1+i

Nalicnal Library
of Canada

Acquisitions ang
Bibliographic Services Branch

395 Wellington Strect

Bibliothéque nationale
du Canada

Direction des acquisitions el
des services bibliographiques

395, rue Wellington

Ottawa, Ontano

K1A ON4 K1A ONA

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have irdistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

Onawa {Ontario)

Yoour hin Volro rfldronce

Oue fie Notre relorence

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec !'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont eté
dactylographiées a l'aide d’un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



Investigations of Dispersion Characteristics of
Microwave/Optical Guided Wave Structures
by Using Transmission Line Matrix Method

By
Bing Qiu

A thesis submitted to the
School of Graduate Studies and Research
in partial fulfillment of the requirements
for degree of

Master of Applied Science

Ottawa-Carleton Institute for Electrical Engineering
Department of Electrical Engineering
Faculty of Engineering
University of Ottawa

@Bing Qiu, Ottawa, Canada, 1993




: Nalional Lib
*. olaégﬂadal hald

Acquisilions and

3ibliothéque nalionale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellinglon Streel
Otlawa, Ontario
K1A ON4 K1A ONA4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Qttawa {Onlano)

Your hle  Volrg rd-orence

Ow file  Noire réfirenue

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
théese a la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protege sa
thése. Nila thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-85856-7

Canada




@ UNIVERSITE DOTTAWA
. UNIVERSITY OF OTTAWA




I hereby declare that I am the sole author of this document. 1 authorize the University
of Ottawa to lend this document to other individuals or institutions {or the purposes of

scholarly research.

Bing Qiu

I further authorize the University of Ottawa to reproduce this document by photocopy-
ing or by other means, in total or in part, at the request of other institutions or individuals

for the purposes of scholarly research.

Bing Qiu



Contents

Acknowledgments

Abstract

1 Introduction

1.1

1.2

1.3

Introduction . v v v v v e e e e e e e e e e e e e e e e e e e e e e
Organization . . . . . .0 vt i it

MoOtIVALION &« 0 v s e s s e e e e e e e e e e e e e e e e e e e

2 Literature Survey

3 3D-TLM Symmetrical Condensed Node

3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8

Review of 2D and 3D-TLM methods . . . ... ... ... .. .. ...,
3D symmetrical Condensed Node . . . .. .. ... ... ...
Wave Properties of 3D Symmetrical Condensed Node . . . . ... .....
Modelling of Lossless Inhomogeneous Media . . . . . . ......... ..
Modelling of Lossy Media . ... ... ... ... .y
Modelling of Boundary . . .. . ... ... i e
Absorbing Boundary Conditions . . . . .. . ... ..o oo

Excitation and Qutput . . . . . . . . o v o i i e

ii

vii

vii

11
11
15
19

20



3.8.1 [IExcitation
3.8.2 Output
3.8.3 Fourier Transform

3.9 Sources of Errors

An Improved TLM Node for Full-wave Analysis
4.1 Introduction
4.2 A new TLM node for full-wave analysis

4.3 Calculation Procedures

Curved Boundary Treatment
5.1 Introduction
5.2 Piecewise Straight Boundary
5.3 Arbitrary Position of Boundary

5.4 Reflection Coefficient Modification Technique

Results and Discussions
6.1 Introduction
6.2 System Size and CPU Time
6.3 Rectangular Guided Wave Structures

6.3.1 Empty Waveguide

6.3.2 Lossy Material-filled Waveguide . . .. ... ... ...

6.3.3 Inhomogeneous Waveguide
6.3.4 Shielded Dielectric Wave Guided

6.3.5 Open Guided Wave Structures

ili

--------------------------------

..................................

.....................

--------------------------------

-----------------------------------

.............

ooooooo

.............................

-----------------------------------

-------------------

ooooooo

.................

----------------

-----------------------------------

...................

-------

--------------

ooooooo

--------------------

nnnnnnn

ooooooo

----------------

.......

............

.......

---------------------

28
29
29
30

36

37
37
38
38
43

48
48
48
49
49

50



6.4 Circular Guided Wave Structures

6.4.1 Empty Waveguide

6.4.2 Circular Dielectric Guided Wave Structures

7 Conclusions

P

-----------------------

.......................

.............

iv



List of Figures

3.1

Schematic equivalent of a TLM shunt node . . . .. ... ... ... 13

The complete three-dimensional TLM cell featuring three series

and threeshunt nodes ... ... ... .. ................ 14
Three-dimensional TLM symmetrical condensed node . . ... .. 16
Saguet’s absorbing boundary . ... ... ... ... ... ... .. 28
Rectangular Cavity .. ... .. .. ... ... .. .. . .. ... 33
A modified 3D-TLM symmetrical condensed Node .. ... .. .. 34
Approximation of a curved boundary by a piecewise straight bound-

) 2 39

Modification of boundary node for arbitrary position of boundary 41

Modification of curved boundary . . . . .. .. .. ..o oL 42
Extension of short and open-circuit boundaries in a TLM mesh,

and their representation by equivalent reactances . .. .. ... .. 45
Equivalent inductance circuit . . . .. .. ... ... .. L. 47
Regular mesh discretization(a) Variable mesh discretization(b) . . 34
The layout of absorbing boundary for open microstrip transmis-

sionline . ... ... . ... e e 56




6.3

6.5

6.6

6.8

6.9

6.10

6.11

The layout of absorbing boundary around the dielectric circular
waveguide . . . ... e e 58
Dispersion characteristics of TE;; mode for empty waveguide (a

=b =127mm, e, =1.0) . .. .. ... e 60
Dispersion characteristics of TEy mode for empty waveguide (a
=b=12Tmm, ¢, =1.0) . . . .. ... .. e 61
Comparison of dispersion characteristics of TE,o mode of different
iteration times (a=b=12.7mm,e, = 1.0} . ... ... ... . .. 62
Dispersion characteristics of 7 Ej, mode for lossy waveguide (a=6cm,
b=4cm, €, = 4.0,0 = 0.0002s/cm) . . . . .. .o 63
Dispersion characteristics of the first and the second modes for
dielectric-slab-loaded waveguide (a=2mm, s=1mm, b=2mm, d=1mm,
p=q=1lmm, €&, =256) . ... .. ... e 64
Dispersion characteristics of the first mode(E},) of dielectric rect-
angular waveguide (n; = 1.05,n, = 1.0, X =10t,Y = 5t,w = 2 .... 65
Dispersion characteristics of the first mode(E},) of an equilateral
triangular core waveguide (n; = 1.5,n, = 1.0, X =61, Y =5¢) . .. .. 66
Dispersion characteristics of the shielded image guide composed

of lossy isotropic dielectric (E},)(a=4t,b=w=2t,e=1.5-j1.5) . ... (7
Dispersion characteristics of the shielded image guide composed

of lossy anisotropic dielectric(£},),the real part of the dielectric is

assumed to be anisotropic(a=4t,b=w=2t,e, = ¢. = 1.5 — j1.5,¢, =

vi




6.15

6.14

6.15

6.16

6.17

6.18

6.19

6.20

Comparison of variable and regular mesh discretization for the
first mode (¢,=8.875,X=Y=12.7mm,w=h=1.27Tmm,t=0mm) ... 69
Dispersion characteristics of a shielded microstrip transmission
line for the first and second modes (¢,=8.875, X=Y=12.7mm,
w=h=1.27mm, t=0mm) .. ........ ... ... ... ...... 70
Comparison of effective constant ¢,.;; as computed by FDTD, em-
pirical formula and different dimensions of the 3rd order absorbing
boundary (e,=11.7, w/h=0.96, h=3.17mm, t=0, ¢, =1.0) ... .. 71
Dispersion characteristics of TF;; mode of empty circular waveg-
uvide(a=5mm, 8x8 mesh size) . . . .. .. ... . ... .. ....... 72
Dispersion characteristics of TE;; mode of empty circular waveg-

vide(a=5mm) . . .. . . ... e 73

Dispersion characteristics of T, mode of empty circular waveg-

uide(a=58mm) . . . . .. L e e T4
Dispersion characteristics of // £;, mode of dielectric circular waveg-
uide (6: =2.56) . . . L L e e 75
Dispersion characteristics of (TFEy mode of composite circular
waveguide (61=2.56,6,=2.03) . ... ... ... ... ..., 76

Dispersion characteristics of // [£;, mode of a bilateral finline in cir-

cular waveguide housing(WC33) a=4.156mm, h=0.254mm, w=0.3mm,

6= 2] L e e e e i

vii



Acknowledgments

I would like to thank my supervisor, Dr. Michel M. Ney, for his help and guidance through-
out this research project.

Special thanks also due to Mr. 7. Chen for his helpful suggestions, and to my fellow
students in the microwave group for fruitful discussions.

The financial assistance of the Telecommunication Research Institute of Ontario (TRIO)
and the University of Ottawa during the period of this research has been appreciated.

Finally, but by no means least, I vould like to express my thank to my wife and parents

for their encouragement and comprehension, which really has maac inis effort possible.

viil



Abstract

This thesis presents a new three-dimensional space (3D) condensed node TLM space
(Transmissicn Line Matrix) algorithm for the analysis of dispersion characteristics of mi-
crowave/ optical guided wave structures. This new algorithm requires much less computer
memory and computation time than the conventional 3D condensed node TLM.

The application of this new algorithm to the modelling of inhomogencous, lossy, and
unbounded guided structures is investigated. More specifically, techniques such as variable
mesh size, absorbing boundaries conditions, are introduced in the algorithm. The error
sources, effects due to excitation and output point location are analysed and suggestions
for more efficient and accurate modclling of complicated geometries are performed. In
particular, special treatment is implemented to accurately model curved boundaries.

Finally, the dispersion characteristics of various kinds of rectangular and circular guided
structures, are calculated by using this new algorithm. It is found that the results obtained

agree fairly well with those observed by theoretical or other proved numerical methods.
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Chapter 1

Introduction

1.1 Introduction

The increasing needs for different types of microwave/optical waveguides and microstrip
lines have recently created considerable interest in the study of dispersion characteristics
of these structures because their properties have to be known for proper design. Analytical
solutions based on solving Maxwell’s equations are only available for few structures and
require a lot of mathematical pre-processing. With the development of digital comput-
ers, numerical methods such as FEM (Finite Element Method), MoM (Moment Method)
and FDTD (Finite-Difference Time-Domain), have been developed to accurately evaluate
propagation characteristics of the guided wave structures. As old and powerful numeri-
cal methods, FEM and MoM were mainly developed for solving Maxwell’s equations in
frequency domain. Generally, these methods need significant mathematical pre-processing
before implementation in a digital computer. Taking the advantages of analyzing the elec-
tromagnetic field in time-domain technique like FDTD, which numerically seeks the direct
solution to the maxwell’s time-dependent curl equations, P.B.Johns [1] introduced TLM
method in 1971. The principle of this method is very simple and based on the Huygens’

theory of wave propagation and most compatible with today’s digital computers. After



Johns’ pioncer work, a lot of work [2-7}has been reported to validate this method and make
it applicable for inhomogeneous, lossy, anisotropic and even nonlinear materials. It is now
widely accepted as a versatile tool in the full-wave analysis of guided structures. Although
this method features some advantages of analysis such as modelling nonlinear materials,
it needs more CPU time and memory (particularly when utilized in analysis of [requency
selective problems) than a specialized code based on extensive analytical pre-processing or
other numerical methods. This makes TLM not very attractive for design purposes.

The requirement for large memory and CPU time in the analysis of frequency selective
problems lie in the fact that three-dimensional meshes has to be employed. For example,
to obtain the dispersion characteristics of the guide structure, one of the approaches is to
resonaie a section of the guided structure by placing two short-circuited planes along = axis
a distance L apart. The length L corresponds to half a guided wavelength of the interested
modes. The resonance frequency at the cavity corresponds to the frequency at which this
particular wavelength is valid. The relationship between the propagation crnstant and
L is then B==/L. By changing L therefore 3 changes. One can obtain the resonance
frequency of the resonator for different 8. As a result, the dispersion characteristics of
the guided structure can be obtained. To account for the effects of resonator along =z axis,
space discretization along z axis must be employed and this problem becomes a three-
dimensional one and hence requires more memory. In addition, in order to maintain the
modelling accuracy at higher frequency, smaller mesh size is needed. This will increase
memory requirement further and may not be realized on the computer. For example, only
up to 40x40x40 meshes can be discretized along z,y, z axes, respectively on Ultrix 3100
workstations when using three-dimensional condensed node TLM method. Any further

increase in mesh size will exhaust computer resources.
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To alleviate these problems, a new approach for TLM that uses only a two-dimensional
mesh consisting of a three-dimensional space grid for the analysis of hybrid modes was
proposed[28]. It is considered in this approach that, the two-dimensional case with the wave
propagation direction is replaced by introducing a phase shift SAl, Al being the mesh size.
This approach overcomes the shortage that only cut-off frequency of single mode in the
guided structures can be obtained in two-dimensional TLM while keeping the advantages
of two-dimensional analysis. Since the simulation value of each iteration along propagation
direction is not changed except a phase shift, these values are not necessary to be stored in
the memory for the next iteration analysis, and consequently a lot of memories can be saved.
By choosing a proper propagation constant, which is valid for the selected frequency, and
exciting ihe system with a time-domain impulse, one obtains the time-domain responses
of the system after a reasonable number of iteration steps. The stored time-domain data
are then processed via Fourier transform to gencrate frequency domain solutions. The first
peak in frequency domain corresponds the frequency for which this propagation constant
is valid. Higher order modes correspond to other peaks in the frequency domain spectrum.
This step must then be repeated for different propagation constants o obtain the dispersion
curve for one particular mode. Since only two-dimensional meshes are employed, the
convergence rate is much faster than conventional 3D-TLM appreach and the memory
space is significantly reduced.

In this thesis, the application of this new TLM algorithm is extended to other compli-
cated guided wave structures consisting of lossy, inhomogeneous and anisotropic materials.
The dispersion characteristics of open structures, which require absorbing boundary con-
ditions, variable mesh size during simulation in order to model open problems and the area

where the field is highly variable are discussed. Finally, this method is applied to circular



guided wave structures which need special trecatment of boundaries. The validation of this
method applied to various guided structures is achicved by analytical solutions or other

proved numerical methods.
1.2 Organization

Chapler 2 reviews the development of TLM method, from the birth of this method to the
updated techniques. Some of the important literatures which reflect the development in
this field are bricfed. It is found from these literatures that TLM is a powerful and versatile
mcthod in the full analysis of clectromagnetic wave,

In chapter 3, the basic principle of 21 and 3D expanded node TLM method is reviewed.
A 3D symmetrical condensed node TLM algorithm is introduced and its applications to
the modelling of lossy, inhomogencous as well as anisotropic material, the treatment of
bonndaries, the excitation and output values, the sources of errors, etc., are elaborated.

Chapter 4 introduces a new 2D algorithm based on 3D symmetrical condensed node
space grid to calculate the dispersion characteristics of guided wave structures.

In chapter 5, the boundaries which are placed halfway between the nodes, are reviewed.
This approach is not flexible and produces some inaccuracies, particularly when curved
houndaries have to be modeled. These problems can be solved by introducing refiection
coefficient modification techinique on boundarics that are not positioned half-way between
nodes.

Chapter 6 presents and discusses the dispersion characteristics of different guided wave

structures and compares them with those obtained by other methods.



1.3 Motivation

The problem of characterizing the guided wave structures in their operational modes has
been a classical problem in electromagnetics for many years. Measurement of the dispersion
characteristics of the guided wave structures might be expensive and imipractical in many
cases. With the development of digital computer, the evaluation of characteristics of these
structures can be done on the computer by numerical methods such as TLM, FDTD and
FEM.

Among all TLM algorithms, 3D-TLM symmetrical condensed node TLM is in partic-
ular attractive for guided wave problems because of its smaller mesh dispersion compared
with other TLM algorithms. Application examples are reported in [21-29]. Although this
method has many attractive features for time-domain problems, the fact that it requires
large amounts of memory space and CPU time, in particular for the analysis of inho-
mogencous, open and other complicated guided structures. The motivation of the work
that follows was to provide an accurate way of evaluating the dispersion characteristics of
guided wave structures by using a new TLM algorithm which requires less memory space
and CPU time.

Very few works have been done to model the open structures by using 3D-TLM symmet-
rical condensed node TLM method. Among them, most of the works[25-27] were devoted
to the formulation of the Ahsorbing Boundary Conditions (ABC). No applications of TLM
algorithm to the characterization of open guided wave structures have been reported. This
work has been motivated to validate the newly developed TLM algorithm by the use of
the proved ABC algorithm.

Another emphasis of this work is placed on the modelling of curved boundaries be-



cause traditional staircase approximation of the curved boundary is not accurate enough,
particularly when coarse mesh size is employed. A new treatment of curved boundary is

proposed and implemented in the new TLM algorithm.




Chapter 2

Literature Survey

In the past two decades, frequency-domain method such as FEM and MoM have been
widely used[30-39] to characterize guided wave structures. These methods, in principle,
are accurate. But they nced significant mathematical pre-processing. In addition, the
data for the whole frequency range are calculated one frequency at a time. Therefore, it
is an expensive task when the resuits of a wide frequency range are sought. This led us
to seck an alternative way of calculating the frequency-domain solutions. Since a pulse
response contain all the information of a system for the whole frequency range, it is a
natural approach to use a pulse in the time-domain to excite the system, and from the
time-domain pulse response to extract the frequency-domain characteristics of the system
via the Fourier transform.

One numerical scheme which can be used to calculate the time-domain fields is the
time-domain finite difference (FDTD) method. It was first proposed by K.S.Yee in 1966
and has been used by many investigators to solve electromagnetic problems. It is the most
direct time-domain method from a mathematical point view. But it has been found[39]
that the Fourier transform of the time-domain results is very sensitive to numerical errors.
Therefore, even though the time domain results may be reasonably accurate, the frequency-

domain results obtained from their Fourier transform may not be acceptable as useful data.



In 1971, Johns and Beurle{l] introduced a novel numerical technique for solving two-
dimensional scattering problems based on the Huygens’ principle of light propagation.
This method, called Transmission-line Matrix {(TLM) method, employs a Cartesian mesh
of shunt-connected two-wire transmission-lines as a discretized propagation medium. The
nodes of this mesh act as scattering centers for short voltage impulses. Thus, electromag-
nelic fields are modeled by filling space with a network of transmission lines. Impulses
launched in the network are scattered at all nodes at a fixed time step sequence. The volt-
ages and currents at all nodes are equivalent to electromagnetic fields in the discretized
space. Later, Johns and Akhtarzad [2-7] extended this method to the modelling of inho-
mogeneous and lossy materials in two-dimensions. But there are only few guided wave
problems related to two-dimensional case. Examples include the propagation of TE,q
modes in rectangular homogeneous waveguides and only the cut-off frequencies of hybrid
modes can be computed in inhomogencous guiding structures(8]. In 1974, Johns and his
coworkers[9] proposed a three-dimensional expended node for the TLM method for solv-
ing the most general electromagnetic field problems in the 3D space and time. Building
upon the groundwork laid by these original authors, a lot of applications have been found
on the full wave analysis of guided wave problems[10-16]. In 1985, Hoefer(17] presented
a very useful overview of the theory and applications of the 2D and 3D expanded node
TLM methods. Every since then, a number of techniques in this field such as graded mesh
technique, scalar TLM and error correction technique etc. have been developed for these
algorithms. Although this 3D expanded node algorithm is by far the simplest one, it fails
to describe the electromagnetic field at the same location, limiting its extensive use. To
overcome these problems, P.B.Johns[18-19] developed a new 3D-TLM algorithm, using a

3D-TLM symmetrical condensed node, based on the principle of energy conservation. Allen



et al[20] tested symmetrical condensed node, expanded node and other TLM algorithms
and then affirmed that the symmetrical condensed node is more accurate than any other
mesh schemes. For this reason, a 3D symmetrical condensed node is used to deal with all
the problems concerned in this thesis.

In addition to mesh dispersion, the symmetrical condensed node yields some significant
error due to the insufficient resolution of the fields around edges and corners. This results
in a 10% shift towards lower frequencies for resonator, dispersion characteristics of guide
structures and filter frequency response[21]. A classical remedial approach is to use finer
mesh in the vicinity of edges or corners but, unfortunately, results in large computer cost.
Hoefer[22-23) proposed a method which introduces a fifth arm in 2D-TLM node and three
more stubs in 3D symmetrical condensed node to account for corners and sharp edges. It
was shown that the resonant frequency of a cavity containing sharp edges is accurately
computed without mesh refinement around edges by using this technique. There is a net
gain in terms of computer expenditure due to the fact that maximum size of the mesh
dictated by the TLM can be used throughout the structure under investigation. However,
for the 3D case, this technique introduces more stubs and, as a result, compensate for the
gain in memory requirement as compared to mesh refinement techniques for comparable
accuracy.

Another source of error is the introduction of Absorbing Boundary Conditions (ABC)
to model open problems. Their algorithms can not predict accurate values of the field over
a wide frequency range at the boundaries. Up to present, a number of ABC algorithms
have been developed by various authors to solve open structures. Eswarappa el al [24]
proposed a dissipation technique by which the waves striking the absorbing boundary are

gradually attenuated and absorbed at houndaries. This approach needs a lot of meshes

9



to simulate the absorbing volume and hence a large memory requirement, Ulf et al [25]
applied modified FDTD-ABC to 3D-TLM and yields acceptable reflection. But this is not
suitable for 3D symmetrical condensed node algorithm due to spurious modes. Chen [26-
27) discussed other ABC algorithms for 3D symmetrical condensed node to absorb both
physical modes and spurious modes by using Taylor’s and Higdon’s expansion formula.
Nearly zero reflection coefficient at the boundary and numerical stability were claimed.
Another ABC algorithm proposed by Saguet[46}, also based on Taylor’s expansion formula,
was applied to the 3D-TLM symmeirical condensed node and satisfactory results were
reported. Taylor’s ABC is used in this work because it is accurate and stable as well as
easy to implement in the modified 3D-TLM algorithm for the evaluation of propagation

characteristics of open guided structures.
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Chapter 3

3D-TLM Symmetrical Condensed
Node

3.1 Review of 2D and 3D-TLM methods

With the development of the digital computer, power{ul numerical techniques have emerged
to predict directly the behavior of the field quantities in time or frequency domain. As
a novel time-domain mecthod, the TLM was introduced in 1971 by Johns[l] to solve two-
dimensional scattering problems. Based on a discretized version of Huygens’s model of
wave propagation, this two-dimensional TLM shown in Fig.3.1 consists of a mesh of shunt-
connected dispersionless transmission lines. Voltage and current impulses travelling on
these lines are scattered at every time-step at the nodes, simulating fields propagation.
The advantage of the TLM network model is that it can be analyzed with traditional
transmission-line theory. Indeed, Johns [1] has shown in this way that the voltages and
currents on the TLM mesh obey the same formalism as the electric and magnetic fields
of Maxwell’s equations. This proves that this TLM model is consistent with Maxwell’s
equations and can model two-dimensional wave propagation.

In the most general case, impulses incident on all branches of any node at time k A

are scattered at that node, and then the reflected impulses are incident to all neighboring

11



nodes for the next scattering event at time {k+ 1) A t.

This scries of events can be described in symbolic form as follows:
ket VT = [SKIVE; enlV] = [Clen(V] (3.1)

where [S] is the scattering matrix of the nodes, and [C] is a connection matrix describing
the topology of the network. The subseripts & and & +1 denote the discrete time intervals
separating the scattering events. In this general form, the TLM algorithm applies to ali
two-dimensional and three-dimensional schemes.

In summary, the TLM algorithm generates the digital response of a TLM mesh to a
discretized excitation. The excitation function can be a single impulse or a sequence of
impulses which sample a continuous waveform in space and time. The total node voltage,
for one node without stubs, at time kAt is computed from the branch voltages:

4

> &V (3.2)

m=1

Y Vi e V0 Vi V) =

o] —
B[ =

kVnodc = (1 -

The subscripts 1 to 4 designate the four branches of a node. The time and space envelope
of these samples emulates a continuous wave function. In the case of an arbitrary time
dependence of the enveclope, its spectral components can be obtained by discrete or fast
Fourier transform of the TLM response, as stated previously. It can be shown using the
dualit; of electric and magnetic ficlds that wave propagation can also be modelled by a
series-connected mesh of transmission-lines [8].

Since there are only few guidec wave problems related to the two-dimensional case,
Akhtarzad and Johns[9] presented their so-called expanded three-dimensional node. This
node is constructed by interweaving shunt and series nodes in all three coordinates. Fig.3.2

shows the unit cell of such a three-dimensional TLM network. It contains three series

12
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Figure 3.1: Schematic equivalent of a TLM shunt node

13



Figure 3.2: The complete three-dimensional TLM cell featuring three series and
three shunt nodes

and three shunt nodes, each representing one of the six field components. The impulse
scattering at these nodes has been described in the previous section.

Such a three-dimensional network is easily derived from the two dual-dimensional nodes.
Unlortunately, the six field components are defined at distance Al/2 from cach other.
From this reason, a number of condensed nodes were developed(S§][9]. Allen et a! [20]
reported that among them, the symmetrical condensed node is the most accurate in terms

of dispersion.



3.2 3D symmetrical Condensed Node

The construction of the three-dimensional symmetrical condensed node (SCN) TLM is
different from that of the TLM expanded node. In stead of representing the fields at the
node by voltage or current of a lumped element circuit, they are represented by voltages
of transmission-line mounted square ducts made of insulating material. The symmetrical
condensed node is shown in Fig.3.3. Each of the six branches represents two transmission
lines carrying the two possible polarizations of the wave travelling in a given direclion.
These lines have the same characteristic impedance of that of free space. An impulse
incident on a port is only scattered into the ports carrying the polarizations involved in
Maxwell’s equation. Twelve pulses on the link transmission-lines incident upon the node,
produce a scattering that yield 12 reflected impulses. The voltage impulses appear on the
terminals of the transmission-lines at ports which are numbered and directed as shown in
Fig.3.3. The scattering matrix of the node is derived directly from Maxwell’s equations

and energy conservation condition. It is defined by:
Vr=Svi (3.3)

where Vi.V" contain the incident and reflected voltages at the ports, respectively. S is
the node scattering matrix which contains 12x12 elements.

Associating, for example, with voltage impulse Vi incident at port 1, the field compo-
nents £, and H., the field equation that involves coupling between these two quantities
for homogeneous and sourceless material is:

aH. 0, oL,

— =E

dy dz ot

(3.4)
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Figure 3.3: Three-dimensional TLM symmetrical condensed node

Since E, and H. are associated with port 12 on a y-directed line, and E, and H, are
associated with port 2 and 9 on z-directed lines, the pulse incident on port 1 will scatter
into port 1, 2, 9,and 12 after impinging the center of the node.

The amplitude of scattered pulses at port 1, 2, 9, 12 are denoted 5;,,51,2.519,51,12
respectively. Since we are using a symmetrical condensed node in which the distance
hetween the terminal of each port and the center of node is equal to Al/2, §;2 must be
equal to S, i.e, S;2=S19=b. For simplicity, lel §;,=a, 5;,12=c.

The other equation governing £, and H. is:

90E, OE. _ OH,

dx dy __LW (

G
&ne
S

This means that pulse excited at part 1 also scatters into port 3 and 11, and if the
symmetrical node exists, there will be equal and opposite in sign. i.e.5) 3=-5),11=d. Since

no other components among £,,L.,H; H, are coupled with E; and H., the impulse incident
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at port 1 will not scatter into ports 4, 3, 6, 7, §, 10.1.c.
Sl.-l = 51,5 = Sl.ﬁ =517= 51.8 = 51.10 =0 . (3-6)

By following the same procedure at each port, each element of the § matrix can be repre-

sented by a,b,c,and d[19].

a b d 0 0 0 0 0 & 0 —-d c]

5 a 0 0 0 d 0 0 ¢ —-d 0 b

d 0 a b 0 0 0 b 0 0 ¢ -—-d

0 0 b a d 0 —-d ¢ 0 0 1 0

0 0 0 d a b ¢ —-d 0 b 0 O

0 4 0 & a« b 0 0 —-d ¢ 0 0

S=1 0 0 0 ~d ¢ b a d 0 b 0 0 (3.7)

0 0 & ¢ —-d 0 d a« 0 0 b 0

b ¢ 0 0 0 —-d 0 0 a d 0 b

0 —d 0 0 & ¢ b 0 d a 0 O

—d 0 e b 0 0 0 b 0 0 a d
0 b -4 0 0 0 0 0 b 0 d a

A lumped equivalent circuit for this node can not be derived hecause the scattering at
the junction is due to coupling of the fields rather than scattering at circuit nodes. There-
fore, the constants in the S matrix can not be represented by values of circuit lumped
elements. But, fortunately, they can be derived by enforcing the principle of energy con-
servation. For loss-free propagation wave, this leads to the requirement that [S] be a unitary
matrix[36}, i.e.,

§TS =1 (3.8)

which results in the following equations(19]:

A+ +F+2d = 1 (3.9)
2ab+2bc = 0 (3.10)
9ad—2d = 0 (3.11)

2ac+20° —2d = 0 (3.12)
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By solving these four equations to yield:
a=0,c=0,b=1/2,d=1/2 (3.13)

Now the scattering matrix represented by a,b,c,d becomes:

0o 1 1 0 0 o 0 o0 1 0 -1 01
1 0 0 0 0 1 0 0 0 -1 0 1
i 0 0 1 0 0 0 1 0 0 0 -1
0o 0 1 0 1 0 -1 0 0 0 1 0
0 0 0 1 0 1 0 -1 0 1 0 0
1lo 1 0 0 1 0 1 0 -1 0 0 0
5=3l0 0 0 -1 0 1 0 1 ©6 1 0 0 (3.14)
0 0 1 0 -1 0 1 0 0 0 1 0
1 0 0 0 0 -1 0 0 0 1 0 1
0 -1 0 0 1 0 1 0 1 0 0 0
10 0 1 0 0 0 1 0 0 0 1
0 1 -1 0 0 0 0 0 1 0 1 0

Reflected voltage at the node can be now expressed as the linear combination of incident
voltages. For example, at time kAt the reflected voltage at port 1 of a node (7,7, %) in

space is the summation of the incident voltages at port 2,3,9,11:
VI (3, k) = V20 VE(EL 5, k) +1 VIG5, R) 4 V(5. K) = Vi (5, R)) (3.15)

The reflected voltages at time kAt will become the incident voltages for next time step

of corresponding adjacent poris:

saVi(hd — 1L,k = WV (@5, k) (3.16)
e Valiy i k=1) = WV7(4,5,k) (3.17)
eV = L4,k = WV5(35,k) (3.18)
b Vel g k=1) = WVi(i,5,k) (3.19)
e Vi — LK) = (VG 5,k) (3.20)
waVioli = 1,7,8) = WVE(6,5,k) (3.21)
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eVili i +1,8) = V7 (5,40,k) (3.22)

Vil g+ 1L,k) = V5 (i,4,k) (3.23)
w1Vl i k+1) = Vo (4,5, k) (3.24)
e Vel + L5,k = «Vio(i g, k) (3.25)
Ve +1,5,k) = kVi(i4,k) (3.26)
k+1‘l/',"(i,j,k+l) = V58,5, %) (3.27)}

Thus, it is only necessary to store the incident voltages for each node and each of their
12 branches at every iteration. Note that the TLM method is completely iterative, and

requires no matrix inversion, thus making it very stable.

3.3 Wave Properties of 3D Symmetrical Condensed
Node

Unlike continuous wave models which are valid at all frequencies, discretized models such
as TLM, simulate a continuous systems as long as the mesh parameter Al is much smaller
than the wavelength of operation. The TLM mesh being a periodic structure, its wave
properties exhibit alternating pass-band and stop-band characteristics. In other words,
the discrete model has spurious solution at wavelengths which are of the order of the mesh
parameter Al. It is important to study these wave properties in order to understand the
limitations of the TLM modelling procedure, eventually to determine and to correct errors
due to the finite length of mesh parameter Al

The dispersion relation of the 3D condensed node was first studied in the special case of
as propagation along the three coordinate axes and along the diagonals. Nielson[21] derived

the eigenvalue equation of dispersion characteristics for the 3D symmetrical condensed node
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by using Floquent’s theorem. A closed form expression of the simulated wave propagation
vector was derived for arbitrary propagation. The dispersion characteristics of the 3D
symmetrical condensed node were compared with the expanded node. Superior dispersion
performances were reported for the symmetrical condensed node. However, the symmetric
condensed node is subjected to spurious mode generation yielding to some instabilities in

certain case[27).

3.4 Modelling of Lossless Inhomogeneous Media

The scattering matrix proposed in previous section has been used to solve scattering prob-
lems which are assumed to be filled with homogeneous medium. However, there is a large
class of inhomogencous guided wave structures in which dispersion characteristics has to
be determined.

Extra stubs are introduced, like for 2D-TLM, to model constitutive parameters. For
the SCN, six extra ports have to be employed. Stubs donated 13,14,15,16,17,18 models
six field components E, ,E, E. H. H,and I, respectively. Although the node can not be
represented by an equivalent lumped clement network, the concept that electric field can
be modeled by the voltage across the capacitor of the node still holds. To achieve this,
E-field stub must be open-circuited and thus add some capacitance to the node. Similarly,
H-field stub must be short-circuited and add some inductances to the node. The length of
these additional ports is also Al/2 in order to maintain the synchronism. The time taken
for a pulse to travel from the port terminals to the center of the node where scattering
events take place is A1/2, where At is the TLM time step.

To determine the scattering matrix of the node loaded with stubs, a similar analysis

can be made for all arms. Since, by dcfinition, the voltage pulse incident on port 13 only
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couples with the E; ficld, it will scatter into ports 1,2,9,and 12. Because of symmetry of
the node, the scattered amplitudes of these ports excited by an impulse at port 13 are
equal and assigned to e, while the amplitude scattered back into itsell is assigned to be h.
Also pulses incident on port 1,2,9, and 12 will couple into port 13 and, for the same reason
are equal and assigned to g. Similar analysis applied to other ports results in the following

scattering matrix[19]:

e b d 0 0 0 0 0 & 0 —d ¢ g00 0 0 ]
b « 0 O 0 d 0 0 ¢ —-d 0 b gO0O0 0 - O
d 0 a« b 0 d 0 b 0 0 ¢ —-d0 g0 0 0 -
o 0 & a« d 0 —-d ¢ 0 0 b 0 0 g0 z 0 0
0o 0 0 d @« b ¢ —-d 0 b 0 0 GO0 g —i 0 O
o 4 0 0 & a b 0 —d ¢ 0 0 00g 0 z 0
0 0 0 —-d ¢ b a d 0 b 0 0 00g ¢ 0 O
0 0 b ¢ —-d 0 d e« 0 0 & 0 0g20 - 0 0
b ¢ 0 0 0 —-d 0 0 a« d 0 b goOO©O0O0 z O
0 —d 0 0 b ¢ & 0 d e 0 0 00g 0 = 0
-d 0 ¢ & 0 0 0 & 0 b e« d 0g0 0 0
¢c b -d 0 0 0 0 0 b 0 d « gO0O0O0 0 —
e e 0 0 0O © 0 O e O 0 e AhOOO O O
0 0 e e 0 0 0 e 0 0 e 0 0RO O0 0 0
0 0 0 0 e e e 0 0 e 06 0 0O0OAR O 0O O
o 0o 0 f -f 0 f O —-f 0 O 0 OOCOC6C ] ; 0 O
o -f 0 06 0 f f O f —-f 0 00000 j 0

Y 0o 0 0 0 O f -fO0OO0O0 O O J |

(3.28)

This is 2 18x18 matrix in which the value of each element is associated with the
characteristic admittance and impedance of correspouding port. By applying current and
voltage conservation as well as unitary condition as before, the values of the elements in

the scattering matrix are expressed as19]:

_y z
© = Fayv) T2+ 2) (3:29)
4
= (3.30)
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-Y A

= a+Y) ¥ 2) (3:31)
4

e = b (3.33)

f = Zd (3.34)

g = Yb (3.35)
Y —4

h= (3.36)

i = d (3.37)
. 4-2Z

i= 137 (3.38)

where Y and Z take a subscript appropriate to the corresponding stub, for example,

-Y, Zy
4+Y) 204+2)

Sz‘g=c=2

(3.39)

Other matrix clements value appropriate to the corresponding stub can be found in [19].

The values of the inductive (Z) and capacitive (}') stubs are given by:

Yo = 4er—1) (3.40)
Y, = d(ey—1) (3.41)
Y. = d(ess —1) (3.42)
Ze = 4(er—1) (3.43)
Z, = Ay —1) (3.44)
Z. = 4(pe:—1) (3.45)

€rzy Eyys €22 ANG fizz, flyy, fto. are the permittivity and permeability along z,y, z direc-

tions, respectively. It can be noticed that TLM method can also model non-isotropic

[
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material provided that the principal axes coincide with the TLM mesh coordinate system.
In other words, the permeability and permittivity tensor with respect to that coordinate

system has to be diagonal.
3.5 Modelling of Lossy Media

In the symmetrical condensed node without losses, six transmission line stubs with a
length equal to one half of the cell size are added to the node to model local permittivity
or permeability. These lines are terminated into either an open or short circuit so that all
the energy that couples into one of these stubs is returned to the node. In order to model
losses, six more stubs have to be added to the node; three to model dielectric losses and
three to model magnetic losses. These additional stubs are considered to be infinitely long
(or equivalently terminated by a match load) so that no part of the pulses that couple
into these stubs is returned to the node. Since pulses that couple into these stubs are
not returned to the node, there is no need to store them in the computer. Therefore, the
lossy node scattering matrix requires the same computer storage space as the node without
losses.

To model dielectric losses, we add stubs with normalized (with respect to link lines)
characteristic admittances Goz,G,, and G,. which couple only to the E;,E, and E. electric
field components, respectively. For magnetic losses, we add stubs with normalized char-
acteristic impedances R,z,R,, and R,. which couple only to the iz H, and H. magnetic
field components, respectively. The scattering matrix of the node is derived by forcing
charge conservation to be entorced at the node and requiring the scattering matrix to be
unitary; thus, the complete matrix is obtained following the same procedure as mentioned

in the previous section. But the entries, a through j, are calculated differently. The new
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expressions for the scattering matrix elements fully equipped with all twelve stubs are given

by the following expressions, provided that the medium is isotropic in terms of losses:

¢ = ‘2(4§;ic)+2(4i;im (3.46)
b = ﬂﬂ’TG) (3.47)
¢ = _2(4}4’-.;’36)_2(41?-?}%) (3.48)
d = m (3.49)
e = b (3.50)
J = Zd {3.51)
g = Yb (3.52)
ho= i—;g%i (3.53)
i = d (3.54)
i = ‘ii—f{;_g (3.55)

Expressions for Y and Z and are given in previous section. The parameters G and R

are calculated, for a regular Cartesian mesh, by

G = 0.7 (3.56)
R = o.0]Z (3.57)

where Al is the TLM cell size, Zy is the characteristic impedance of the link lines (usually
taken to be 37782), and o, arc o,, are the equivalent electric and magnetic conductivities,

respectively, in the Cartesian coordinate direction.



3.6 Modelling of Boundary

The finite memory of computers limits the size of the TLM networks that can be modeled.
Thus, it is necessary to limit the computational domain by introducing boundaries. Real
structures such as waveguides, circuit components must be defined by boundaries. Hence,
the realistic modelling of all types of boundaries is essential.

Boundaries can be classified as non-dispersive or dispersive boundaries. Non-dispersive
boundaries are locations where the relationship between field quantities or reflection coeffi-
cient are frequency independent. Thus, they can be modeled by a real (time independent)
reflection coefficient that relates incident and reflected impulses at their location. Electric
and magnetic walls for instance, are represented by short and open circuits connected at
their position in the TLM mesh, respectively. During the computation, reflected impulses
from a magnetic or electric wall is computed by multiplying the incident voltage amplitude
by the appropriate reflection coefficient.

Dispersive boundaries should be modeled by frequency-independent reflection coeffi-
cient, which is inconsistent with the TLM scheme in time-domain. However, for a narrow-
band excitation, the reflection coefficient can be assumed constant. In addition, in the case
of non-perfect conducting walls, the reflection coefficient can be computed from the surface
impedance Z, = (14 j)R, and is complex. But for high conductivities the imaginary part
is negligible and is computed by:

Ty = (2, — Zo)/(Ze + Zo) = —1 + B2

(3.58)
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and in the three-dimensional case:

F,"L‘—l+2

(3.59)

Note that since T; depends slightly on the angular frequency w, the loss calculations are
accurate only for that {requency which has been selected in determining I';. In the case of
good conductors, this approach is fully adequate over an octave bandwidth.

For open problems, artificial ahsorbing boundaries must be introduced in order to limit
the size of the computational domain. For normal incidence of a TEM wave, an absorbing
boundary can be achieved without dispersion by terminating the mesh lines by the intrinsic
impedance of the mediwin simulated by the TLM network. However, when the angle of

incidence is not normal absorbing boundary condition algorithm must be applied.
3.7 Absorbing Boundary Conditions

The difficulty encountered when trying to solve open field problems is limiting the domain
of computation such that no reflection occurs where the mesh is terminated. This condition
should hold over a wide frequency range and for any type of waves. One refers to Absorbing
Boundary Conditions(ABC).

One of the commonly used approaches is to use extrapolation techniques, where the
field values at absorbing boundary location are predicted, at each time step, from field
values at interior nodes.

Quite a few absorbing boundary conditions have been developed. But they are just
suitable for 3D expanded node algorithm. Saguet[39] proposed an absorbing boundary
algorithm which is casy to implement and is applicable to the 3D-TLM SCN. This algorithm

eliminates the effects of spurious mode as reported by Chen[27]. The principle behind
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Saguet’s algorithm is based on Taylor’s expansion and to predict the pulses reflected by
the boundary at each time step, as a function of those reflected by the interior nodes (see
Fig.3.4):

For 1 node(lst order):

VL) = VI = 1,7) (3.60)
For 2 nodes(2nd order) :
e VG = 2V = 1L5) = V(= 2,5) (3.61)
For 3 nodes{3rd order):
e Vi, ) =25V = 1, ) + 2061 VT(7 = 2,5) + 0.5e2V7(i — 3, 7) (3.62)

where V" and V¥ correspond to voltages of arms connecting to the boundaries. The absorb-
ing conditions are modeled by implementing the above algorithms. The accuracy of the
algorithm depends on the number of nodes used for the pulse prediction. Third order algo-
rithm is used to simulate all problems in this work and found to be accurate when utilized
in the calculation of dispersion characteristics of open guiding structures as demonstrated

in chapter 5.
3.8 Excitation and Output

Launching excitation and extracting the response after a reasonable number of time steps
are very important. For instance, depending on the location of the excitation, modes
may not be excited or not appear in the response. Generally speaking, excitation and
output points should be placed at locations where the amplitude is relatively large enough

compared with the peak values.
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Figure 3.4: Saguet’s absorbing boundary

3.8.1 Excitation

In the case of zero initial condition, the amplitudes of impulses throughout the mesh is set to
zero. The network is then excited at selected source or inputs points with a Dirac function
or a stream of impulses weighted by any time-function. As time progresses, impulses travel
from one node to neighboring nodes to finally reach all nodes of the domain of computation.
Each iteration in the computer represents a time interval dictated by the ratio Al/¢, where
¢ is the speed of light in vacuum Since a Dirac impulse contains all frequency components,
the corresponding response will also contain information over all {requencies. However,
frequency dispersion of the TLM mesh will limit the range of {requency over which the
response is accurate.

P.B.Johns{19] showed that in the case of the 3D-TLM SCN, the field components are

]
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excited according to a set of relations. For instance, for a given set E, H: H.. the voltage

amplitude at the ports are:

Vi = (vE, —wZoH.)/2 (3.63)
Vi = (vE,+uZoH,;)/2 (3.64)
Vi = (vE, —uZoH:)/[2 (3.65)
Vi, = (vE,+wZoH:)/2 (3.66)
Vi = vE,[2 (3.67)

w=v=w=1 for a square cell. Zg is the free space wave impedance. For example, if
only the field E, is to be exciled at a node with permittivity stub (port 14, not shown in

Fig.3.3), the following incident impulse are required:
Vi=vf2, V] =v/2, Vi =v/2, V| = v/2,V}; = v/2 (3.68)
3.8.2 Output

By enforcing the principle of current(charge) conservation, Johas[19] showed that E, , for
example, can be computed by:
E, = 2(vh + v} + vg + 01, + Vo) /v(1 + 1) (3.69)

where Y, was defined before. Other field components can be found in a similar manner(19).
The frequency domain solution of £, can then be obtained by performing Fourier transform

on the time-response which consists of a stream of impulses computed by (3.69).
3.8.3 Fourier Transform

As explained before, The TLM method has the advantage to provide the frequency response

of a structure from the impulsive response. The output impulse function at a particular
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point in the mesh is simply obtained by observing the stream of impulses and can be

wrilten as:

Pty =S Aeb(t — kto) (3.70)
k=1

where A is ficld amplitude at kth time step. The above time-domain function contains
information within the frequency range of the TLM network. The response to any arbitrary
excitation time-function can be computed from the impulse response £'(¢} by convolution.

Of particular interest is the frequency response of time-domain solutions. Since F(t) is
a series of delta functions, the fourier integral is computed by summations. The real and

imaginary parts of the output spectrum are:

Re[F'(—AXi)] =5 Akcos(kaéX!) {3.71)
k=1
Im[F(%)] =3 Aksin(.?-.k%—[ (3.72)

Where F(%’) is the frequency response. In this application, different values of propaga-
tion constant 8 will correspond to the frequency for which the modulus | F |=([ReF}? +

[ImF)?)'/? has a peak for a particular mode.
3.9 Sources of Errors

Several sources of errors including truncation error,velocity error and coarseness error have
been reported[8]. All play a role in limiting the accuracy of the TLM method and it must
be applied with caution in order to yield reliable and accurate results.

The need to truncate the output impulse function leads to the so-called truncation error.

It is shown[8] that the truncation error decreases with increasing number of iterations, but
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at the price of more CPU time. It is recommended that the number of iterations be chosen
such that the truncation error is reduced to a fraction of a percent and can be neglected.

Due to the periodic structures of the TLM network, the wave propagation in the network
experiences dispersion effect. These effects usually cause network simulations to deviate
from actual space wave propagation, resulting in velocity error. This error responds to
the same remedial measures as the coarseness error which will be discussed later, and it
therefore does not need to be corrected separately.

The coarseness error occurs when the TLM mesh is too coarse to approximate highly
nonuniform field which can exist at corners and edges. This error is particularly cumber-
some when analysing planar structures which contain singular regions. A possible measure
would be to choose a very fine mesh. However, this would lead to large memory require-
ments particularly for three-dimensional problem. A better approach is to introduce a
network of variable mesh size to provide higher resolution in the highly varying field re-
gion. Recently, Hoefer[22] proposed a new method which employ a fifth arm attached to
corners or edges. These measures are reported to reduce the coarseness error by one order

of magnitude and, simultaneously, reduce the velocity error.
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Chapter 4

An Improved TLM Node for
Full-wave Analysis

4.1 Introduction

The 3D-TLM SCN can be also used Lo analyse the dispersion characteristizs of guided
wave structures like 3D expanded node [8]. Dispersion analysis by these TLM techniques
involve resonating a section of the guided structures by placing short-circuiting planes along
the axis of propagation. The separation of the shorting planes equals half of the guided
wavelength for the fundamental mode at the resonant {requency of the cavity. If the
distance between these planes is 2L, the phase constant is given by f=#/2L. By changing
L also f changes, Repeating the calculation for the resonance trequency corresponding to
each new (3, the dispersion characteristics of the guided structure can be then obtained.
Chio [49] et al appliced this technique to calculate the dispersion characteristics of a
simple rectangular cavity as shown in Fig.4.1. They have assumed a dominant mode in
the initial value assignment. Only up to 20 meshes can be discretized along propagation
direction without exhausting computer resourses. It takes about twenty minutes {o obtain
the resonant frequency under Lhe conditions of 2000 iterations and maximum mesh-size

discretization. The simulation results are shifted towards lower {frequencies when compared



short-circuiting
plane

4 Y

Figure 4.1: Rectangular Cavity
with theoretical solutions. This is mainly produced from the fact that the mesh size along
the z-axis is Loo large.

The large memory space and CPU time requirement are mainly due to the fact that the
full-wave analysis requires a three-dimensional mesh and that processing a time-domain
impulse involves from the start much more [requency information than what is actually
needed for the guided structure analysis. Only after the impulse response is obtained, a
Fourier transform selects the information of interest.

In the following section, a two-dimensional TLM algorithm for {ull-wave analysis is
presented. Based on the 3D-TLM as described in chapter 3, it reduces the memory and

CPU time significantly while keeping a comparable simulation accuracy.

4.2 A new TLM node for full-wave analysis

The 3D-TLM algorithm was introduced in chapter 3. The proposed TLM full wave analysis

is based on that algorithm, in which the following relationship between the incident and
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Figure 4.2: A modified 3D-TLM symmetrical condensed Node

reflected voltages at arms along the z-direction are as follows:

eVl k= 1) = eap(=jB AWV (L5, k) (4.1)
eVa(isj k=1) = eap(—jB O DWV5(i,j,k) (4.2)
ki Va(id b +1) = exp(§8 A NVY (i, 4, k) (4.3)
e Vi(i i k+1) = exp(iB8 A DWVE (3,4, k) (44)

~ Where Alis the mesh size. The new concept of this modified 3D symmetrical condensed
node(MSCN) is shown in Fig.d.2. (V& Vi Vi Vo and 1V e Vit Vi V4 are the
reflected voltages al time & At and the incident voltages at time (k4 1) At on the lines
4, 2, 9, §, respectively. At = Alfc, with Al is the mesh parameter and ¢ the velocity of
light. The derivation of equations(4.1-4.4) is obvious recalling that the z-axis dependent
factor of the guided mode is exp(jBA!), where 8 is the phase constant. Thus, if a mode

has been excited, the reflected or incident voltages along the z-axis at two adjacent nodes
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have only a phase difference of SA! at the resonant frequency. The incident voltages on
the lines 2 and 4 at time (k + 1) At are the reflected voltages of the next node along
the negative z-axis direction at the time k A ¢, which in turn are identical to the reflected
voltages on the lines 9 and 8, except there is an increase of B! in the phase. Similarly, the
incident voltages on the lines 9 and 8 at time (k + 1) At are the reflected voltages of the
next node along the positive z-axis direction at the time & A ¢, which are also identical
to the reflected voltages on lines 2 and 4, except there is an decrease of 8! in the phase.
In other words, the z-axis arms of the three-dimensional node are directly connected by
a non-reciprocal phase shift.The reflected voltages on one z-axis arm at time & A ¢ will
propagate along this phase shift and then become the incident voltages on the other arm
at time (k& + 1) A t. Therefore the three-dimensional node is closed in the z-axis direction
and the iteration procedure for the impulse propagation in space need only be carried out
in = and y direction. This equivalently reduces the three-dimensional line mesh to only a
two-dimensional network. Since A takes part into calculation as an input data, the whole
dispersive characteristics can be obtained without changing the layout of the mesh for each
new A value. Hence the CPU time and memory space required are reduced considerably.

It has to be pointed out that the amplitudes of impulses as shown in equation (4.1-4.4)
are complex quantities and not real values as required by the conventional TLM method.
It means that an impulse with a complex amplitute imposes a constant phase shift on all
frequencies involved. Since the scattering and transmission matrix are real, there is no
coupling between the real and imaginary parts during scattering and propagation among
the nodes. When performing Fourier transform, the complex notations in the time domain
are regarded as real quantities. Coupling between them occurs only through equations(4.1-

4.4). Hence, developing these equations with its real and imaginary part will result in eight
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real equations instead of four complex ones. By linearly combining two real solutions one
obtains formally the same results as if one would use complex notation right from the
beginning. The complex notation used in this thesis does not change the TLM algorithm

but simplifies the formulation as well as the programming significantly.
4.3 Calculation Procedures

The model described above can be considered a transmission line resonator with length Al
in z direction. But it is different from the resonator employed in the conventional TLM
method from the fact that the propagation constant # in this resonator is not related to the
length Al by 8 = 27 /L. This characteristic allows the computation for different values of
8 with a fixed value of Al. Consequently, the number of the nodes in z direction is reduced
to 1, which is equivalent to a two-dimensional mesh. Another novel characteristic of this
resonator is that it supports travelling waves rather than standing waves (two travelling‘
waves with same 8 propagating in opposite directions).

Nevertheless, Lhe-calculation steps in this new approach are similar to those in the
conventional TLM full-wave analysis. First, we excite this “travelling wave resonator” by
launching some initial impulses which will consequently propagate and be scattered. After
a sufficient number of iterations, the field impulses response contains contribution from
all modes propagating in the guided structure. Performing the Fourier transformation on
the time-response determines the position of peaks in the spectrum, which corresponds to
resonant frequencies of the “travelling wave resonator” for a given 8. Therefore , we can

build up the dispersion characteristic relating constant 3 and the frequency for all modes

of the structure.
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Chapter 5

Curved Boundary Treatment

5.1 Introduction

The transmission line matrix method for the numerical analysis of wave propagation uses a
mesh of transmission lines to represent space either in two or three dimensions as presented
in previous chapters. Most of the guided wave structures that have been analysed by the
method have boundaries that coincide with a cartesian mezsh and, therefore, can easily
run between two adjacent nodes in order to satisfy synchronism. This type of modelling
will result in inaccurate solutions when applied to curved boundaries since it can only
represent them in a stepwise manner. Similar considerations apply when modelling of
waveguide components, discontinuities or junctions requires an accurate positioning of
boundaries which can not be an exact multiple of Al/2 without using small mesh sizes. It
is, therefore, important to provide an algorithm of correction for arbitrary positioning of
boundaries.

This chapter introduces the techniques to treat the curved boundaries both in two
and three dimensions. It is found that the new technique removes the restriction that
dimensions of simulated structures can only be integer multiples of the mesh param-

eter and thus considerably improves the flexibility and accuracy of TLM modelling of
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microwave/millimiterwave/optical components by freeing the model from the traditional
staircase approximation of curved boundaries and by improving the geometrical resolution

without significant increase in computational expenditure.
5.2 Piecewise Straight Boundary

Traditionally, boundaries are placed halfway between nodes in order to keep the synchro-
nism. This condition is obvious when applied to straight-line boundary as discussed in
previous chapters. This technique can be also applied to curved boundaries and leading to
what is called piecewise(staircase) approximation as shown in Fig.5.1.

The implementation of TLM algorithm for curved boundaries is the same as that for
slaircase approximation except that the incident impulses of the nodes adjacent to the
boundary(boundary nodes) have to be modified along two directions in-stead of one direc-
tion in the case of straight-line boundaries. All the boundary nodes require independent
treatment since they can not be modeled in the same way as interior nodes. This is a te-
dious work, particularly when very fine meshes are used and a lot of boundary nodes have
to be treated. As stated before, the simulation results found by using staircase approxi-
maltion technique is not accurate since it does not represent the geometry of the boundary
exactly. To increase the simulation accuracy, reflection coeflicient modification technique

in 3D condensed node is introduced in the next two sections.

5.3 Arbitrary Position of Boundary

When boundary nodes do not lie half-way between nodes, the time taken for a impulse
to leave an adjacent node, bounce on the boundary, and return to the node will not be

Alfec, where Al is the spacing between interior nodes. This is in conflict with the basic
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Bourdaries Boundaries

Figure 5.1: Approximation of a curved boundary by a piecewise straight bound-
ary

principle of the TLM analysis since it requires that the impulses everywhere in network
arrive at all nodes simultaneously. However, this difficulty can be overcome by stipulating
that branch of transmission-line joining the node to the boundary have the same length
as other branches, but that its characteristic admittance be altered to account for the
difference between its true length and Al/2.

Fig.5.2 shows the concept of arbitrary wall positioning in two-dimensional TLM. Con-
sider a short transmission line AB of length [ = o A /2 and of unitary characteristic
admittance as shown in Fig.5.2. If B is a short-circuited termination (electric wall), then

the input admittance y, at A is given by:

1 -
Ya = jtan(fa £ 1/2) (5.1)

Where 8 is the phase constant for the line. A’B’ is another line of length Al/2 with

characteristic admittance y, on which waves propagate with the same velocity as on AB.
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If B' is also short-circuited, then the input characteristic admittance y4+ at A’ is:

_ y
Y4 = Tan(B B 1]2) (52)
The input admittance at A and A’ should be the same in order to deal with the same

problems, i.e., y4 = ya+, then, for small 3 Al (small Al/}):

1
y=-=
(84

Similarly, if B and B’ are open-circuited:

Since the characteristic admittance of one branch is not the same as the other three
branches. The scattering matrix will be different from what is described in equation (3.2).
A modification of the impulse scattering matrix of boundary node is needed. On the
transmission-line matrix, if V! is the magnitude of an incident pulse on a node from the

nth co-ordinate direction, then the pulse VT reflected into the nth coordinate direction is

given by[l4]:

4
Vr: = (z var::;) - V;-: (5‘5)
m=1
Where:
2 -
T, = o (5.6)

Where ¥, is the normalized admittance of the line in the nth coordinate direction. Rec-
ognizing that the reflected pulses from one node become incident pulses on a neighboring
node, an iteration process can be set up from the above equations.

The curved boundary may lie at any place between two nodes as shown in Fig.5.3. We

can apply the above technique along two, three or even four directions provided that we
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Table One

Mode | Theoretical result Numerical resuit Numerical result
Piecewise Boundary | Arbitrary Boundary
E o 0.3828 0.3818 0.3815
E 02 0.8785 0.8653 0.8679
E |, 0.6099 0.6020 0.6077
E 2 1.1166 1.0976 1.1099
E 21 0.8174 0.8219 0.8159
E 1.3396 1.3219 1.3280
H 0.6099 0.5978 0.6024
H,, 1.1166 1.0611 1.0887
H |, 0.2930 02816 0.2834
y=1 4— Electric ol 4——Elsvc’r:'c
wal @
A B AI Bt
y=1 y=1 a=21/Al y=1 y=1/u
=] y=1
A2 | AlR2 A2
< >4 > < L >

Figure 5.2: Modification of boundary node for arbitrary position of boundary
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Figure 5.3: Modification of curved boundary

know the length of cach branch conneciing to the boundary. For example, at node A the
characteristic admittance on line AB and AC are 3, = 1/a; and y, = 1/a,, respectively.
Node A in Fig.5.3 is modeled by applying these values into equation (3.6).

Using this technique, results have been obtained for empty symmetrical circular waveg-
uide[42]. Table 1 shows the results for the normalized cutoff wavelength A./a for various
modes, both for the piecewise stiaight-line boundary as discussed in the previous section
and arbitrary position of boundary. The radius of this circular waveguide ¢« = 5 A [, 500
iterations steps were used. It can be found that the numerical results obtained by latter
technique are closer to theoretical results than those obtained by piecewise straight-line
boundary modelling. Note thal, in both cases, the worst errors for a given family of modes
occur. for large ¢/N. T™s s due to the dispersion of the TLM network as discussed in
chapter 3. This error inzreases with frzquency, the upper bound on the error being as high

as $% for the Ejo circular mode.




5.4 Reflection Coefficient Modification Technique

In the above section, we discussed the concept of arbitrary wall positioning. A boundary
branch which has a length different from Al/2 is simply replaced by an equivalent branch of
length Al/2 having an identical input admittance. This ensures synchronism but requires
a different characteristic admittance for the boundary branch and hence, a modification of
the impulse scattering matrix of the boundary nodes.

When this technique is applied in 3D symmetrical condensed node, the characteristics
irnpedance of the six arms are not equal, As a result, the symmetry is lost and the number of
elements in the scattering matrix is substantially increased. For example, there are sixteen
unknowns to be determined, as compared to four unknowns in the case of symmetrical
condensed node when the length of only one arm is different from the others. If there
are more than two arms connected to the boundary and having different length with any
other, the numbers of matrix elements will be at least tripled. These unknown elements are
obtained by solving a set of non-linear, second order equations, which is not always well-
behaved. Therefore, the technique used in 2D-TLM brings some difficulties when applied
to the 3D-condensed node TLM.

Hoefer[42) proposed a technique to account for arbitrary positions of boundaries in 3D-
TLM symmetrical condensed node. While the scattering matrix of the boundary nodes
remain unchanged, the boundary at the arbitrary distance is represented by an equivalent
inductance or capacitance. The differential equation governing the relation between voltage
and current in this element is solved in a discretized manner to be compatible with the
TLM algorithm. This results in a recursive reflection algorithm at the boundary.

Fig.5.4 shows the representations of short or open circuits by their corresponding induc-
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tance or capacitance which are found from their transformed impedance at Al/2. Assume
that we wish to position a reflecting boundary(electrical or magnetic wall) at a distance
Alf241 from node as shown in Fig.5.4, where { is an arbitrary shift in the boundary position
beyond the standard distance Al/2 for which the node scattering matrix has been defined.
The normalization input impedance at A for a short-circuited transmission-line(electric

wall)and its equivalent inductance is:

For open-circuited transmission-line (magnetic wall),one has:

, 1 1

‘T JtanBl ~ jwCZe

Since the mesh size is small enough to comply with the dispersion requirement (Al/A <
0.05), i.e.,, Al << 1, the inductance and capacitance can be considered independent of

{frequency (tanpfl ~ Bl), yiclding:

Zol .
L= T (09)
)
C=— (5.10)

where ¢ is the propagation velocity in the TLM mesh.

It is now possible to write the differential equation governing voltage and current of the
input of the reactive stubs in terms of the incident and reflected impulses, and to replace
this differential equation by a difference equation. Consider a simple inductance circuit as

shown in Fig.5.5. The differential equation that governs the circuit is:

di
/ = — 5
! Ldt (5.11)
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The corresponding difference equation is:

. . r_ i AV Vi
WV Vi TR o l—— (5.12)
At At

After manipulating equation (5.12), one has:

¢ —1
z VT +

V=
* (ra-i-l K+ 1

(—k=1 V" 11 V) (5.13)

where subscripts k& and & — 1 represent the voltage values at time k At and (k—-1) A ¢,
respectively. & is equal to 21/ A { in the 3D-TLM case, and v2I/ Al in the 2D TLM case.

Similar analysis is applied to the equivalent capacitance circuit and the [ollowing equa-
tion is obtained:

1 -« K
%
1+n)ﬂ +

V=

(k=1V" 411 V) (5.14)

l+&

Equation (5.13) and (5.14) can be written in the following recursive formula:

: k=1 K ;
N = VT e Ve V! 5.15
k (x+1)“ +K+1(PL 1Vt V) (5.15)
where p =1 for a magnetic wall and p = —1 for ~n electric wall. The reflection coefficient

between the diclectric interface is p = {92 — m)/(92 + m), where n,,7; are the wave
impedances of the corresponding dielectric material. Equation(3.15) indicates that the
present impuise reflected from the boundary in the reference plane at Al/2 depends on the
present incident impulse as well as on the previous incident and reflected ones.

The recursive formula (5.15) is based on the assumption that the distance between
the node and the houndary is beyond Alf2. If this distance is less than Al/2, the same
procedure as before, in which the equivalent lumped elements are positioned Al/?2 from

the node, is applied and lead to the following recursive formula:

£+1 K

_/i= VT
4 (n—l)ﬂ +n—l

(p;,_1V’ +k_1 V') (516)
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Figure 5.5: Equivalent inductance circuit

It has to be noted, in the case described in Fig.5.4 the boundaries can not be exactly
at the nodes({ # Al/2). In this case k=1 and (5.16) become indeterminate.

To alleviate this problem, one can choose a value of [ which is very close to Al/2, for
example, [ = 0.8 A /2, to approximate the real distance | = Al/2. It has been demon-
strated that { can be chosen up to | = 0.92 A /2 withoul causing numerical instabilitics.
This substitution represents a very accurate treatment of the above mentioned boundaries.
Furthermore, very few boundaries are located exactly on the half-way between nodes and
can be eliminated by rediscretizing the space if necessary.

Although these recursive formulae are derived for straight-line boundary, they can be
also applied to curved boundaries that run at arbitrary posilions between nodes. This
technique is found to be more accurate than staircase approximation when applied to 3D

symmetrical condensed node as shown in chapter 7.
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Chapter 6

Results and Discussions

6.1 Introduction

In previous chapters, the new TLM algorithm was introduced and its applications to inho-
mogeneous, lossy and anisotropic materials were described. Special treatment of the curved
houndary was discussed. In this chapter, the dispersion characteristics of some rectangular
and circular guided wave structures are analysed by using this new TLM algorithm. Since
all the structures investigated are assumed to be symmetrical, only half of the structure is
needed to obtain the total dispersion characteristics. The simulatinn results are compared
with theoretical solutions or those provided by other proved numerical methods in open

literatures.

6.2 System Size and CPU Time

The new TLM algorithm requires that 12 x Ny x N; mesh for modelling of homogeneous
material and 18 x N; x Nz mesh for inhomogeneous material be discretized, N, N, being
the number of mesh along horizontal and vertical directions. Theoretically, Ny, N, are
chosen as large as possible to obtain the small value of Al/) so that mesh dispersion

can be neglected. Bui the maximum mesh size can not exceed a certain value without
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exhausting computer resources. For example, the maximum value for the products of Ny
and Nz can be 5284 (72 x 72) for modelling of homogeneous material and 3456 (58 x 58) for
inhomogeneous materials on TRIX 3100 workstation. Any products of N1 and N, greater
than these values will exhaust computer resourses. It is found that more than five minute
CPU-time is taken for 500 itcrations and around twenty minutes for 3000 iterations under
maximum mesh size. The same program was run on the University of Toronto Cray XM-P
supercomputer for the 72 x 72 mesh size and 3000 iterations. It was observed that the total
computation time was only 3 seconds. This represents a drastic imnrovement of nearly 3
orders of magnitude. This demonstrates the suitability of the TLM algorithm {or such

machine.

6.3 Rectangular Guided Wave Structures
6.3.1 Empty Waveguide
A simple empty waveguide is used to validate the new TLM algorithm since an analytical

solutions is available. The dispersion characteristic can be found in any textbook and is

given by:

nw

B = \J4me e - [(T0) + (P (6.1)
where [ is the phase constant. a and b are waveguide dimensions along horizontal and
vertical directions, respectively, and m,n are mode indexes. Fig.6.4 and Fig.6.5 show the
numerical results for the first mode(T Eyo) and the second mode (T'E) (3000 iteration
times, 72 X T2 mesh), respectively. By comparing with corresponding theoretical results,
it is obvious that the numerical soiutions for the first mode agree with the theoretical
solutions better than the second mode. This illustrates that the effect due to dispersion of

the TLM mesh increases with frequency.
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Fig.6.6 shows the results for different number of iterations. It is found that the dis-
persive curves (T Ey mode) differ from the theoretical results as the number of iterations
goes down. It was observed that 3000 iterations are large enough under maximum mesh
discretization to maintain a very small truncation error while keeping a reasonable com-
putation time. Therefore, all the simulations followed are based on 3000 iterations and

maximum mesh discretization unless otherwise specified.
6.3.2 Lossy Material-filled Waveguide

It has been demonstrated that the new TLM algorithm works well for empty waveguide in
above section. Its theoretical application to lossy material are the same as empty waveguide
except that some modifications of scattering matrix have to be done. Here, we consider
dielectric losses although a similar procedure can be followed for magnetic losses. The
dielectric constant is assumed to be independent of frequency. Fig.6.7 shows the dispersion
curve for the first mode(TF0) of a lossy waveguide, where (a = 6em, b = 4em). 89 x 59
meshes is employed to account for the dimension difference along horizontal and vertical
directions. It is found that the differences between this method and FEM(35] are within

3% provided that Al/X is less than 0.05.

6.3.3 Inhomogeneous Waveguide

The effects of inhomogeneous material can be modelled by introducing the extra stubs.
The structure investigated is a dielectric-slab-loaded waveguide as shown in Fig.6.8. As
the wave propagates in the waveguide, most of the energy flow occurs in the dielectric-slabs.
Therefore, the output point should be located in the dielectric material in order that field
level is high enough to be extracted and then the peak values in Fourier domain response

can be clearly observed. In this case, the excitation point is chosen to be close to the right
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hand of the left dielectric slab while the-output point is very close to the left hand of the
right dielectric slab for the first mode. Those for the second mode have to be away from
the center of the waveguide and within the dielectric, since the peak value of the field is
around there.

Since extra stubs are involved in the modelling of dielectric material, the number of
meshes has to be reduced to 58 x 58 in order to remain within the computing capabilities.
Although the mesh dispersion for the modelling of inthomogeneous material is slightly larger
than homogeneous material§], good results are still achieved by comparing with those
obtained by Mode Matching Method[36] as shown in Fig.6.8, where the phase constant is
normalized to that of free space. The results by both methods start to differ from each
other when frequency goes over 25G H = due again to the dispersion produced by the TLM

mesh.
6.3.4 Shielded Dielectric Wave Guided

Since there are surface wave outside the dielectric waveguide, this constitutes an open
problems. For simplicity, all the diclectric waveguides investigated are shielded to limit the
computation domain as done in open literatures[34][35].

First, we consider a dielectric waveguide as shown in Fig.6.9, where n, and n; are the
refractive indices of the core and cladding regions, respectively. Assuming the shielded
boundary is five times larger than dielectric waveguide(X = 10{,Y = 5¢) and considered
to be large enough without significantly disturbing the fields since they decay very rapidly
outside the dielectric. The origina' open problem is now substituted by a bounded one
without complicated absorbing boundary algorithm.

Fig.6.9 shows the propagation characteristics of the first mode(£n) of this dielectric
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waveguide. The normalized frequency v and the normalized propagation constant b are

defined as:

v = foly/n? —nd/n (6.2)

b= (B/B0)* — n3

n? —n2
Good agreement is observed with FEM[34] and empirical solutions[37].

Next example is an equilateral triangular core waveguide as shown in Fig.6.10. The
refractive indices of core and cladding regions are n;=1.5 and n,=1.0, respectively. The
shield dimension is chosen to be X = 61 and ¥ = 5{. Our results agree well with those
presented by Koshiba[34] and Yeh[38] at low frequencies. The curve produced by the TLM
method differs at high frequencies because of the mesh dispersion, as mentioned before.

Up to now, we have analysed the propagation characteristics of some simple guided wave
structures. A more elaborated application of this new TLM algorithm is a lossy image guide
shielded with a perfectly conducting box. Fig.6.11 shows the dispersion characteristics for
E,y mode as well as the geometry of this image waveguide in which the complex relative
permittivity is chosen as e = 1.5 — 71.5, a = 44,b = 2{.

Another application involves the modelling of anisotropic material. Consider a dielectric
waveguide which is composed of lossy anisotropic material. Fig.6.12 shows the propagation
characteristics for shielded image guide composed of lossy anisotropic dielectric. The real
part of dielectric is assumed to be anisotropic. Two cases are investigated. First, the real
part of the dielectric is c;=2 and e;=1.5 for the second case. The dielectric constants along
z and z are considered equal (¢, = ¢, = 1.5 — j1.5). If the imaginary part of dielectric is
anisotropic, the simulation program is not modified because the computer prograin handles

loss tangent as input data.



The above two applications are compared with those produced by FEM(35] as shown
in Fig.6.11 and Fig.6.12, respectively. The maximum difference is 4% in both cases.

Finally, we analyse a shielded microstrip transmission as shown in Fig.6.13, where
w=12Tmm,t = 0,h = 1.27, X = 12.7mm and Y = 12.7mm. The microstrip is located
on a isotropic substrate with ¢,=3.875. It has to be noted that the microstrip is made
of metal and the field around the microstrip edges is near singular. More meshes have
to be placed around the microstrip to account for this quasi-singularity. As a result,
25 x 25 meshes are devoted to the area around the microstrip among 58 x 58 meshes. This
indicates that more than 40% ol the meshes contributes to the areas near edges, while
only 20% contributes to the remaining region. This variable mesh discretization is shown
in Fig.6.1 together with regular mesh discretization used before. The simulated results by
using regular mesh size and variable mesh size, as described before, are shown in Fig.6.13.
Solutions produced by the variable mesh size technique are closer to FEM(34], which shows
the importance of accounting for conducting edges or corners in structures.

Fig.6.14 shows the propagation characteristics for the first and the second mode by
using variable mesh size technique. Results agree well with those obtained by FEM[34].
The difference at high frequencies is due to the mesh dispersion of the TLM method. Again,
it should be noted that accuracy can be improved by the use of large computer on which

more memory is available.
6.3.5 Open Guided Wave Structures

There are cases in which the microstrip transmission line is not shielded. This becomes an
open problem. Absorbing Boundary Conditions(ABC) have to be employed to limit the

computation domain. The ABC introduced in section 4.4 of chapter 4 is used to investigate
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how large the dimension should be to obtain accurate simulation results.

Fig.6.15 shows TLM results for various dimensions of ABCs. The parameters used for
the computations are b = 3.17mm, w/h = 0.96,¢, = 11.7, st, = 1.0. The cffective dielectric
constant ¢,ess(w) are used to account for the dispersive characteristics of the microstrip.

It is defined as[39):

‘ _ Bw)
€rejf(w) = et

(6.4)

The dimension of ABC-1 is chosen to be X = Y = 10mm as shown in Fig.6.15.
The variable mesh size technique is used for ils better accuracy, as shown before. More
than 60% of the total availabie meshes(36 x 36) contributes to arcas around edges of
the microstrip. As shown in Fig 6.2, there is quite a large difference between dispersive
curves produced by FDTD[39], empirical formula by Pramanick{40] and the proposed TLM
method. This is because the absorbing wall is placed too close Lo the microstrip and the
field does not impinge normally on the absorbing wall and, hence, does not give the zero
reflection coefficient at the absorbing boundary as explained in[27]. At high frequencies,
this difference is even much higher because of the large mesh dispersion of TLM method.
As the absorbing boundary is moved further(for ABC-2, X = Y = 18mm, for ABC-3,

X = Y = 30mm), the level of the ficld that does not perpendicularly impinge on the

boundaries is very small and, therefore, has very little effect on the modelling resulis.
6.4 Circular Guided Wave Structures
6.4.1 Empty Waveguide

The empty circular waveguide is used to validate the two boundary treatment techniques

as introduced in chapter 5 since its exact solutions can be obtained. Theoretical dispersion
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Figure 6.2: The layout of absorbing boundary for open microstrip transmission
line

equation of empty circular waveguide for TM modes is:

I)"l n

B = \[w?ngeg — (T)"’ (6.5)
and for TE modes:
b= \[“*‘2#050 — (B )2 (6.6)
a

Where a is the radius of circular waveguide pu, and p,,, are the roots of the first kind
Bessel function and the derivative of the first kind Bessel function, respectively. m,n are
mode numbers.

Two cases are considered Lo demonstrate that redection coeflicient modification tech-
nique is more accurate than the staircase approximation. First, a empty circular waveg-
uide with radius ¢ = Hmm is discretized by 8x8 meshes(£1/A=0.2). This represents a
very.coarse meshes. Fig.6.16 shows the comparisou between dispersion curve of T} ob-
tained by the use of piecewise boundary approximation, reflection coefficient modification

technique and exact solution. It is found that the solution produced by using refleaiion
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cocfficient modification technique is closer to the exact one than piccewise boundary ap-
proximation.

For the second case, the circular waveguide is discretized under maximum mesh size
as stated hefore. More accurate results produced by reflection coefficient modification
technique are still observed as shown in Fig.6.17 and 6.18. The difference between the
two techniques and theoretical solution is smaller than previous one since more meshes is
employed and, hence, mesh dispersion is smaller.

It is also ohserved from Fig.6.17 and 6.18 that the first mode(T Ey;) agrees better than
the second mode(T My,) because the mesh dispersion is smaller at lower frequencies, It
has to be noted that the excitation and output points for TAfy; mode should be placed
around the center since the electric field exhibits the maximum value in the center of the

waveguide.
6.4.2 Circular Dielectric Guided Wave Structures

In above sections, the shielded boundary around the rectangular guided wave structures
is used to limit the compuiation domain simply because we want to compare the simula-
tion results with those by other method in open literatures. Ilere, we applied absorbing
boundaries around the circular diclectric guided wave structure to limit the computation
domain. Fig.6.19 illustrates the dispersion characteristics of diclectric circular waveguide
for the first mode(ff £11) by using different boundary treatment techniques. The dimen-
sion of the absorbing boundary is X = 4a, Y = 4} as shown in Fig.6.3. It is demonstrated
that better results are achieved under this absorbing boundary dimension X = 44,Y = 4b.
'The location of excitation and output points are similar to those of T'Ey; mode since it

is a major component of the hybrid of /I E,; mode. Once again, it is proved that the
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Figure 6.3: The layout of absorbing boundary around the dielectric circular
waveguide

reflection coefficient modification technique is more accurate than piecewise boundary ap-
proximation. Errors come [rom the imperfect absorbing boundary and mesh dispersion,
particularly at high frequencies.

As a more complex application, consider an inhomogencous circular dielectric waveguide
as shown in Fig.20. The dielectric constant of the upper half and lower half is ¢ =

2.56 and €z = 2.03, respectively. [ig.6.20 shows dispersion characteristics of the second
mode(oTEm),. where (T Ey, is not complele transverse mode but hybrid mode in which
T Ly mode is a dominant component. The same dimension of absorbing boundary, as
used in the case of homogencous dielectric waveguide, is applied. Simulation results are
compared with those obtained by point-matching method[10] and agree well especially at
low [requency.

The last application of the proposed TLM algorithm is the case of bilateral finlines
in circular waveguide housing as shown in Fig.6.21. Tor reasons stated before, a denser

mesh is used in areas around the conduction strip cdges Reflection coefficient modification

technique is used to deal with the circular boundary. Fig.6.21 shows the dispersion curves
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for H Eyy mode, where a = 4.615mm, h = 0.254mm, w = 0.3mm, ¢, = 2.2. Good agreement
1 1 ¥ g

is observed with FEM[41].
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Chapter 7

Conclusions

This thesis describes the physical principle. the formulation, the implementation of the
TLM 3D symmetrical condensed node. Numerous features and applications of the method
are discussed, such as the treatment of inhomogeneitics, losses and anisotropic properties
matcerial.

An improved TLM algorithm which allows a full-wave analysis and computation of dis-
persion characteristics of guided wave structures was described. Introducing a phase shift
in the longitudinal direction and choosing the propagation constant as input parameter, al-
lows the determination of the mode corresponding frequency by using a Fourier transform
of the TLM impulse response. In contrast to the conventional TLM full-wave analysis,
the new approach reduces the three dimensional mesh to only a two-dimensional network.
This lcads to a significant reduction of CPU time and memory space requirement.

A reflection coeflicient technique applied to tne 2D and 3D symmetrical condensed node
was introduced to deal with curved boundary. This techrique removes the restriction that
dimensions of structure can only be integer multipies of the TLM mesh size. Thus, it con-
siderably improves the flexibility and simulation accuracy without significantly increasing
the computer expenditure as compared with traditional piecewise boundary approxima-

tion technique. Finally, to make the method valid for a wide class of guides, absorbing
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boundaries conditions was implemented for application to open guiding structures.

Dispersion characteristics of different types of rectangular and circular guided wave
structures were presented. It was found that results with the proposed technique are
within 5%, as compared with other wmethods provided that AlfA < 0.05, which is the
standard requirement of the basic TLM algorithm in order to limit error duc to network
dispersion.

The development of this new 3D TLM symmetrical condensed node algorithm, the tech-
niques of curved boundary treatment and absorbing boundary conditlion have contributed
te substaintizlly decrease the computer cost for establishing the dispersion characteristics
of waveguides. However, in the case of multimode operation in optical guides, the charac-
terization of higher order modes become difficult because of the relatively small size of TLM
mesh which is required in order to reduce dispersion error over the whole frequency range
of operation. Some future work would be to take the advantage of the axi-symmetrical ge-
ometry of these structures by introducing in the TLM scheme, the azimuthal dependence.

This may increase the CPU time but reduce significantly the memory requirement.
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,**********************#*****************/
/* This is the programm written in ¢ langouage */
* 1 calculaic  the dispersion characieristics  of */
/* the microwavc/optical puided wave structures *f

/* by using transmission line mairix method *f
/***************************************a/

#tinclude <sidio.h>
#include <math.h>
#include <stddef.h>
#include <stdarg.h>
#include <complex.h>
finclude <«stdlib.h>
#includc <string.h>
#include <sym.h>
#include <lex.h>
#tinclude <cint.h>

#define true |
#dcfine false O
#define maximum 100
#define mimimum 50

/***************i*/

/* golable variables */
[k Kk kR ok Ok K

main{)

fint G, 4, j k. m, imax, jmax, tmax, icl, jel, ie2, je2;
float T1, T2, T3, T4, T3, T6;

[ R ok Rl kR Kk RO R K kR KR KO RO R R R KO R Kk Kk

/* icl and jel kel are excitation points. ic2, je2, ke2 */
/* are extraction points. tmax is the maximum number */
/¥ ol terations. imax and jmax kmax are maximun */
/* valucs of caculation box. T1,T2,T3,T4.T5,T6 arc Lhe */
/* reflcction coclficients of cuch boundary. */

I************&*ﬂ****************k***#ﬂ******/

floal medium!, medium2, time_totall{4000],
float time_total2{4000], sub!l, sub2;

float suml, sum2, sumsin, sumcos, sum:
float y, =, y0, 20, g0. r0, cr. ur, thegma,

Nowt ab, bl, ¢l dl. el, 11, gl hl i1, jI:

float w[18){30][30]), v[18][30]{301;

[% ks ke sk ek Kk R ROk ko ko ik kS kK K Ok Kk
/* u is relleclion wave, v is incident wave. time-tolad is *f
/* the time domain er and ur arc  pcrmittibity and */

/* premcability respectively. thegma is the conductivity*/
[k ok kR R kR R kK ko ke kR R R R Rk Rk kR R &

float ., Tmax, dehal, ab, 1_w, belia;

-3

(v}



FILE *outputl, *oulput2, *outpuid;

,*******n**m***ﬁ**&**&************#***************/

/* fmax is the maxmium frequency in frequency domain, */
/* delal is the mesh size, ab arc length®*widih respectively *f
/* in mm beha is the propagation factor. I_w is the mesh *f
/* size divided by wavelength */
l*******m************#*****ﬁ********#************/
tmax=500:

ici=15;

jel=15;

ic2=14;

je2=1i6

T1=T2=T3=T4=T5=T6=-1.0;

belta=1.2:
fmax=25.0;
a=12.7,
b=12.7;
cr=8.875;
ur=2.0:
thegma=0.0:
r0=0.0;

" on

outpuil=fopen("timi2.dat"."w");

/**m****:i-****#**********************i*,
/* imax and jmax will be decided according to ¥/

/*  the lollowing procedurcs *
/*******#*****************************/

deltal=300.0*0.05/(1.414*max);

imax=a/deltal;
jmax=b/dchal;
y0=2.0*(cr-2.0):
20=2.0%(ur-2.0):
gO=thegma*dcltal*377.0;

/***************%**************************/

/* values arc given to al, bl, cl, d1, cl, {1, gl, k1, il ,j1*/
/***lk*****##*#********#***#****************/

printf("imax=%d.jmax=%d\n",imax,jmax);

/**********************/

™ Initial Values wf
I****#*****************I

for (i=0;i<=imax;++i)
{

for (j=0:j<=sjmaxi++j)



for (m=0:m<18;++m)

{
T[mllillji=0.0:
)
J

/* The valuc of cxcitation point */

v(2]lic1][je1]=1.0/2.0:
v(3]licl]{jec1]1=1.0/2.0;
v[7]lie1](jel)=1.0/2.0:
v[10]{ic1]{je1]=1.0/2.0;
v[13}{iclj[je!]=1.0/2.0:

/******************k***l
™ The Algorithm *f

/**lﬂ*****#*************l
for(k=1;k<=2:++k)

{

il (k==1)

[medium l=cos{belta*dclal);
medium?2=cos{belta*deltal):
]

clse

[ mediuml=sin({-beclia)*delial):
medium2=sin(belta®delial);
for (i=0;i<=imax:++i)

{

for (j=0:ij<=jmax;++j)

{

for (m=0;m<I18;++m)

(
vimij{il[j]=0.0;
ulmi{illj}=0.0;
}
}

[ OROR R R KR R K R OR KK KK K Rk ok

/* The value of cxcitation point */
/***-‘k*********************/
v{2)ticl}ljcl]=1.0/2.0;
vi3ifie1](jei]=1.0/2.0:
v[7]lic1]{jel]=1.0/2.0;
v{10)lici](jel]=1.0/2.0;
v[13]lic1]]jel}=1.0/2.0;

)

for (1=1;1<=tmax;++t)

(

for (i=0:ic=imax;++i)

{

for (j=0:j<=jmax;++))



(5= )& &(1<=9))& &((>=2)& &(j<=5)))
H((j>=0)&&(j<=2))

(

al =(-yO)/(?..()”‘(y()+4.()})¢(20)/(2.0*(4.()+10));
bl=4.0/(2.0%(4.0+yM):

cl =-(y0)/(2.0*(4.0+)’0))‘(3’.0)/(2.0*(4.04—?.0));
d1=4.0/(2.0%(4.0+zM);

cl=bl;

fl=20%d1;

gl=y0*bl:

h1=(y0-4.0)/(y0+4.0):

il=dl;

j1=(4.0-20)/(4.0+20);

J
if ((i>=14)&&(1<=21N&&((>=2)&&(j<=5)))

{

1l =(-yO)/(Z.0"'(y0+4.0))+(7,0)/(?..0*(4.04—20)):
b1=4.0/(2.0%(4.0+y0):
c1=-(y0)/(2.0*(4.0+y0))-(20)/(2.0*(4.0+20)):
d1=4.0/(2.0*(4.0+20));

cl=bl:

fl=20*d1:

gl=y0*bl:

h1=(y0-4.0)/(y0+4.0);

il=dl;

j1=(4.0-20)/(2.0+20);

}

else

21=0.0;
b1=1.0/2.0;
c1=0.0;
d1=1.0/2.0:
ci=1.0/2.0;
[1=0.0,
£1=0.0:
hl=-1.0;
i1=1.0/2.0;
j1=1.0;

J

/****#*****-ﬁ*************l

/* Substitute the ncxt valucs *f
‘(*ﬁ*#h#***i*#************/

a[Of(i1j]1=at *v[O)[I)jl+b I *v [ ]Lj1+d v [2]1i]1j1+b 1*v8)(i){]]
-d Vv 10](E1j I+ VTGN +g v 12361+ TG

w[ 111 1=b (011 wal*v [ T[T 1+d T *v(5](i1E]+c 1 *v(BI]()]
-d 1911+ v TN +g T *v 12151+ v 16101

w[2)(1(j1=d 1 *v O[] +al*v[2]H1{jl+b 1 *v 31 1[j1+b 1*viT] (1 []]
+e*vPIOJ[EHj1-d v L UL 1+ g T *v L3N TG T
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u[3)[E](jI=blev(2)(1]j1+al *v{3I[E}j1+d T v 4][i][j]-d1*vI6][i](j]
+e v [TIH1+0 VA IO LI+ Uy [E3 0T+t [T5]Ti]1):

ul41(1(1=d Vv I3 Fa b vl4li][jl+b U viS il 1+c T vi6 ()
A PRV [ T+ D UV 9T I+ g Vv TG - v S ]G T

alSIiGI=d PR 1)1 1+b1* v 4[] [j]+al*vIS i1+ b 1 *vI61[i](}]
-d v 81N j1+e v 9TNG +g T v 141 T+iT v [ T6]1 )

u[6](i](j]=-d 1*v(3][i]ljl1+cI*v(4][i1[j]+b1*v[5]{i][jl+al*v[6](i][]]
+d V(71011 +D U] 1+g v 14T 1+ Ty (1510

u{7)i1(1=b 1*vI2) (11 +c P *v3[i1j1-d1*v[4](][j1+d 1 *v6][H][j)
+a V7] 1+ P*v [ 1010 ] [j1+g Vv I3 TG I- v IS TG

u[81{ijjl=bl*v[OlEj1+c U vELILl-d P*v5]ET(j1+al *vi8][i]1j]
+d U*v (O[] 1+b U [ LU T+g Vv (2D 1+ v 161 T

u(9)(i][jl=-d 1*v[1][i][j1+b 1 *vi4][i][j[+c 1*v[5][i]Ij]+bI*v[6][i][]}
+d*v([81(i](j1+at*v[9][i]j]+g*v[14](i}1jl-i1*v[16] (1] (j];

u{10}{ij[j)=-d 1*v[O][i][jl+cI*v[2][i][j1+b1*v[3][i][jl+DI*v(TI[i](j]
+al*v[10J(I}[1+d 1 * v T[] +g Vv D3 [N+ v [ LTI

uf P15 =c VAV (O 1 +b TV LT [j1-d T*vI2] (] [j1+D U*v BT} )
+d Ay LOI[E 1 +ad*v [ DU+ v E2I NI D7D )

al 1201 ][ I=c 1Ry [ONiflj e VAV TG +e TRV i8I +c LA v [ T[T ()]
+hl*v[12]Lij )

u[13]{i)fjI=e L *v(2][HEj i+e V¥ vi31[i1[jl+c URv[7)[i][jl+c 1 *v[10][i}[j)
+h1*v[13][i1{j];

ul 14][i)[j1=e *v41f [ 1+e Vv [S][i]lj1+e1*v6]filj1+e 1*v[9][i][J]
v T3] )

u{I5J(H =00 v I3 -F v AT+ TV 61 j1- O v [T TE
+j1*vEES IR

u[ 161 (ji=-F1*vI LI I+ 0T ST I+ v BT T-T1* v [ 9] 1()]
+j1*v[ 16111115

wf17)(G =00 v [0 T - FE*v 2§+ v 10N G (]- P v TR
v TG

|
/**#********#*********i******l
/* Boundary Condilions */

/*********&******************/

for (i=0;i<=imax:++i)

[
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}

il((i==imax)&&((>M& & (j<jmax)))

{

v9111j1=To*ul91(i11j:

v 1()}[i][j]=T6*u[10][i][j]:
v{L1](E1[j-1]1=ulO][i){j):
v6Li-11=ul 4101 )
VO] (j+ 1 )=ul 1))
vi6][i1j+11=ul6](i][j]:
vli+11(jl=u{5]0i]L)
v[10]gi-1](j1=ul2][i){j};
v{?][i][jl:mcdium1*u[3][i][j];
v[S][i][j]:mcdiuml*u[l][i][j];
v[l][i][j]:mcdium?.*u[S][i][j];
v[3][il[j]=mcdiumz*u[71[i][j];
v 12101 1=l 12]()1]:
v13](E1{j1=ul 133015

v 14](]1=ul 14](1] ()1
v[15](i1(j)=-u[15}i1L)s
v{16)[i][jI=-u[161(i](j]:
RO FESTIINE

golo nextj;

)
H{(i>=13)&&(i<=15)&&(j==3))

(

v 1=-ul LTI (G
vI8j[i)(jl=mediumi*u[ 1][i]{j]:
vi10](i-1)fj]=uf2]0 1)
v[7]fil(j]=medivm 1 *u[3][i]{]]:
vi6][i](jl=-ul6](1I[j}):
v[91[i-1]1jI=ul SN 1
vi4)(i][j+1]}=ul6](il]:
vi31ijljl=medium2*u{7{i][j);
vi1][i)ljl=medium2*u[8][i]{j]:
v[SY[+1](j=ul 91
v{2](i+1][jl=ul10}Lil) 15
v[O}(il(j+1]=ul 1 L]0} ]S

v 1210 1=u( 12)(ET )

v 13][i1[1=ul 13} h
v{14)(il{jl=ul 141051
v15][ijI=-ul15][i][5):
v[16][i}[jl=-ul16]1)L]):

v 7N j]=-ul L7 )

£olo  ncxlj;

}
if((i>=13)&&(i<=15)&&(j==4))

(

v[11}[i][j-1]=u{0]0 )11
v[81(il[jl=medium 1 *u[T][i}[j]:
vi101G- 1 1=ul 20T
v(7)lillj)=medium T*ul3][i](j]:
vI6][ilj- t)=ul4]li]lj):



v[3]li{jl=medium2*u(7][i]{j];
V120 l=ul 12][E] ()]

v i31[i]1j]=ul 131000 )
v[14][i]{jl=ul 14][i]1]);

vl 15][i]{j1=-ul IS)EL) 1
VTSIl 1=-u[ 1611111

v 1=-u[ 1T}

gty nextjs

J
(>0 &&(i<imax ))& & (j==jmax))

{

v 11}(][j1=T6 *ul L ][A]1§ s
v[611i[j)=T6*ul6][1]1[j]:
viTI[i](j-1]=ulO]i 1)
vi6]Li][j-1j=ul4]lillj]
v[5]L+11[j1=ul 911}
v21i+1]){j}=ul 1O1[i}j}:
v[91[i-1][j}=ul5]i]1j]:
v[10](i-11(j)=ul2][illils
v(71(11(j)l=medium 1 *u[3]{i}[j]
v(8][i][jl=medium 1 *u[1]{i](j];
vI11{il{jl=medium2*uf8][i]{j]:
v31i}[})=medium2*ul 7H[i1[j1:
v 12101 1=ul 121110

v 13]G 1=ul 1310005
vil4ili)j]=ul 14][i][}]:

vIIST =-u 1510 )
v[16][i][jl=-ul16][il)1;
v17)}(J)=-ul17](i](5 )

2010 nCXxij:

}
if{{i==imax)&&(j==jmux))

(

VIO =To*a[9)1311 )1

v 10§ 1{j1=To*ul 10]{i](j);
vITINI=TS*u[ 1T
vI6][i](j1=T5*u[6][illj]:

v T[] 11=ul0]LE ()15
v(6][illj-1]=ul4](i}j]:
v{9[i-110j]1=ulS1Till}1:
v{10][i-1]j1=ul210](5):
viTMilljl=medium *u3]{i1{j].
vB]1]{j)=medium I *uf L {i]lj];
vib|lijl=medium2*u{8[[il{jl:
v(3][il{jl=medium2*u[7{i]{j]:
v 121 1=u] 121101151

v 13]1)ij)=ul 13]101}]:
v[14][i](jl=ul 14](i]]:

v 1SI{illj1=-u{ 150151
vi16][i1lj)=-ut16][ilfi]:
v[17][§][1=-ul 17050

golo ncxtj;
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VIS )=T3*ul S]]
v+ 11=ulb][i1{i]
viO]iflj+1=ul TLHI]ST
v+ j1=ul 9}
v[2j[i+1][{j1=ul 10]{i)[5]:
vi7)[il(jl=medium *u[3]{il{j]:
vi8(iljl=medivm*ul ][i][j]:
v1][i][jl=medium2*u[8][i]{j]:
v[31[ilj]=medium2*u[7][i]lj]:
v 12)[illj1=u(12](i][j]

v 133[1(5)=ul 13T
v(14][1(j1=uf 14101
v{15]¢i3[]1=-u[ 15][i}1)):
v(1611i1[j1=-ul16][i][}]:
v(17Hilj1=-u[ 17T

£oto nextj;

}

if(i==0)& &((j<0)& &{j<jmax)))
(

v[20(i)(j1=T3*u[2][illj]s
v[5[i1j1=T3*u(SILiI L
v(Sili+1]j1=u{9][i][]:

v[2} i+ 1T Hjl=ul 101[i 1151

vEOI |+ =ul VI 1
viellillj+=ul6]{i]ij}

vi 1Ll j-1]=ulO]1 ][]
v[6][i]ij-1]=u[4}0)0) )
v[7][1)i]=medium 1 *u[3](i]lj]:
v(8][i){jl=medium1*u[1](i]]j]:
vil){i]l[jl=mecdium2*u[8]{i][j]:
v[3][i]{j]=medium2*u{7][i]{j]:
v 12Hiljl=ul 1210150

v{ 131 1=u[ 13011 )
v(14](][j1=uf 141 H}):
v[15){il[j)=-ul 15][il1}]5
v16]{il[j]=-ul 1611}l

v T[] I=-u TG

£O10 nextj;

)

if({i==0)& &{j==jmax})

{

vI2i[1j1=T3=uf2] ][]

v jI=T3*ulSII

v LT I=TS*al VL
v[6](11j1=T5*u[6i[](j]:
v{S]Li+ 1 I=ul 9]
v[2][i+111ji=ul 10]E}j )

v TTI[E]-)=u(0]Lil(j1
vi6][illj-1I=uld]lillj
vi7]lil{jl=medium I *u{3}[i][j]:
v(8Ilil[jl=medium*a[1][i](j];
vil]lillj)=medium2*u[8][i}ij]:

04



for (j=0:j<=jmaxi++j)

{
il ((i==imax)&&(j==0)))

(

v[O)}j1=T I*ulO)[il{j);
v[41(1][j)=T 1*ul4][il{j]:
vI911[j1=To*ul910][j]s
v[10][i1y]=T6*u[ 10][i]lj]:

v 101[i- 11§ ]=ul 2]{i](j):
viOlli-11{jl=ul5]li)lj}
v[O][il[j+1]=ul6]{illj}
v[4][i][j+1)=ul 113050
v[711i)[jl=medium 1*u(3]11](];
vi8](i1[j]=medium*ufI][i]{j]:
vl 1{i)ij]=medium2*u{8][i}{j}]:
v[3i)jl=medium2*u[7][il[j]:
v 12){ilij1=ul 12]L] (5]
v[13][1jI=u[ 13]]):

v 1411 ]=ul 1416115 ]
v[15][i1(j1=-u{15][1][}];
v{16](i][jl=-u[16]{i][j]:
v17)i )0 =-u[ 170000 1

£olo  nextj;

)

((j==0)& &((i>0)& &(i<imux)))
{

viOIGIE =T E*ulO11 1} )
vi4]fi][jI=T 1 u[4}][j]5
viOHi-1}{jI=ulS )T
vi10][i-11{j}=ul2][i]{j];
vi4l[il[j+]=u[6][1)1]];

VIO j+1I=ul LL)(ETEG ]
v[SILi+ 1 1=ul Q01

viZ2li+ 11 jl=u 10115 _
vi7]l]jl=medium *u(3f[i]lj];
v(8]lilljl=medium I *u[ 1ifil[j];
villi]{jj=medium2*u(8]{i]]j]:
vI3if[jl=medium2*u[7][i][j]:
v12)i1=ul 121001

vl 13]E ) 1=u (133015
vi14](i)jl=u(14]011]1:

vI IS =-u[ 15T
v[16][i])ljl=-ul16][i]lj]:

v 17} ]=-u{ 17]1e](j1s

2010 nextj;

)

if((i==0)&&(j==0))

{
viOJ[ =T 1 RulO][i)(j 1

vI4][Ej1=T1*ual4li]{j];
vI2)[i11j]=T3*uf21[i}ljl:
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v[9)[i-1)[j1=ulS][i11j]s

v =-ulifi L)
v(3][illj)=medium2*u[7](i1{;]:
v[1][i){jl=medium2*u[8][il{j]:
v(5]li+1)[j1=u[91]()]:
vI2){i+1][j]=u[10}i}(j];
IIBINESUIINIIE

v 121G i=ul 2] 1
v{13](i](j)=uf13)(1]0]):

v 14][i]{jl=ul14][i}[j);
v(151Li){j1=-u(15]1li}(5]:
v{16](i}(j1=-u (16105
v1710 ] 1=-u{ 1710

ZOl0  nextj:

}

v[11]LE0(j- U=ul0)il[iL
v(8][il[ji=medium 1 *u{ 1]{i}{j):
v{10](i-1][j]=ul210165)
vI71i1(j1=medium 1 *u[3][i]{j]:
v[6][i](j-11=ul4][i][j]:
v{9){i-11(j]=u[5][i]{j]:
v[4llii(j+1])=ul6llillj}:
v[3)lil(jl=medium2*u]7]{i]lj]:
villil[jl=mecdium2*u{8][i][j]:
viS][i+1]{jl=u[9]0 L]
v[2)[i+1](j]=ul LOJ{i]Lj]s
vi0lfi}j+11=ul 1E]G]]

v 12](i1(j]1=ul 12][]1}]:
v{131(i](j}=u 1311115 )
v{14)(i](jl=u(14](1]{j];
v(15]0)(j)=-u[ 15}il(j]
vi16][i][j]=-u[161[i1[)];

v 171i{j)=-u 1 7][10 (51

nextj:;

}
}
if(k==1)

{

time_total 1{t]=2.0*(v[2](ic2][je2]+v(3][ic2]{jc2]
+v[7]lie2{je2]+v( 10}fic2][je2]+y0*v]13][ic2][je2])/4.0:
}

clsc

{

[+ printf("k=%d\n" k) */
time_total2[t]=2.0%(v[2][ie2][je2}+v[3}[ic2}[jc2)
+v[7lic2]lij2]+v[10][ic2][je2]+y0*v{13][ic2][je2])/4.0:
/*  printf("time=%MNn" time_towal2(t]): */

}
} /* v is finished */
} /* Xk is finished */

for(1_w=0.0008;1_w<=0.05;1_w=I_w+0.0002)
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{

sum 1=0.0;

sum2=0.0;

for(1=1;1<=tmax;++1)

{
subl=lime_totall{1]*cos(2*3.1415926%t*1_w):
sub2=time_total 1{t]*sin(2*3.1415926%1*1_w);
sum l=subl+suml;

sum2=sub2+sum?2;

)

sum~os=sqri(sum1l*suml+sum2*sum2};

[* printf(" suml=%Nn", suml); */
sum1=0.0;

sum2=0.0;

/M printf(" suml=%Mn", suml); */
for(t=;t<=tmax;++1)

{
subl=time_total2{t}*cos(2*3.1415926%t*I_w):
sub2=time_total2[1]*sin(2*3.1415920*1*!_w).
sum l=subl+suml;

sum2=sub2+sum2;

}

sumsin=sqri(sum]*suml+sum2*sum?2);
sum=sqri(sumsin*sumsin+sumcos*sumcos);

r=2.0*1_w*300.0/(dchal);  /* [ is in GHz */
printf("f=%I[, sum=%0Mn", . sum); :

/* (printf(outputl,"I=%f, sum=%MNn", f, sum); *f

)
)
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/*********a********m*************************/

/* This is thc program to calculaic the cutoff frequency */
f* of waveguide by using 2D TLM mcthod *

'{*»t**n'-***********************************ﬁ***/

#include <stdio.h>
#include <math.h>

main()
( int t, i, j, m, imax, jmax, tmax, icl, jel, ie2, je2;
flom T1, T2, T3, T4

/***********************************************H-*********/

/% icl and jel arc excitation points. ic2 and je2 re extraclion points. */
/* tmax is the maximum number of ilerations. imax and jmax arc */
/* maximun valucs of caculation box. T1,T2,T3,T4 arc the reflection */

/* cocfficients of cach boundary. 1_w is mesh size divided by wavelength */
/#********************************#************************/

Moat timc_total{3501], subl, sub2, suml, sum2, sum, frquncy_total;
float u[4](100](60], v{4][100]{60]:

flk#it*#*****ﬁ*********************************************l

/* u is reflection wave, v is incident wave. time-iotal is the time domain*/

/* frquncy-total is frequency domain solution. */
/!‘(***it*lk***lit*********************************************/

float {, fmax, dchal, a. b, 1_w;
FILE *outputl:

/**********ﬂt*****************************************/

/* fmax is thc maxmivm frequency in frequency domain, deltal is */

/* the mesh size, a and b arc length*widib respectively in mm */
/*********************************************'*******I

imax=3500;

icl1=8: /* thc cxcitation point must be on the maximun nodc*/
je1=39;

ic2=88;

je2=4,

T1=T2=T3=T4d=1.0;

fmax=43.0: /* in GHz */
a=22.8; /¥ in mm *
b=10.15: /* in mm */

outputl=lopen("timti.dat”."w"

/***Jl**#t***#************#***********/
/* imax and jmax will be deccided according to */
" the following procedurcs *f
/**#****k#**iﬂ**********&*************/

deltal=300.0*0.05/(1.414*fmax);
/*dchal is in mm, fmax is in GHz*/
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imax=a/deltal+1.0;
jmax=b/dcltal+1.0;
printf("\nimax=%d,.jmax=%d\n",imax,.jmax);

/’k*********#*************!

/* Initial Values *f
f***********************t"

/* All the initial values arc zero */

for (i=0;i<=tmax;++i)
{
for (j=0:j<=jmax;++j)
{

for (m=0:m<=3;++m)

{
;lmlli 11j1=0.0:
}
)

/* The value of cxcitation point is one */
vi2iliclljeli=1.0;

/*************i*******/

I~ The Algoritm *f

/*********************l

for (1=1;l<=tmax;++t)
{
for {i=0ji<=imax;++i)
(
for (j=(j<=jmaxi++)

{

/* Substitute the next values */

/* B ¥ u[2)[iHi1=1.0/2.0*(C-v[2][i][j]+v[O](iHj]
+V(1][i}j1+vI31[iTD
f5 C %o ul3NENGI=1.002.0%Cv 311+ 211
+v[OJf1(j v T
/* D * ulO}ijj1=1.0/2.0%(-v{O](][j]+vi 1{i1[}]
' +v[2}{i][j1+v311:1(D):
/* E M o[ GI=1.072.0%Cv T 1+vI0 )
V(2] [+ 315D

/***#************************,
f* Boundary Conditions */

/****************************
/¥ Boundary 1 */
for (i=0;i<=imax;++i)

l

94



for (j=Oij<=jmaxi++)

{

if ((i==imax)&&(j==0))
{

vIO1[E1j1=T 1*ulO]il1j1
v31[E03]=T3*u 3
v{3 (-1 1=ul 1 I{il(j1:
v[0]Lij+ U =ul2]01L:
goto nextij;

}
if((j==0)&&((i>0)&&(i<imax)))

{

v(0)1i1{j}=T 1*u{0][1](j1:
v{3{i-11{j]=ul1](i]H]

v+ 1 I=ul31GI0 T

goto  nextj;

/* Boundary 2 ¥/
if ((i==0)&&((j>0)&&(j<jmax))

{

vi 1= r2*uf ]G
v(2][i](j-11=ul01li]]j]
v[O)(E1j+1]=ul2)(i](51:
v1{i+1](j]=ul310]0]5
£OL0  ncxtjs

}
if ((i==0)&&(j==0))

{
vi1){]()=T2*u[1]{i]{j):
v(O](i1[j1=T2*u[0}{il[}];
vO]li1+1 =ul2][i1{j]:
v[1){i+11()=u (311G
£OL0  nexij;

}

/* Boundary 3 */

if ((i>0)&&(i<imax))&&(j==jmux))
(

vI21[j1=T3*uf2](i]{5):
vi2){i(j-1I=ulO][i11]]):

EHER NISIELIRRIISEE

v Ui+ 1])(jl=u{3]1015]

golo nextj

}
il ((i==0)&&(j==jmax))

{
vIZilG1=T3* el 2111
v ()=T3*uf THiT[j15
v2](t](j-1)=ulO1li1(j]
vEl i+ ]1j1=ul3 (150
£010  nexlj;

}
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/* Boundary 4 */

il ((i==imax)&&((j>0)&&(j<jmax)))
{

vI3]1i(j1=T4*ul3][illj}
v2]1ij-1i=u[0)i]Ej 15
vI3]Li-T11=ul VIiTEj 13
v{O3[i][j+1]=u(2][31}];

goto nexijs

)
il ((i==imax)&&(j==jmax))

(
v31i](j1=T4*u(3]{i1(}):
v[2]1]{j1=T4*u(2][i][j]:
v2](i]1j-1]=ulO]Mi](}]:
v3](-1{j]=al 1]
goto nextj;

}

f*B*/ v(2][1}(j-1}=u(O][1][i]:
/*C* v[3][-1{j1=ul11[i][]];
/DX v[0](i]j+1]=ul2](i](j];
e vit][i+1])(j1=ul3](:1(]]:
nextj

}

}

time_total{t]=1.0/2.0%(v[0](ic2|[je2}+v[1][ic2){je2]+v[2][ic2][je2]
+v[3]lic2][je2):

}/* t is finished */

for(1_w=0.0001;1_w<=0.015;] _w=]_w+0.0001)

sum 1=0.0;

sum2=0.0;

for (t=1;t<=tmax;++t)

{
subl=time_total{t]*cos(2.0%3.1415926* 1% _w);
sub2=timc_toial{t]*sin(2.0*3,1415926*1%1 _w);
sum l=subl+suml;

sum2=sub2+sum?2;

)

sum=sqri(sum*suml+sum2*sum?2);

f=1.414213%1_w*300.0/dcltal;  /* { is in GHz ¥/
printf("=%l, sum=%Mn", f, sum)
fprintf{outpuil,"{=%I, sum=%nMn", [, sum);

)

)
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/h***n‘tik*****4‘!**4********#**********/

/* This is a program to producc the graphs */
/********ﬁt***********k***********i**/

/X include files */
#include <X11/Xlib.h>
#include <X11/Xutil.h>
#include<stdio.h>
#include<string.h>
#include<math.h>
#include<ctype.h>

#define M 1000 /* frequency sample No.*/
#define ub 75 /* upper boundary */
#definc bbb 600 /*botiom boundary *f
#define b 900 /* right boundary *f
#define b 125 /* left boundary */

[*declarations ¥/

char hello(] ={"Plotcr"}:
char ut{80]={""};

char bt[801 ={""};

char slt[80] ={""}:

char sbt[80] ={""}:

FILE *fpi.,*fp2:

main{arge.argy)

int argc;

char  **argv;

{

{*declarations ¥/

Display  *mydisplay;

Window mywindow;

GC mygc:

Font pointfont;

XFontStruct  *titlcfontstruct, *figurclontstruct;
XEvent myevent,

KeySym mykey:

XSizeHints myhint;

int myscreen;

unsigned fong myflorcground, mybackground;
int i,dece,sign;

char text{10};

char hcader[80]:

int done,x1.yl.x2.y2:

int j.k.iflag:

int  *lx,*ivector(),#[fy.cirreir;
float  *rfx, *riy;

[loal xmax.xmin,ymax,ymin;
float sxmax.sxmin,symax,symin;
float rxmax,rxmin,rymax,rymin;
Moat  *fx,*fy,*ifx,*fy;

char cfx{10}10].cfy[10][10];
float *vector(), **cmatrix():
void nrerror();



rix=vector(l,M);

rly=vector(l,M);

[*read  data*/
fpl=fopen(*(argv+1),"r"):

retr=1;

while(fscanf(fpl,"%f  %Nn". &rix[rcir],
&riy[retrNI=EQF){

if(rctr==1) rymax=rymin=r{y(rctr};
if(rymax<rfy[rcir]) rymax=rfy[rctr];
if(rymin>riy{rctr]) rymin=rfy[rctr];
rctr=retr+1l;

}

fclose(fpl):

il(rctre=1) nrerror("Your data file is not rcady");
rcir=retr-1;

ramin=rix[1];

rxmax=rix[retr];

[*read  Litles*/
fp2=fopen("plo.title”,"r");

do{

if(fge1s(ui,80,fp2)==NULL) brecak;
if(fgets(sit,80.Ip2)==NULL) brcak:
if{fgets(bt.80,fp2)==NULL) brcak;
if{feets(sbt,80,fp2)==NULL) break;
iflag= -1.

fwhile(iflag!=-1);

if(fscanf(fp2,"%l %I %[ %Nn",&sxmin,&sxmax,
&symin, &symax)==EQF) |
xmin=rxmin;
XMax=rxmax;
ymin=rymin;
yMax=rymax;

J

clse |

xmin=sxmin;
XMAX=SXMAX;
ymin=symin;
ymax=symax:

J
felose(fp2):

ctr=1;

fx=vcctor(l,retr);
fy=vecctor{l,rctr);
for(k=1:k<=rcirk++){
if(xmin<=rfx(k|&&xmax>=r{x(k}) |
fx[ctr]=rfx[k];

fylctr=rly(k]:

cir=ctr+1;

}

}
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ctr=ctr-1;

[*sclup array*/

tfx=vector(l.ctr):

tfy=vecior(l.ctr):
ffx=ivector{l.ctr):
ffy=ivector(l.ctr);

/* arrange the data according to the scale*/
for(k=1;k<=ctnik++) |
ffx(ki=775.*(fx[k]-xmin)/(xmax-xmin)+125.;

for(k=1;k<=ctr;k++) {
ffy(k]=525.*(fy(k]-ymax)/(ymin-ymux)+75.:
]

/* set up the x-y scale*/
for{k=0:k<=5:k++) {
(fx(k]=(xmax-xmin)*k/5.+xmin;
tiy(k] = (ymin-ymax)*k/5.+ymax;
sprintf(cfx{k],"%10.2¢" . tfx[k]);
sprintf{cfy[k]."%10.2¢".tIy[k]):
}

/* initialization */

mydisplay=XOpenDisplay("");

myscreen  =DcfaultScreen{mydisplay);

pointfont=XLoadFont(mydisplay.”6x10"):

titlefontstruct=XLoadQueryFont(mydisplay."vr-20"):

figurcfontstruct=XLoadQueryFont(mydisplay.
"9x15");

J*dcfault pixcl values */
mybackground = WhitePixel (mydisplay. myscreen);
myforeground = BlackPixcl (mydisplay, myscreen);

/* default program-specilicd window position and
sizve  */

myhint.x=1;

myhint.y=1;

myhint,width=1000;

myhint.height=700:

myhint.flags= PPosition [PSizc;

/* window creation ¥/

mywindow =XCreateSimpleWirdow (mydisplay,
DefauliRootWindow  (mydisplay),

myhint.x, myhint.y,myhint.width, myhint.height,,
mylorcground, mybackground);
XSciStandardPropertics  (mydisplay, mywindow,
hello, hello, None, argv, arge, &myhint);

/= GC creation and initialization */

myge =XCreatcGC ( mydisplay, mywindow,0.0):
XSctBackground ( mydisplay, mygc,
mybackground);
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XSctForcground {(mydisplay,.mygc, myforcground);

/* input event sclection */
XSclectlnput ( mydisplay, mywindow,
ButionPressMask | KeyPressMask | ExposurcMask);

/* window mapping */
XMapRaised (mydisplay, mywindow);

/* main cvent-reading loop */
done=0;

while (done==0)]

/* rcad the nest cvent */
XNextEvent (mydisplay, &myevent);
switch (mycvent.iype)(

/* repaint window on cxposc cvents */
casc Expose:
XSctLincAtutributes{mydisplay.mygce.2,LincSolid,
CapRound,JoinRound);

XSctFont {mydisplay,myge.pointfont);
for (k=1:k<cirk++)(

if((Mfy[k]>bb && [fy[k+1]>bb) Nl
(fly[k]<ub && fly[k+1}j<ub)){

il(arge<3) continuc;
if(stremp(argvi2].”-b")!=0) continue:
}

xi=fixlk];

yl=fy[k]i

x2={fx[k+1]);

y2={fy[k+1]

ifarge>=3){

if(stremp(argv(2],"-b")}==0) |

x2=x1;

y2=()

}

}

if(y2>bb){
x2=x2-(x2-x1)*(y2-bb)/(y2-yI):
y2=bb;

}

il(yl>bb){
X1=x14+(x2-x1)*(y1-bb)/(yl-y2):
yl=bb: '

J

if(y2<ub){
x2=x2-(x2-x1)*(y2-ub)}/(y2-y1);
y2=ub;

)

if(yl<ub){
x1=x1+(x2-x1)*(yl-ub)/(y1-y2);
y l=ub;

XDrawLinc{mycvent, xcxposc.display,
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mycvent.xexpose.window, myge,
xl.yl,x2,y2)

i(ly(k]>bb W ffy[kj<ub ) continue;
if(arge>=3) |

if(stremplargv[2]."-b™)==0} conlinue;

}
XDrawlmageString(myevent.xexposc.display,
mycvent.xexposc.window, myge,ffx[k}-3,
fiylk]+2.,"0".1):

}

[*write the scale of X-y axils*/

XSctFont {(mydisplay.mygc,
figurcfontstruct->fid):

for(k=0;k<=5:k++)
XDrawlImageString(myevent.xexposc.display,
mycvent.xexposc.window, myge,
(rb-1b)*k/5+1b-55.bb+20.cfx[k].10):
XDrawlmageString(mycvent.xexposc.display,
myecvent.xcxposc.window, myge,lb-90,
(bb-ub)*k/5+ub+5,cfy[k].10):
XDrawLinc{mycvent.xcxposc.display,
mycvent.xexposc.window, myge,
(rb-1b)*k/5+Ib,bb.(rb-1b)*k/5+1b,bb-5});
XDrawLinc{mycvent.xexpose.display.
mycvent.xexposc.window, myge,
ib.(bb-ub)*k/5+ub.lb+5.(bb-ub)*k/5+ub):

I

/*draw the outlinc of the graph*/
XSciLincAuributes(mydisplay.myge,3,LincSolid,
CapRound,JeinRound);
XDrawLinc(myevent.xexposc.display,
mycvent.xexpose.window, mygc,lb,bb.rb,bb):
XDrawLinc{mycvent.xcxpose.display,
mycvent.xexposc.window, mygc.lb.ub.rb.ub);
XDrawLinc{mycvent.xcxposc.display,
mycvent.xexpose.window, mygc,ib,ub.lb,bb);
XDrawLinc{mycvent.xexposc.display,
mycvent.xexposc.window, myge.rb,ub.rb.bb):

XDrawlmageString{mycvent.xexposc.display,
myevent.xcxposc.window, myge,
(1000-XTextWidth(ligurcfontstruct,sbi,
stricn{sb1)))/2.650.sbt, strien  (sb1)-1 )

XDrawimageString(mycvent.xexposc.display,
myecvent.xexposc.window, mygc,
(125-XTextWidth{figurcfontstruct,sit,
strien(sit)))/2,340,51t, strlen (sl)-1 1

f#print  titlcs®/

XSctFonl (mydisplay.myge.titlefontsiruct->fid);
XDrawlmageString{myevent.xexposc.display,
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mycvent.xexposc.window, myygc,
(1000-XTextWidth(titicfontstruct,ut,
strien(u)))/2, 40.ut, strlen (u)-1 )
XDrawlmageString(mycvent.xcxposc.display,
mycvent.xexposc.window, myge,
(1000-XTextWidth{titlelfontstrucet,br,
strien(bt)))/2.690.bt, stricn (bu)-1 )

/* process keyboard mapping changes %/
casc MappingNotify:
XRefreshKeyboardMapping ( &myevent
break;

/* process keyboard input */

casc KeyPress:

i = XLookupString ( &mycvent, text, 10, &mykey,
0 )

if(i==18&& wxtl0] =="q" ) donc = 1;

break:

}  f* switch (mycvent.iype) */

] /* while (donc == 0)*/

/* termination ¥/

XFreeGC (mydisplay. myge )
XDestroyWindow ( mydisplay, mywindow );
XCloseDisplay ( mydisplay )

exit (0)

J

void orerror{error_text)

- char error_text[]:

(

fprintf(stderr.,"Numerical  Recipes run-time  error., . \n");
fprintf(stderr,"%s\n™ error_text):

(printf(stderr,”...now cxiting o system..\n");

exit(l): '

}

int  *ivector(nl,nh)
int nl.nh;

{

int v,

v=(int *ymalloc({unsigncd){nh-nl+1)*sizcof(int}):
if(tv) nrerror{"allocation [fuilure in  ivector(}"):
return  v-nl;

}

float  *vector{nl,nh)
int nl,nh;

{

Moal *v;
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v=(float =ymalloc{unsigncd¥nh-nl+1y*sizcol{float)):
if(1v) nrerror{"altocation  failure in  vector()"):
teturn v-nly

)

Moat  **matrix{nri.nrh,ncl,nch)
int  nrl,nrch,nclnch;

int 1,

float **m;

m=(float **)malloc((unsigned)(nrh-nri+1)*sizcof(float*});
if(!m) wnrcrror("altocation failure 1 in matrix(}"):

m -= nrl;

lor(i=nrlii<=nrhii++) |

mli]=(float *ymalloc((unsigned)(nch-ncl+1)*sizcof(lloat)):
if('mii]) nrcrror("allocation failure 2 in matrix()");

m(i] -= ncl;
}
rewurn M.
}
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