Preface

Over the past one hundred years or so, we have witnessed remarkable
progress in expanding the frontiers of scientific knowledge. During this
scientific journey, researchers have discerned many trends and themes.
One of the most important of these has been the relentless preference of
nature to discretize. Whether we look to the biological sciences and the
double helix, or the quantization of electromagnetic energy, or the exis-
tence of quarks in particle physics, it appears nature loves to count, to
compartmentalize, and to express all phenomena in terms of some sort of
unit. With its virtually limitless capacity to control vast arrays of such
individual elements, nature has endowed us with an amazing range of
materials, life forms, and variegated phenomena.

Nature’s affinity for using fundamental building blocks is not the
whole story, however. Its capability in the realm of the infinitesimal is
superseded by its incredible ability to synthesize, to derive function, and
to obtain meaning from among these immense arrays of discretized
elements, whether they be material units or bits of information. Nature
indeed is the supreme “system engineer”’. An oft cited analogy is that
drawn from certain impressionistic paintings. If looked at very closely,
a limited portion of the painting appears as nothing more than a ran-
dom collection of colored dots. Looked at from a distance, however, the
painting takes on meaning and substance.

We therefore can think of nature as providing us with two view-
points. One reflects a fundamental, building block perspective, and the
other a cooperative phenomenon, which ties together the discrete ele-
ments, and in so doing gives rise to form, function, and meaning. These
viewpoints are of course simplifications but nevertheless useful ones.
The examples in nature are boundless: a nugget of coal consists of 10>
atoms or so, an organism consists of many cells, and so forth. By them-
selves these basic units are usually unrecognizable; but together these
elements create new meaning. The designation of the building block is
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to some degree a matter of choice of course. The coal atoms consist of
atomic as well as sub-atomic particles; the latter are not as useful in un-
derstanding the chemistry of coal and we therefore choose to ignore
these units. On the other hand, we perceive atomic particles as having a
decisive influence on the chemical properties.

Throughout the past century we have developed countless theories,
many (but not all) of them containing fundamental units, or “building
blocks”, to help us understand natural phenomena. We have demanded
of these theories self consistency, and of course the capability to explain
known phenomena as well as to predict new phenomena. We have also
insisted that they be consistent with other predictive theories. If the
theory contained building blocks we have insisted that these units ex-
plain larger scale phenomena. In addition, although not absolutely neces-
sary, we have attached extra value to theories which are mathematically
“elegant”.

The topic of classical electromagnetism, and the very important subset
of electromagnetic wave propagation, certainly qualifies as an eminently
“superb theory”, to use the labeling of C. Penrose [1]. Despite the lack
of any apparent building block unit (within the classical domain),
the theory has exhibited unsurpassed predictive capabilities. In addition,
the classical electromagnetic theory (essentially, Maxwell’s Equations)
has forged very successful links with other theories, such as quantum
electrodynamics and relativity. We then raise the issue as to whether
physical building blocks exist in the realm of wave propagation, includ-
ing the classical regime? The use of the word “classical” would appear
to contradict such an idea from the very outset. In this regard, we cannot
point to any fundamental unit, or building block, except for its connec-
tions to quantum theory; in particular, the electromagnetic energy is
quantized, with the elementary energy unit existing as a photon. In our
discussion, however, we will forego the use of any units derived from
quantum theory, assuming instead that the wavelength is relatively long
and that the wave propagation remains in the classical regime.

Despite the lack of any apparent physical building block, we never-
theless proceed with the discretization of wave propagation phenomena.
Indeed, the discretization process, applied to the electromagnetic pro-
pagation medium, forms the basis of this book. In view of the comments
of the preceding paragraph, however, there are valid questions as to
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where and how the discretization process is to be introduced in the area
of electromagnetics. In what follows we will imagine the propagation
medium to be completely divided up into identical cells (for a given
propagation velocity), with the electromagnetic energy confined to
transmission lines, or “tracks”, which separate the cells. Rather than
relying on a fundamental building block derived from physics, the
basic unit selected will be a mathematical one. The selection of the
cell size is arbitrary, but we insist of course that as we reduce the size of
the cell that the solution reduces to that of solving Maxwell’s wave
equation (including the effects of conductivity). We reiterate that the
cell (and the cell size) is not an, irreducible, fundamental unit, but rather
selected on the basis of mathematical convenience. The method is close-
ly linked to numerical solutions of Maxwell’s wave equation (the usual
numerical approaches, however, do not take into account correlation
effects described later).

In view of the previous comments, a question which immediately
comes to mind is the following: is it worthwhile to re-introduce an old
theory, dressed in new clothing, with an accompanying computer code
for solving Maxwell’s Equations? The answer is affirmative, and for
three reasons. First, the transmission line method offers an extremely
intuitive means for dealing with a wide assortment of electromagnetic
propagation problems. Equilibrium, transient conductivity, and antenna
problems are readily amenable to this method. From the outset a particu-
lar problem is viewed as a transmission line grid, rather than a purely
numerical grid. Secondly the method provides an opportunity to discret-
ize the propagation region, which can offer many new insights and may
also be useful as a bridge to examine small scale effects when the cell
size is allowed to shrink further in size, leaving behind the classical re-
gime. Thirdly, the formulation allows one to study plane wave correla-
tion effects in a convenient manner. Thus plane wave components in
neighboring cells are aware of one another, leading to correlation effects
which affects their plane wave properties. In this revised edition, the
correlation/decorrelation theory has been refined and incorporated into
the simulations

Hopefully this book will fill a niche not presently satisfied by two re-
lated types of books. The first type, stressing numerical methods for
solving electromagnetic problems, lacks any appeal to physical intuition;
very often the physics of electromagnetic propagation is lost because of
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the morass of mathematical detail, or the result of a physically unmoti-
vated computer code. The second type of book, stressing transmission
line techniques, has the desired physical appeal but is inadequate for
solving two and three dimensional electromagnetic problems. This book
bridges the gap between the two subject areas, illuminating the features
common to both methods. Following the extensions and modifications to
the transmission line theory, the model is applied to several illustrative
electromagnetic problems. The book should have special appeal among
electrical engineers and scientists involved with electromagnetic propa-
gation and wideband transmitters/antennas. Although some background
in transmission line theory is desirable, it is not essential since the
needed background is provided.

What are some of the practical applications of the transmission
line method? As alluded to in the previous paragraph, the method is
particularly well suited for designing ultra-wideband or short pulse
transmitters/antennas. The future will witness an inexorable drive to
expand the bandwidth of transmitters/antennas, driven by the relentless
needs of the information age. Engineers and scientists will need a more
sophisticated understanding of picosecond devices, and its interaction
with the environment, and will require computer codes capable of accu-
rately describing such situations. The transmission line method should
provide the engineer with the analytic and software tools necessary for
dealing with this new technology. Besides laying the foundation for the
transmission line method, the book also provides examples of computer
codes which illustrate the transmission line technique. The code for the
two dimensional solution of a photonic switch is provided is provided as
an example.

The Chapters, outlined in the following, contain a fair amount of
“new” material. We enclose new in quotes since the basic assumptions,
embodied in Maxwell’s Equations and elementary symmetry arguments,
always represent the starting point. In most cases, however, the results
are straightforward extensions of transmission line theory.

In this book we will deal almost exclusively with transmission lines
situated on the borders of cubical cells (or squares, in the case of 2D),
mainly as a matter of convenience. Neat geometrical cells, such as
squares or cubes, are more amenable to mathematically analysis, and this
is the primary reason for adopting such cells. Other cell geometries are
possible, and in fact random irregularly shaped cells may be more ap-
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propriate, as we shall see. In any event the transmission line approach
leads to an iterative solution of Maxwell’s equations, which in turn may
be translated into computer code.

Chapter 1 begins with a discussion of the many types of electro-
magnetic problems one can solve using transmission line matrix (TLM)
techniques, whether they involve antennas, ultra-wideband sources, or
even static potential problems. This is followed by a review of basic
TLM theory, starting with the well documented, exact correspondence
of the one dimensional wave equation and the transmission line solu-
tion. Once one ventures into two and three dimensions, however, the
correspondence between the wave equation and the TLM matrix is
not as apparent. Chapter 1 addresses these issues, pointing out the close
relationship between standard numerical methods and the TLM matrix.
Mathematically, we will see that the TLM method may be regarded as a
particular type of finite difference method. Besides applications to elec-
tromagnetic propagation and other branches of applied physics, more
flexible versions of the TLM matrix may be used to describe other di-
verse phenomena, for example, the modeling of neurological activity. In
Chapter 2 the geometries and notation adapted for the TLM matrix are
discussed. In many ways they are similar to the symmetry elements used
to describe solid state crystals, in which the unit cells occupy the entire
space. A systematic procedure for mapping the electromagnetic proper-
ties onto the TLM matrix, i.e., the transmission lines and the nodes, is
discussed. Once the basic framework is established, Chapter 3 examines
the electromagnetic scattering equations for one, two, and three dimen-
sions. The scattering equations are very important, of course, since they
are the hub of any computer iteration used to describe electromagnetic
propagation. In Chapter 4 the TLM matrix is corrected for any plane
wave properties which are usually present. The plane wave properties
are studied by means of “correlations” between neighboring waves
in adjacent transmission lines. The reverse process of ‘“de-correlation”,
which removes plane wave behavior, also is introduced. This Chapter
also deals with the inherent anisotropy present in the unit cells and the
procedures needed to remove this effect. Plane wave and anisotropy ef-
fects are often ignored in the standard numerical methods. In this 2™
Edition, the correlation/decorrelation procedures have been completely
revised and many improvements introduced. Chapter 5 discusses the
boundary conditions and dispersion. Dissimilar dielectrics, for example,
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will require different cell sizes, so the scattering at the interface be-
comes more complicated. The Chapter provides a systematic means for
handling such boundary conditions. Embracing the effects of dispersion,
as in Chapter 5, does not involve any fundamental obstacle, but its
incorporation does make great demands on computer requirements. The
TLM method is typically aimed at solving purely electromagnetic prob-
lems, namely, fast transient phenomena. However the same TLM frame-
work also may be used to incorporate other phenomena, such as carrier
drift, recombination, and charge separation. Chapter 6 addresses these
issues. The main obstacle here is not so much the difficulty in incorpo-
rating such effects, but once again the substantial demands placed on
computer memory and speed, brought about by combining fast and slow
phenomena. In Chapter 7, an illustrative example is selected. We devel-
op a computer program, based on the TLM method, for finding both the
static (Laplace’s Equation) and transient solutions of a 2D semicondutor
switch, whose conductivity is induced by a light source. Unlike the First
Edition, the computer simulations in the present edition incorporate
plane wave correlations/decorrelations (PWC) into the computer code,
which then generates both the static and transient solutions. The incor-
poration of PWC effects (as revised in Chapter 4) into the iteration
allows for the accurate analysis of transient electromagnetic problems.
Throughout the Chapter, it was found to be very useful to compare
simulations with and without the inclusion of PWC effects. In addition,
the actual program statements are provided, allowing readers to gain a
better understanding of the method. Finally, in Chapter 8, we utilize
existing software, such as SPICE. Such software may be applied to the
TLM method when only a limited number of cells is required. Aside
from the cell number limitations, other limitations inherent in SPICE
involve the neglect of plane wave behavior, grid anisotropy, non-
uniform propagation regions, boundary conditions, etc. Nevertheless,
elementary but useful solutions may be obtained with SPICE, particular-
ly one dimensional problems, and to a lesser extent, 2D problems. Sev-
eral SPICE examples are discussed, which include RF transformers and
pulse sources, as well as a simple description of a semiconductor switch.

The author’s interest in transmission line methods, for solving elec-
tromagnetic problems, stems from his long and fruitful association with
the Army Research Laboratory (ARL), Fort Monmouth, NJ. The Author
has benefited from many discussions with scientists and engineers at
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ARL, and in particular, wishes to thank his many colleagues at the Pulse
Power Laboratory for their interest and suggestions. The topics dis-
cussed in this book were initiated as a way of analyzing very fast con-
duction processes in semiconductor, for use in fast pulse generation and
ultra- wideband sources. The author is presently with United Silicon
Carbide, Inc. in New Jersey.
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NOTES ON SECOND EDITION

The First Edition focused almost entirely on simulations which did not
take into account plane wave effects. Although such simulation results
are fine for static problems, the simulations are not capable of providing
accurate answers for transient problems. To address this issue, this re-
vised edition undertook two tasks. First the underlying theory (i.e., plane
wave effects) was reworked and refined. Second, the associated itera-
tions and simulations (based on the refined theory) was obtained, with
the simulations incorporating plane wave effects from the outset.

The revised simulations are capable of solving complex transient, as
well as static, electromagnetic problems using the same iteration. By
incorporating plane wave effects the neighboring TLM cell waves are
aware of one another, with the waves exhibiting correlation/ decorrela-
tion behavior. The underlying theory for plane wave effects has been
improved, making clearer the competition between the correlation and
decorrelation mechanisms. The simulations produced in this manner are
capable of greater accuracy in describing transient phenomena, when
compared to other methods. As described in the revised book, the TLM
method is capable of revealing subtle (and not so subtle) features of a
transient electromagnetic signals—features which cannot be determined
by other established methods (such as numerical methods) unless drastic
revisions are undertaken.

In the revised book, the major revisions occur in Chapters 4 and 7. In
Chapter 4 the underlying decorrelation model has been completely re-
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vised, which of course affects the way in which plane waves propagate.
In Chapter 7, the simulations incorporate plane wave behavior from the
outset (unlike the First Edition) which then are suitable for describing
transient as well as static solutions. Since the simulations in the First
Edition do not incorporate plane wave behavior, the resultant simula-
tions cannot accurately describe the transient behavior. Nevertheless, as
shown in Chapter 7, it is extremely useful to compare the two simula-
tions (with and without plane waves). Suppose the final state solution is
a static one. A requirement imposed on the plane wave simulations is
that they arrive at the same final solution, regardless of whether the
plane wave or the original (without plane wave correlations) simulations
are used. The results of the comparison may then be used to improve the
modeling of the correlation/decorrelation of the plane waves.

The revised book also takes into account semiconductors with arbi-
trary dielectric constant, using much smaller cell size, and thus extend-
ing the range of applicability and improving accuracy. These revisions
are essential for accurately describing electromagnetic behavior under
practical conditions.

Finally, in addition to the main revisions in Chapters 4 and 7, many
important clarifications and corrections have been implemented in each
of the Chapters. Redundant Figures and superfluous areas of discussion
have been eliminated. Every effort has been made to correct or eliminate
any unclear discussion.
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