
optimum match occurs. For example, for d=3 mm the minimum S11 occurs at

about 15GHz, while for d=0.5 mm, it occurs at frequencies higher than 40 GHz.
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Fig.5.2 Frequency-dependent s-parameters of microstrip step-in-width
on a half-circular rod substrate ( r=2.0 mm, €r=12.9).

Oy
[y}

v 1.  — 1 I 1 .

\\\\ ................................... ™
IS12 "~.'=

N \\\\ go'&-._. 6,=30", 6,=90"

‘ \\ go.d- ------ 0,=15" 8,=90" s

Ground F(GHz)

Fig. 5.3 Frequency-dependent s-parameters of microstrip step-in-width
on a circular rod substrate embedded in a conducting ground plane
(r=2.0 mm, €r=12.9).
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Fig. 5.4 Frequency-dependent S-parameters of microstrip gap discontinuity
(r1=10 mm, r=10.625 mm, w=0.635mm, g=0.2 mm, €,=10)
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5.3.2 Field-theory-based analysis of circular waveguide
bandpass filters

Ridged waveguide filters are well known as compact devices with high
power handling capability and large passband separation. Althcugh mostly used
in rectangular waveguide housings, ridged waveguide filters can also Lave an
advantage when used in circular waveguides. For this application, this section
introduces a rigorous field theoretical analysis of circular waveguide bandpass
filters. In this approach the circular coordinate system is discretized by a
transmission line matrix network. The structures investigared here are
symmetrical and the modes can be separated into TE and TM modes. Therefore,
only one quadrant of the double-ridged circular waveguide need to be
discretized. The centre of the waveguide is implemented by a circle of
infinitesimal circumference at which all radial lines are terminated. This circle is
taken as a short-circuit or open-circuit boundary, depending on the choice of
mode. The filter design is extremely fast and takes into account mode interaction
between cascaded discontinuities as well as the finite metallization thickness of
the ridges. Furthermore, in comparison to the mode-matching technique, the
FDTLM algorithm is extremely flexible because the filter structure can be
changed without changing the algorithm.

In order to verify the theoretical approach, a bow-tie shaped [35] metal
septum loaded 3-resonator circular waveguide bandpass filter is first calculated
and compared with the results from a mode-matching analysis. As shown in
Fig.5.6, excellent agreement is found between both methods and
measurements(35].

The design of a circular ridged waveguide evanescznt-mode bandpass filter
follows next. As shown in Fig.5.7, the discontinuities for a complete filter
structure can be divided into three sections: the step junction between two
circular waveguides with different diameters; the double-ridged circular
waveguide; and the below cutoff-circular waveguide. Two semi-infinite
waveguides are attached as input and outpuit ports. Firstly, each section of the
filter is characterized by its corresponding s-matrix. Then the overal! intrinsic s-
matrix, which characterizes the discontinuity region of the filter, can be
determined from these s-matrices by cascading the individual s-matrices. Finally,
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we establish the relationship between the reflected waves of the two ports and

the incident wave at the input port. The corresponding scattering parameters can
be obtained from the coefficient matrix relating the reflected and incident waves.

In the Ka-band, the input and output ports of the circular waveguides are 8
mm in diameter. A 4 mm diameter circular waveguide is chosen as evanescent-
mode waveguide connecting the resonator ridged waveguide sections. The
center frequency is the most important quantity in the design of a bandpass filter.
Attention is first directed to how the diameter and width of the single double-
ridge and the distance between the edge of the ridge and the step junction affect
the centre frequency of the evanescent filter. Fig.5.8 illustrates the effect of
changes in the ridge diameter on the center frequency. As known from the
rectangular ridge waveguide filter, reducing the ridge diameter increases the
center frequency. The inverse effect can be observed in Fig.5.9 when the length of
the ridge section increases. Fig.5.10 demonstrates the influence of the distance T
between a single ridged waveguide section and the attached above cutnff
waveguide. The closer the ridge section is located to the irput waveguide, i.e. the
stronger the coupling into the resonator sections, the higher the loading and the
flatter the resonant curves. It can also be seer. from Fig.5.10 that, of course, the
resonant frequency changes depending on the loading.

With the data presented above, it is now possible to design a filter. Fig.5.11
shows the calculated response of a filter that consists of three-equal ridge
elements in circular waveguide below cutoff. The height of the ridge, the distance
from the edge of the ridge to the step junction, and the spacing of the two.ridges
are the design parameters. Insertion loss is typically below 1dB and return loss is
better than 20dB on the average. It is noted that the steepness of the out-of-band
insertion loss curve on the higher frequency side is almost equal to the one on the
lower frequency side. This happens because the waveguide below its cutoff
frequency acts like a lumped reactance.

In general, wider bandwidth and better transmigsion performance can be
achieved by increasing the number of ridges. For a multi-ridge structure, an
optimization procedure may be used to optimize the performance of the filter,
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Fig.5.6 Performance versus frequency of a 3-resonator circular waveguide filter
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Fig.5.7 Evanescent-mode double-ridged circular waveguide bandpass filter
(a) Cross sectional view; (b) Longitudinal section dimensions,
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Fig. £.8 Insertion loss of the filter versus frequency for different
diameters D of the ridge D1=8.0 mm, D2=4.0 mm, T=2.0 mm,
W1=0.3 mm, 6=2.0deg.; (a): D=04 mm, (b): D=0.6 mm, (c):
D=0.8 mm, (d): D=1.0 mm.
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Fig. 5.9 Insertion loss of the filter versus frequency for different
widths W of the ridge, D1=8.0 mm, D2=4.0 mm, T=2.0 mm,
D=0.7 mm, 0=2.0 deg.; (a): w=0.4 mm, (b): w=0.3 mm,
(c): w=0.2 mm, (d): w=0.1 mm.




Insertion Los: {dB)

28 30 32 34 36
Frequency (GHz)

Fig.5.10 Insertion loss of the filter versus frequency for different
distances T, D1=8.0 mm, D2:-4.0 nm, W=0.3 mm, D=0.7 mm,
0=2.0deg.; (a): T=4.0 mm, (b): T=3.0 mm, (c): T=2.0 mm, (
d): T=1.5 mm, (e): T=1.0 mm.
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Fig. 5.11 Insertion loss for the evanescent-mode circular wavzyuide
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Chapter 6

CONCLUSIONS

6.1 Discussion

The objective of this thesis was to develop a methodology to extend the 3D
FDTLM method such that complex electromagnetic structures can be analyzed.
This has been accomplished through two main processes. First a new family of
frequency-domain symmetrical condensed nodes were developed. The dominant
feal.ure of all these nodes is that a local electromagnetic field can be represented
on the surface of each node in terms of reflected and ircident wave voltages, i.e.
each node can be established independently of its environment and described by
a scattering matrix. The elements of the node scattering mairix can be derived by
using the concepts of energy, voltage and current conservation laws. In order to
demonstrate the performance of the different nodes, an accuracy assessment and
comparison of the available nodes was performed.

The second goal was to establish the FDTLM algorithm, which is based on the
concept of the intrinsic scattering matrix. By establishing the intrinsic scattering
matrix, the original large discretized network problem is transformed into the
matrix algebra one, and all properties of the structure can be readily computed
through matrix operations. This forms the FDTLM algorithm. The algorithm for
the eigenvalue problem solution requires only one slice of waveguide which
contains only one node in the propagation direction. This technique yields the
standard eigenvalue equation which, when solved, provides all modes of interest
very efficiently. The eigenvalue equation has inherently good ccnvergence and
stability properties even if the number of nodes over the cross-section of the
guided structure is increased. This is a very important and advantageous feature
of the FDTLM method. For the s-parameter calculation, a novel s-parameter
extraction technique for the FDTLM network has been utilized successfully.
Furthermore, based on the decoupled symmetrical condensed node technique, a
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new FDTLM algorithm has been developed to reduce the computer memory and
CPU-time.

To support the main developments outlined above, a general-purpose 3D
FDTLM program has been developed such that arbitrarily complicated structures
can be simulated with the FDTLM algorithm. This program has great flexibility
since only the structure parameters need to be entered into the program. For the
2D eigenvalue problem, two typical structures, the rectangular waveguide filled
with a lossy dielectric and the coupled microstrip line on anisotropic substrate,
were computed for frequency-dependent dispersion characteristics. Moreover, a
routine is added to the general 3D FDTLM program that analyzes the periodic
structures in microwave and optical integrated circuits. The rather general
corrugated waveguide with plain corrugations and the coplanar slow-wave
electrode structure on GaAs substrate have been investigated to confirm the
validity and effectiveness of the proposed analysis method.

For the 3D discontinuity problem, several waveguide discontinuities have
been investigated. These include: transition between rectangular waveguide to
the dielectric slab loaded waveguide of finite length as a simple example; E-plane
bandpass filter as cascaded discontinuity problem; microstrip step discontinuity
computation as a hybrid mode problem; transition from rectangular to circular
waveguides as composite structure problem; and a set of planar transmission line
interconnects as mixed discontinuity problem. The objective of all these examples
was to demonstrate the applicability and capability of the FDTLM technique to
handle rather complex circuit geometries.

Finally, the FDTLM method has been extended to a 3D cylindrical coordinate
system. The cylindrical SCN and FDTLM algorithm have also been well
established to facilitate modeling of the cylindrical structures. The algorithm has
been programmed and applied to the problems of determining s-parameters of
the microstrip discontinuities on cylindrical surfaces and field-theory-based
analysis of circular waveguide bandpass filters.

In conclusion, the work presented in this thesis is a step towards more
efficient numerical computations of general electromagnetic problems in the
frequency domain. It represents not only an enhancement and an extension of
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previously known works, but also paves the way for a more general solution of
the FDTLM method.

6.2 Future Research

This thesis has systematically described the FDTLM method. The flexibility,
versatility, and generality of this numerical technique has been demonstrated.
Although the application of the FOTLM method here has been limited to
electromagnetic field problems, many more applications can be found in other
fields such as electrical machines, optics, and acoustics.

In order to expend the scope, accuracy, and computational speed of this
method, future work should include the following aspects:

* The physical model of the FDTLM algorithm is a large-scale network. In
practice the network is sparsely connected by node scattering matrices. Based on
this consideration, we can present a soluticn algorithm suitable to incorporate
sparse matrix technique. In sparse matrix computation, operations involving zero
are not performed. Thus a significantly faster algorithm than the existing one can
be obtained.

* Although the FDTLM algorithm has been developed only for two-port
network problems in this thesis, it can also be used to model and solve multi-port
network problems.

® The current time-domain TLM algorithm requires that the constitutive
parameters J.g, and ¢ of the medium must be specified as constants, which is a
serious limitation. For many media such as water, plasma, anc radar-absorbing
materials, these parameters will vary significantly with frequency (dispersive
materials). In contrast, the FDTLM algorithm will allow the computation of
electromagnetic interaction with virtually any material and geometry at a single
frequency with sinusoidal wave excitation. Therefore, the extension of the
method to include also dispersive materials is straightforward.
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Energy Conservation

Yula] +c})+2Y 1B} +2Y s0d? =¥,
Yaac, +Y b =Y 1di =0
Yy(ay—c)d, +Y 40— c,)dy =0

Y (@ +c)bs +Y 45(as + )b, =0

Y (@ +65)+2Y b} +2Y o2 =Y,
Yirtoco + Y b2 =Y ysd? =0

Ya2(ay + )by + Y i3(ay + ¢3)b, = 0
Yar (@, — ¢ )ds +Y 45 (a5 —cs5)d, =0
Yis(a3 +C3)+ 2Y 1o +2Y 4ol = ¥ 5

Voltage Conservation

Yol +c)+2Y b =Y,

Yol +6,)+2Y b, =Y,
Yo(as+c)+2Y b, =Y,
Y44 (04 + 04) + 2Ydsb4 = Y“
Yas(as +c5) +2Y 54bs =Y 45
Yye(as+cs)+2Y 4h =Y 46

Y 1305C; + Y aobs =Y yed? =0 |

Y 43(as = c3)dg + Y s6(as — c6)dy =0
Yu(as +c3)+ 2Y y5bi +2Y ydi =Y 4
Y 404Cs + Y ysb2 =Y di =0

Yaa(as +co)bs +Yys(as +¢s)by =0
Ys(a} +C3)+2Y 1 b} +2Y d? =Y 45
Y sa5cs +Y 14b5 —Y ods =0

) 7 (ag + Cg )+ 2Yd|b: + 2}",3(1.;z =Yy
Yostscs + Y bl =Y yude =0

Current Conservation

Yola, —c)+2Yd, =Y,

Ypla,—c))+2Y ysdy =Y,
Yis(ay—c3) +2Y yody =Y
Yi(ay—c)+2Y,d, =Y,
Yis(as—cs)+2Y pds = ¥ 4
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