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Abstract

This thesis presents a novel numerical synthesis technique based ou the time reversal
property of the Transmission-Line Matrix method (TLM). It allows the designer to
generate the geometry of a passive circuit from its desired frequency response using
alternate forward and backward time-domain analyses. This approach opens new
doors in microwave synthesis and offers an advantageous alternative to the traditional
synthesis techniques using frequency domain analysis. To demonstrate and validate

the procedure, an inductive obstacle inside a waveguide will be synthesized.



Sommaire

Cette these présente une nouvelle technique de synthese numérique permettant d effectuer
la conception de structnres électromagnetiques a partir de spécifications données sous
forme de réponse en fréquence. Elle est fondée sur la propriété d'inversion du temps
de la meéthode TLM ( Transmission-Line Matriz) et utilise en alternance des analyses
directes et inversées. La conception d’une structure inductive a Uintérieur d'un guide
d’onde est utilisée en guise d’exemple pour illustrer et valider les différentes étapes de
la procédure. Les résultats démontrent que cette nouvelle approche temporelle oifre
une alternative avantageuse face aux techniques traditionelles qui utilisent plutét des

analyses frequentielles.
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Chapter 1

Introduction

1.1 Overview

The need for more efficient design tools has always been ohvious. The epoch when
the designer had to build a few costly prototypes before providing a good product. is
long past. Today, computer simulations are an important part in the désign Process.
With efficient simulation techniques, it is now possible to produce hetter resnlts faster
at a lower price because computers are able to perform the task faster and with
greater flexibility. Overall, with the advent of cheap memory and fast processors, "

is possible to simulate very large structures in a fairly small amount of time. These

Serie Final
Specifications of : Ill-llt
Prototypes tedn

Figure 1.1: Design process hefore the advent of digital computers.
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Figure 1.2: Design process using computer simulations

days, computers are becoming powerful enough to suggest that they could not only
perform simulations hut also design of simple products by themselves. Provided with
appropriale specifications, computers are able to find the optimum values of some
parameters the device to be designed. Many techniques can be used to achieve such a
goal. Most of them are hased on a frequency domain analysis technique combined with
an optimization strategy. These techniques are currently applied in many fields, such
as the design of thermal structures in mechanical engineering, the design of digital
circuits or electromagnetic structures in electrical engineering, or fluid mechanics in
civil engineering. However, time-domain numerical techniques are not well suited for
this kind of design approach since every analysis requires the transient buildup of the
time response from an impulsive excitation which involves a large computation time.
Thus, the repeated analyses would be very wasteful. Hence, a different approach
should be taken to perform the synthesis in the time-domain.

This thesis reports a novel technique for the synthesis of conducting scatterers
based on alternate forward and backward analyses without requiring traditional opti-
mization procedures. It takes advantage of the time dimension since each time-domain
analysis provides full frequency band information. It is the result of a study to use
time reversal of the TLM method to perform the synthesis of electromagnetic struc-

tures, conducted by Sorrentino et al. [1] in 1991. Results show that it offers an



interesting alternative to the traditional synthesis techniques which have been used

so far.

1.2 Original Contributions of this Thesis

The following original contributions were made while investigating the time reversal

property of the Transnussion-Line Matrix method.

¢ The development of an accurate technique for reconstructing the image of a
metallic scatterer from its TLM time response. Based on the principles intro-
duced in [1], several techniques for precise description of a metalic obstacle,

using the field components available from a TLM analysis, were developed,

e The development of a new synthesis procedure based on the shape reconstruc-
tion technique using time reversal. This procedure includes a novel technique

for modifying the responses of TLM analyses.

o The implementation of the new synthesis procedures on a massively parallel

computer, the Connection Machine.

So far, no previous work using a numerical time reversal procedure las been
published. The synthesis technique presented here is completely new in the field of

numerical modeling as applied to the design of microwave structures,

1.3 Thesis Outline

After this introduction, Chapter 2 gives a short overview of the Transmission-Line
Method. In Chapter 3, the technigue of shape reconstruction is presented, and a
programming technique will be demonstrated. Its purpose is to clearly demonstrate

how to reconstruct the shape of a previously analysed obstacle by reversing the TLM



process. Chapter 4 then presents the complete synthesis procedure which is based on
thie shape reconstruction technigue. Numerical resalts are presented in Chapter 5, and
thie parallelization of the technique is explained in Chapter 6. Finally, the Conclusion
summarizes the thesis and presents several applications of this novel procedure in

some other areas.



Chapter 2

The Transmission-Line Matrix

Method

The Transmission-Line Matrix (TLM) method was first introduced by Johns and
Beurle [2] in the early seventies. It is a discrete time and discrete space sampling
method for modeling the propagation of electromagnetic waves. The propagation
space is represented by a mesh of interconnected transmission fines. This chiapter
presents the different aspects of this numerical technique. For the purpose of this
project, the two-dimensional version of the method will be emphasized.  Applica-
tion to 3D problems is only presented as an improvement of the rescarch project i

Section 3.5.

2.1 Propagation of Electromagnetic Waves

The TLM method is a discretized version of Huygens’ principle. The latler specifies
that each wave front created by a radiating source can be represented by a new series
of sources, which in turn, create a new series of wave fronts. To mode! the wave

propagation space, the TLM method employs a grid of interconnected transmission
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L J,“‘t.
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Vi
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Figure 2.1: Two-dimensional TLM shunt node.

lines with specific line parameiers, The propagation of electromagnetic waves is repre-
sented, in the TLM mesh, by the movement of voltage impulses along the transmission
lines. The differential equations which rule the voltages and the currents on the lines
are of the same form as Maxwell’s equations. Therefore, a relation can be established
between the electromagnetic fields in the medium and the voltages and currents in
thie TLM mesh. The differential equations relating the currents and the voltage for

the well known twe-dimensional shunt node shown in Figure 1.1 are:

oV, a1, )
d_: = Lo (2.1)
BY, al. .
a.:y = LE’ (2.2)
ol. 0L oV, ,
3t e = "X (2.3)

where L and (7 are the inductance and the capacitance per unith length of the ele-
mentary transmission line. while V,, I, and I, are the voltage at the TLM node and
the currents in the mesh. Setting % = 0, the following equations are derived from

the Maxwell's equation:

dE, OH,

or —k ot (2:4)

dE, 0H,

et O s 2.5
OH, OH, oLE, ‘
s ZE oL Y 2.
= + da ¢ ot (2.6)



where £, H, and H. arve the orthogonal electric and magnetic ticld components in
the x, y and = directions. BEquations (1.1) to (1.3) can be combined to obtain a two-

dimensional wave equation for the voltages in the network as a function of time and

space
3217 N2 2y a2y
A YA R Ry 2.7)
2 i:? are v dft
In the same manner we obtain for the electric field
arE,  0E, PE, 1 &°E, ‘
—— e = e = 5y (2.8)
o2 iz iz el Ot?

where v, 1s the velocity of the wave in the medium. This vields the lollowing corre-
spondence between the field components in the medium, and the voltage and currents

in the TLM mesh :

E, = V, (2.9)
H, = -1, {2.1)
1-[.‘: = j:z:a (.'3 ”)

¢ = 20, (2.12)
it = L. (2.13)
The velocity of the wave described by equation 1.7 is then given by

l &

However, for the elementary transmission line of parameters L and ') the wave

Uy =

velocity is
I
_, (215
VLC )

m =



whicl is equal to the speed of light ¢ in the case of air filled transmission lines.
Therefore the velocity in the TLM mesh is 1/4/2 times the velocity on the elementary

transmission lines.

In a two-dimensional homogeneous medium, the currents and the voltage at each

node 1in the mesh can he evaluated as

4 1 i i i i ¢
Wy = E[Vl + Vi + Vi + Vi, (2.16)
Vi Vi
[, = 242 9217
7 (2.17)
V:’ —
L= et 2.18
- Zo b ( b)

where the V_,,-" represent the voltage impulses incident on each node and Z, is the
intrinsic impedance of the medium. Thus, by selecting the proper values of line
parameters (L and ('}, the TLM mesh will model a realistic medium of propagation.

At each point in the mesh, the impulses are scattered so as to respect the con-
servation of energy. The scatltering of incident voltage impulses at every time step &

yields the reflected impulses at each node. For the homogeneous medium we have:

r -7 o

v, -1 1 1 1wl
vy 1211 W |
= 2 (2.19)
‘3 = 1 1 -1 1 V3
vl L v

Once reflected from the nodes, the impulses are incident on the neighbouring nodes

and the scattering continues with the new set of incident impulses.
Vi = Vi, (2.20)

The scattering and exchange of impulses between the nodes in the mesh are the basis
of the TLM algorithm as shown in Figure 1.2. Since the travel time between equally

spaced nodes 1s coustant, we say that the process is synchronous. Let denote the

8
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Compute voltages and
(or) currents at nodes
as required

!

Convert the reflected
impulses into

incident impulses to
adjacent nodes

!

Loop for a
given nutnber
of iterations

Figure 2.2: Basic algorithm of the TLM methaod



distance between nodes as Al We also set the computational time step equal to Af.
The two parameters are related by the wave velocity vy in the elementary transmission

Hises
_ Al

i

At (2.21)

Figure 1.3 illustrates how & single impulse incident on a node can propagate through
the mesh at every time step (for the two-dimensional case). Due to the discretization
of the medium. some errors are introduced in the velocity of the wave propagating in
the mesh. These errors and their corrections are well described in [3, 4, 5}

Finally, the scattering matrix equation corresponding te the more general case

where the shunt nodes are loaded with permitivity and loss stubs is:

v | —(y—2) 2 2 > o, |[w]
Va 2 —(y—-2) 2 2 24, Vs
Vs = —i— 2 2 —(y—-2) 2 20, Vi | (2.22)
Vi 2 2 2 —(y—-2) 2y, Vy
R 2 2 2 2 (We-y) | | V5],
with
y=4+ 4 + g (2.23)

where y, and g, are the normalized characteristic admittances of the permitivity
stub and loss stul respectively. as illustrated in [2].
2.2 Limitation of the Computational Domain

Even if large computer memory is available, the extent of the structure modeled by
the TLM mesh must be limited. Boundaries are used to restrict the computational

domain. Except for closed structures, absorbing boundary conditions are used to

10
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model the propagation of the electromagnetic waves out of the structure. For exam-
ple, to simulate a discontinuity in a long waveguide, absorbing boundaries are used
1o restriet the computational domain to a small region around the discontinuity. The
equivalence between fields and voltages or currents in the mesh suggests that this
conld be achieved by using a proper reflection coeflicient p while depends on the de-
sired type of boundary. ln the shunt connected two-dimensional TLM node, ideal
electric and magnetic walls are represented by a -1 and +1 reflection coefficient, re-
speetively. They are inserted half-way hetween the nodes to preserve the synchronism
with other impulses in the network. An absorbing boundary can be simulated by ad-
justing the coefficient p to the reflection on a general boundary of surface impedance

A
_ Zc"'Zo
P=7. 52,

However this model is valid only for a narrow frequency band if Z; is dispersive.

(2.24)

Otlher techniques for modeling absorbing boundaries over a wide frequency band
have heen developped [6] or are under study. Among others. the Johns matrix tech-
nique which is based on time-domain diakoptics, provides good absorption over a
large frequency band. Figure 1.4 illustrates how boundaries are included in a TLM

mesh. Note the distance of Al/2 between the nodes and the boundaries.

2.3 Excitation and Response

While the TLM method is a time-domain numerical technique, typical applications
require results in the frequency domain. A single impulse excitation of the TLM
mesh provides a full bandwidth response in only one analysis. Mathematically, the
impulses propagating through the TLM mesh are functions which take a finite value
at the time & and are zero elsewhere. Thus, they do not correspond exactly to the

Dirac distribution §. Let f(#) denote the response obtained from a TLM analysis at

12
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Figure 2.4: Insertion of a wall into a 2D-TLM mesh

a specific node. Equation (1.25) illustrates the results of the time-domain analysis of
a structure. At a selected output node, the value of the node voltage V; is taken at

each time step k. The discrete Fourier transform (DFT) of f(1) is then taken.

f(t) =3 V,b(ty — kAL) (2.25)
k=0
Fw)=F(f(1)) (2.26)

For a single frequency excitation, one has the possibility Lo use a series of impulses
which sample a sine wave; a Gaussian envelope can be selected for a pulse for a band-
limited excitation. It is interesting to mention that the excitation of the structure

can be done at any node in the mesh.

2.3.1 Evaluation of the Scattering Parameters

Scattering parameters -or S parameters- are used to provide transmission and re-

flection characteristics of structures under study. A procedure has been developed Lo

13



extract those parameters from a TLM analysis [7].

Usnally, the structure under study is symetrical and only two parameters need
to be evaluated: the reflection and the transmission coefficients Sy and Sz;. Thus,
provided the incident, reflected and the transmitted voltages are known, one can
compute the value of botl Sjy and Sy, They are evaluated according to the following

eXpressions:

1'/m.n!'l - ‘/ou to

Sy, = o (2.27)
oufl
Voutz
Sy = w2 (2.28
] 1fomﬁ[’) )

where V40 is the reference or incident voltage obtained from a simultaneous analysis
of an empty matched waveguide section of identical cross-section, Voun is the voltage
mesured at the input of the filter {containing both the incident and the reflected
waves) and Voue is the voltage taken at the output of the same filter (containing
the transmitted wave). All those responses are in the frequency domain. A Fourier
transform is used to get them from the time-domain responses obtained by TLM
analysis,

To explain this procedure, let us look at the following example: suppose that we
want to extract the § parameters of a waveguide filter which contains two circular
posts. lts topology is shown in Figure 1.5. The excitation consists of a set of impulses
with half-sine distribution to lauuch the dominant T E1g mode. There are two nodes
where the field response will be picked-up, at the input and at the output. The first
one will provide the information on the combined incident and the reflected voltages
while the second one will give the transmitted voltage. To extract the reflected
voltages from the total voltage mesured at the input, a short section of the same
wavegnide without the obstacles is used with the same excitation. The value Vouo
picked-up in this empty structure provides the incident voltage since no reflection

occurs in this waveguide.

14
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extraction. (b) Short section of the same waveguide for the reference signal.



After Fourier transform of those time domain signals, the frequency domain soln-
tions are obtained. Using equations (1.27) and (1.28), the scattering parameters are
calculated.

Experience has shown that the output points must be far enough from the discon-
tinuities to get only the dominant mode response. This constrains us to extend the
computational domain, thus increasing the computational time as well. To improve
this situation, one can use a Fourier series expansion over the transversal dimension
of the gnide at every time step near the discontinuities, thus reducing the size of the
mesh. 1t will result in a separation of the amplitudes of every modes. By extracting
the Fourier serie coefficient corresponding to the mode, of interest, at every time step,
it is possible to build a time-domain signal for a single mode of propagation. Usually,
the mode of interest is the dominant mode. For more details about this technique,
refer Lo Section 4.3 which deals with the extraction of the dominant mode response

of a structure.

2.4 The Time Reversal of the TLM Method

The TLM method, as well as the other time-domain numerical techuniques are rela-
tively new in the field of numerical modeling of electromagnetic structures. So far,
their use is Limited to the conventional time-domain analysis of structures. Cther
avenues still remain to be investigated. In this section, an important property of the
TLM method, the time reversal property, is presented. This property provides new
ways of designing microwave structures. In particular, it is the idea behind the new

TLM synthesis technique presented in this thesis.

16



2.4.1 Inversion of the Algorithm

The TLM algorithm consists of a series of scattering iterations performed at cach
node. Recall that the basic matrix equation for the two-dimensional TLM scattering

is

F Vi 7 | ~(y —2) 2 2 2 24, 11 v, 1
V) 2 —{y—2) 2 9 2y, Vi
Vs :é 2 2 -(y-2) 2 24, v | (2.29)
v, 2 2 93 —y=2) 2 v,
Lvs-k-i—l |. 2 2 2 2 (270‘"3})_ LVS_L

where y and v, are variables related to the dielectric constant and loss parameter.
In this system of equations, the impulses incident on each nodes are used to compute
the reflected impuises. This is done iteratively each time step at every node.

Also, it is easy to verify that the scattering matrix is equal to its mverse.
§=5"" (2.30)

This means that it is possible to obtain the values of the incident impulses from the
knowledge of the reflected impulses without any modification of the algorithim since
the basic matrix equation remains the same. This resulls in a time reversal of the
TLM method. Instead of using the TLM method to oblain the field distribution
in time and space from a given source, it could be used backwards to obtain the
excitation corresponding to a given field distribution.

This property was first illustrated by Sorrentino, So and Hoefer [1] and was pre-

sented for the first time at the European Microwave Conference in 1991,



2.4.2 Applications

An important advantage of time-domain simulations is the possibility to visualize
the actual propagation of waves in any structure. This makes the TLM method an
interesting tool in educational electromagnetics. Time-domain simulations help the
understanding of dynamic phenomena described by Maxwell’s equations using visual
animation. With the time reversal of the TLM method, it is now possible to stop a
forward simulation at any given time step and proceed with the backward simulation.
This helps in visualizing a specific effect during a simulation by alternating between
forward and backward time steping.

Although the educational aspect of this feature is important, the main application
of Lhis new property of the TLM method lies in the ability to obtain a source from the
field distribution it creates. The TLM method can be used to reconstruct the source
from a field distribution by reversing the time sequence. As an example, Figure 1.6
shows a series of images describing this process.

In the example a structure surrounded by metalic walls is analysed, and the process
is reversed afier several iterations. In (a), the structure is displayed with the initial
excitation which consist of a single impulse at a node m the structure. Figure 1.6
(b) and (¢) show the structure after 20 and 100 iterations. After 200 iterations, the
process has been stopped and started in the reverse time sequence to finally obtain
the reconstructed source in {d). This reconstructed source is identical to the original
one. This example shows the simplicity of reconstructing a source using the time

reversibility property of the TLM method.

2.5 Conclusion

This chapter has presented the Transmission- Line Matrix method which is a technique

based on Huygens’ principle to simulate the propagation of electromagnetic waves.
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Figure 2.6: Example demonstrating the time reversibility of the TLM method. In {«a)
(b) and (c), the field set up by an impulse in the structure under study is displayed
att =1,1 =20 and ¢t = 100 respectively. After the inversion of the time sequence,

the source has been reconstructed as displayed in (d).
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The application of this time-domain numerical technique to the analysis of general
structures was shown. Finally, the property of time reversal of the TLM method

reveals promissing avemes in the field of time-domain synthesis of structures.



Chapter 3

The Technique of Shape

Reconstruction

The time reversal property of the TLM method can be used to develop a new technigue
of shape reconstruction. This chapter shows how the TLM method can he nseid to
reconstruct the shape of a metallic scatterer that has previcusly been analysed. The

procedure is explained in detail, and some examples of reconstruction are presented.

3.1 Scattering of an Incident Wave by a Metallic
Obstacle

When a wavefront is incident upon a metallic obstacle, a perturbation of the field
1

quantities is created due to the surface currents induced on the obstacle. The Lan-

gential electric field E is related to the surface current density J by the following

expression:

&3]}

J=0o

-, (3.1)

where o is the conductivity of the obstacle.
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Figure 3.1: Incident and scattered field around a metallic obstacle.

After the wavefront has hit the obstacle, it becomes difficult to separate the in-
cident and the scattered electromagnetic fields. However, it is possible to separate
{hese two fields if we know the current distribution on the surface of the obstacle
and the value of the incident electromagnetic field. This can be achieved easily using
numerical techniques such as the method of moments. This method builds a system
of equations using the Green’s function approach which is then solved for the cur-
rent, distribution. Using Maxwell’s equations, the scattered field due to this current
distribution on the obstacle can be obtained.

The possibility to separate the incident and the scattered field quantities suggests
that by applying the time reversal property to the scattered electromagnetic field, it
would be possible to obtain the induced sources in the same way as we can find the
initial sources from a known electromagnetic field distribution (see Chapter 2). This
idea leads to the technique of shape reconstruction.

Becanse of the linearity of the TLM method, the principle of superposition can
be applied. Therefore, the impulse response due to two different sources is equal
to the sum of the impulse reponses to each source, taken separately. Let the TLM
time-domain reponse at an output node O be denoted by ¢(t). Let us also assign

#1(t) and ¢,{t) to Lthe responses to two different excitations, Thus, the total response

I
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Output Point .
o) Scatterer

e Source Poiut

Absorbing boundary
Figure 3.2: The entire structure including the scatterer yielding the total solution

to the combined excitations is
or(l) = dlt) + ¢21). (3.2)

This illustrates how the principle of superposition can be applied to the TLM
method. Naturaly, it can also be used to separate the incident and scatiered ficld
responses. In other words, one can separate the effects of the primary and the indieed
sources in a linear TLM sinmulation. In the present case, we want to extract the lield
response to the induced sources from the combined response due to both primary and
induced sources.

Let us now introduce a new notation to facilitate the understanding of the problem.
If ¢7(2) denotes the total field solution, ¢x(t) the homogeneous solution (incident field
without the scatterer), then according to the principle of superposition, we can write
the particular solution as

Gp(t) = gp(t) — (i), (4.4)
where ép(t) represents the field solution corresponding to the induced sources on the
contour of the obstacle.

Consequently, the total response can be obtained at any node of the TEM mode]
simply by analyzing the scattering problem. To obtain the homogeneous solution, the
scatterer is removed, while all the other features of the problem remain the same. The
difference between the total and the homogeneous field solutions yields the particnlar

solution. The objective of this separation of the respouses is to use the particular
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Figure 3.3: Empty structure yielding the homogeneous solution.
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Figure 3.4: Structure using a surrounding sources.

colution in a backward sinmlation to provide information about the induced sources.
However, using a single node as output point does not provide enough information to
accurately reconstruct the induced sources.

In order to fuily describe the location of the induced sources by reversing the
TLM method, information about the distribution of the fields in space is essential.
For example, if we surround an obstacle by N nodes numbered from 1 to NV, as seen
in Figure 3.4. and use them as output points for the analysis, and as input points for
the injection of the inverse sequence, the reconstruction would be more efficient.

The total and the homogeneous field solutions ér(n,t) and ¢y (n,t) are functions
of space and time. The inverse simulation yields the induced sources. These induced
sources indicate the contour of the metallic obstacle. Therefore, a reconstruction of
the shape of the obstacle is possible.

In the example of the reconsiruction of an impulsive source (Figure 1.6) by revers-
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e the time sequence after au analysis. the inverse process led to a single souree at
time 1 = . When analysing a structure containing a metallic scatterer, the sources
on the contour of this obstacle are not induced simultaneously. In fact, the wavefront
that hits the obstacle creates a series of asynchronous induced sources. Therefore,
when using the inverse process to obtain these induced sources. parts of the con-
tour will appear at different time steps. For that reason, the reverse process 1s not
able to reconstruct ali the induced sources simultanecusly. Many solutions have heen
suggested to overcome this problem.

The next section preser s a technique of shape reconstruction which is capable of

determining the topology of the scatierer.

3.2 Presentation of the Procedure

To explain the procedure, a simple structure is used so as to not obscure the essence of
the technique. Let the structure be a parallel plate waveguide contaning a metallic ob-
stacle. This structure has been chosen because it can be treated as a two-dimensional
problem since there is no physical variation in the vertical dimension. Also, such a
structure can propagate a TEM mode which considerably simplifies the TLM anal-
ysis. A top view of this waveguide is represented in Figure 3.5. It is composed of
two magnetic walls and two absorbing boundaries to limit the computational domain.
Those absorbing walls are TEM absorbing boundaries represented by a single impulse
reflection coefficient.

The analysis is performed by placing a linear set of impulsive sources on the left
side of the waveguide. The dominant TEM mode is generated by injecting, at every
node in the excitation zone, an impulse having the same amplitude. The wavefront
then propagates through the guide toward the right until it hits the obstacle. At

this moment, a reflected wave is created. During the whole process, the time-domain
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Figure 3.5: Top view of the parallel plate waveguide containing the metallic scatterer.

response can be taken at any point in the mesh. The proposed shape reconstruction

procedure consists of the {ollowing three steps:

1. The complete structure including the obstacle is analysed. At every iteration,
the values of the impulses incident at all nodes adjacent to the two absorbing

boundaries are saved. This yields the total solution ¢r(n,t).

2. The same structure is analysed without the obstacle. Like in the first part,
the impulses at both absorbing houndaries are saved to yield the homogeneous

solution ¢y (n,1).

3. The difference between the total and the homogeneous solutions, which is the
particular solution, is re-injected into the empty waveguide in reverse time se-
quence. After the entire inverse process, the induced sources on the circumnfer-

ence of the obstacle are obtlained.

As we know, the fields propagating in the structure can be visualized in the time-
domain using a mapping of the field quantities into a color scale or a 3D mesh. Since
the scattered field has a local maximum or minimum at the surface of the scatterer,
the value of the field al every node is updated if the current value is higher than
any previous value. At the end of the process, a distribution map of the maximum
field value is obtained. 1t is from this map that the shape of the scatterer can be

extracted. Depending on the field component, a different image is obtained and
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Figure 3.6: Field components used in the two-dimensional TLM analysis of a waveg-

uide problem.

different information can be displayed. The sources used in both analyses, the first

and the second parts, must be the same, and the number of iterations must be equal.

3.3 Processing of the Final Image

In the two-dimensional TLM analysis, a maximum of 3 field components can be used.
In the case of a longitudinal section of a rectangular waveguide, the components
needed to describe the propagation of all TE,, modes are f7,, H, and H.. As de-
scribed in chapter 2, these field components are represented Ly voltages and currents
in the TLM mesh.

From the inverse simulation, it is possible to obtain maps of the maximum valie
of these field components or a combination of them. Next we show the kind of results
that can be expect from these maps and how to combine them to enhance the precision

of the shape reconstruction.



3.3.1 The Transverse Electric Field: E,

By displaying ihe map of the maximum absolute value of the electric field during
the inverse time sequence, one can get the shape and the position of the previously
analysed obstacle from the location of the maximum values of the field component.
If the re-injected signal of the backward simulation, which is the particular solution,
is due to the induced sources, then the highest values of the electric field should
correspond to the most important induced sources on the contour of the obstacle;
obviously they will indicate the shape and the location of the obstacle. Figure 3.7
shows as an example, a metallic septum inside a parallel plate waveguide. The value
of the field on each node in the guide is discretized and assigned an integer value
between 0 and 255. The set of integer values has been chosen in order to use a color
map of 256 colors or § bits per pixel. In this way, the shape of the obstacle is quite
well described. In Figure 3.7, a contour representation is used.

To extract the dimension of an obstacle with better precision, an algorithm is
used to locate of the local maximum for every line of the mesh. A criterion is used to
determine al what level a maximum value is stored; this will be part of the contour.
For the electric field representation, a point is considered a local maximum only if
the absolute value of the slope on each side of the node in question is higher than a
given level. This level has been evaluated experimentally to Th = 6/Al. Using this

threshold value with the following algorithm, the local maxima are found.

Algorithm for the extraction of the local maxima

e [or cach line in the structure

— TFor every nodes on the line
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Figure 3.7: Distribution of the maximum values of the eleciric field obtained from &

reverse TLM analysis.
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+ 1 the slope on the left is larger than T'h AND the slope on the right

is smaller than —7Th. Then the node 1s detected as a local maximum

and is assigned a value “active”.

The result is a map of boolean values where each active node corresponds to a
detected local maximum. This map gives a good representation of the topology of
the scatterer. Using this algorithm. the exact shape of the septum of Figure 3.7 hax

been obtained; it is displayed in Fignre 3.8,

3.3.2 Transversal Magnetic Field: H,

The transversal magnetic field component can also be used to extract the topology
of an obstacle. This field component behaves in a similar way as does the electric
field except that now the positions of the local minima describe the shape of the
obstacle. Thus, the same processing can be done on this image except thal the
algorithm extracts the position of the local minima instead of the local maxima.
For the example of Figure 3.7, it can be seen from Figure 3.9 that the result of the

extraction of the local minima yields the same shape of septum than Figure 3.8.

3.3.3 Longitudinal Magnetic Field: H.

The longitudinal magnetic field component does not appear when a pure TEM wave
propagates. However, it is generated in the form of the higher order modes when the
wave hits an obstacle, and especially at the location of the sharp edges. It might also
be generated by the coarseness effet of the TLM mesh around those corners or sharp
edges. When re-injecting the particular solution into the empty waveguide, this field
component will mainly show the position of the corners of the obstacle. Figure 3.10
shows an example of the final longitudinal field image obtained from the inverse TLM

simulation of the metallic septum,
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obtained from a reverse TLM analysis.
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3.3.4 Combination of the Field Components

The observation thal the transversal electric and magnetic field components botl:
vield the contour of objects in a similar way, suggests that the difference between
both fields yields a more precise image of that object. Since the particular electric
field solution is maximum at the interface while the accompanying magnetic field
has a local minimum at the same location, the difference between their magnitude,
|H,(2,7)i—|Ey(3,7)|, computed at each node, will also delimit the obstacle. Replacing
by zero every negative resulting value, the obstacle will be well described. The result-
ing field value will thus be much lo{?;rer in the empty region than close to the obstacle.
Figure 3.11 illustrates the technique of processing these two field components.
Another approach is to use the magnitude of the Poynting vector, which is a
combination of the three field components. Let |P(¢, )| denote the magnitude of the

Poynting vector.

PG| = 1Byl )1V Hels )+ 1Ha G 5 (3.4)

Taking into account what has been said about the field distribution of the different
components, it can be shown that the location of the obstacle will then be described
by local minima of ‘P(i, ] )| Furthermore, this approach gives a better representation
of the obstacle than the local minima obtained by the transversal magnetic field only.
Figure 3.12 demonstrates this. Using the algorithm that extracis the position of the
loca! minima for each horizontal line of nodes, the shape and position of the obstacle is
reconstructed with a good precision. As another example, Figure 3.13 shows a series
of images including both the analysis and the reconstruction of a metallic obstacle.
One can see from this example that only the left side of the obstacle is reconstructed.

This is due to the fact that the induced sources have mainly be created on this side.
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Figure 3.13: Series of images showing 3 nstants during the analysis in (a), () and
(c) and the result of the reconstruction in (d). All images display the distribution of
the magnitude of the electric field component normal to the paper.
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Figure 3.14: Case of the reconstruction of two obstacles having a large resonance

cllect between then.
3.4 DMultiple Obstacle Reconstruction

So far. the reconstruction of single abstacles does not present any major problem. The
examples presented above iflustrate that it is easy to use the TLM method to do so.
However, the extension of the shape reconstruction technique to multiple obstacles
is not straight forward. Consider for example a waveguide filter which includes two
metallic posts. With the TLM method. forward time-domain analysis is simple. The
resanance between the two obstacles that creates the filter characteristics is taken
into account in the TLAD analvsis. The time-domain response obtained from this
analysis represents accurately the reponse of the filter. However, the application of the
reconstruction technigue is not simple. The information obtained at the extremities
of the waveguide corresponding to the total and the homogeneous field solutions
contains indirect information about the sources induced on the inside wall of the
obstacle, Figure 3.1 illustrates this situation.

The induced sonrees ereated on the sides of the obstacles facing the wavefront are
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directly radiating toward the absorbing boudary. The resulting information about
these sotrees is necded 1o reconstruet the contour of the metallic seatterer. However,
the sources induced on the inside walls of the obstacle radiate first toward the wall of
the neighbouring obstacle. and before reaching one of the absorbing boundaries. the
impulses travel a few times between the obstacles. This resonance effect canses the
absorbing boundaries to receive only second-hand information from the inside walls
of the obstacles. If the purpose of the simulation is to obtain only the frequency
response of the filter, this effect is of no importance. The problem arises when the
particular field solution ¢,(1) (the difference between the total and the homogeneons
field solutions obtained from the two analyses) is used as a source in the inverse TLM
simulation where it is expected to reconstruct the shape of the obstacle. ln this casc,
the impulses are not able to enter into the inverse resonance for the reason that the
two obstacles are not there anvmore. This results in a poor reconstruction of the
inside walls of the scatterers. An example of this is given in Figure 3,055 it ix casy
io see that the external walls are described with much better detail than the inside

walls.

3.5 Shape reconstruction using the 3D-TLM con-

densed node

The technique described in Seetion 3.4 can also be applied to the three-dimensional
TLM method [3, 4, 5]. In this case, a more general problem can be analysed sinee
there is no limitation on the number of field components that can vary. With the
3D-TLM method all six field components can be computed, and the complete sel
of Maxwell’s equations can be simulated. The use of the symmetrical condensed
node provides the possibility to impose and collect all six field components at the

same location in space. Figure 3.16 shows a schematic representation of a 3D-TLM
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Pigure 3.15: Reconstruction of two identical obstacles placed inside a parallel plate
waveguide. The reconstruction of the inner walls is less accurate than the external

ones.

condensed nocde.

As lor the two-dimensionai case, the study will be limited to a waveguide problem
where the reconstruction ol a scatterer placed in the middle of a rectangular waveguide
s performed. 1n this 3D problem, the obstacle is not restricted to he unilorm in y
direction to preserve the T [, mode. In fact, it can be of any shape. The main
difference witl the previous case resides in the [act that instead of siving the impulses
on a line at each oubput, the impulses emerging from the structure are now picked
wp in a plane on each side. Thus, a larger amount of memory is needed to save the
total, the homogeneous and the particular solutions.

To illustrate the technique, a simple metallic ivis centered in a rectangular waveg-
uide will he used. Since this iris is modelled by an infinitely thin metallic wall, the
lenght of Lhe waveguide seciion can be relatively small compared to two other dimen-

sions . and y. This results in a very dense mesh to describe the transversal plane of
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Figure 3.17: Rectangular waveguide with a metallic iris modelled with a three-

dimensional TLM mesh.

the waveguide. In this way, a better description of the irts which lies in a transversal
planc is obtained. The structure tested contains only a few “slices” of nodes. They
cach correspond to one of the & — y planes in the waveguide. For the purpose of
simulation, the iris is inserted between two of those slices. Figure 3.17 illustrates
this modelling. Four electric walls are used to simulate the metallic waveguide walls,
Furthermore, two absorhing boundaries are needed on each sides to limit the com-
puiational domain. These boundaries are located at = = 0 and z = Z (where Z is
the longitudinal dimension of the waveguide) in the TLM mesh half-way between the
nodes, as in the two-dimensional case. For each node connected to the ouput planes,
there are two branches corresponding to the two polarizations of the propagating
wave. As can be seen on Figure 3.16 representing the symetrical condensed node,
there are two orthogonal transmission-lines connecting the other nodes in each of the
six directions. On the left-hand side of the waveguide, the two lines that connect to

the absorbing boundary are lines 2 and 4. On the right-hand side, lines 8 and 9 are
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connected to the other absorbing boundary. It is from those lines that the voltage
impulses are collected in each of the two output planes. Due to the small unmber of
nodes in the longitudinal direction, the number of iterations required for the field to
vanish in the structure is relatively small. For example, in the case of the excitation
of the dominant mode {T Eyg), the wave frout will have reached the right output after
twice the number of nodes in the Z direction. Quly some ripples due to the dispersion
of the high frequency components will take more time. After propagation through 10
times the number of nodes in the longitudinal dimension, the field in the wavegnide
vanishes. This condition must be satisfied before re-injecting the particular solution
into the empty waveguide. It is important to keep the number of iterations small sinee
a large number of impulses must be saved at each iteration. Furthermore, the outpul
planes being close to the scatterer, the collected impulses contain information on the
higher order modes of propagation. In this way, the recoustruction of the shape of
the scatterer can be performed with good resolution and efficiency.

In the case of a three-dimensional structure, the imaging of the field components
is not easy. The user must select a two-dimensional plane where the field values can
be converted to a color map and then displayed on the screen. For the example of the
iris, by displaying the field in the transversal plane just in front of it, one can detect
the shape of the metallic scatterer after re-injection of the particular response in the
reverse time sequence.

Using the Connection Machine (a parallel computer), several simulations have
been performed to reconstruct a simple iris. A complete example is given in Chapler
6. This example shows that the technique of shape reconstruction can be applied to
the 3D version of the TLM method. 1t provides greater flexibility to the designer
than the 2D version. The method could also be applied to other types of structures

such as radiating element, for example.

43



Conclusion

In this Chapter, 2 ilew technique for reconstructing the shape of previously analysed
obstacles has been introduced. The method is based on the time reversal property of
the TLM method. Note that this technique of shape reconstruction is not a synthesis
technique. However, the examples of reconstruction suggest that by specifying a
wanted response, one could use the proposed technique to reconstruct the shape
of an obstacle that yield the wanted reponse. The following Clapter describes the

complete synthesis technique in detail.
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Chapter 4

The Complete Synthesis
Technique

From a practical point of view, a genuine synthesis does not start with an analysis of
the wanted structure. Usually it starts with a frequency response given as a design
specification. Consider an example, the specifications for a waveguide bandpass {ilter,
where limiting values for iy and Sy are given for a relatively narrow frequency band.
Outside this bandwidth, no specifications are usually given. Furthermore, in the case
of a waveguide problem, only a single mode of propagation is specified.

However, the shape reconstruction technique requires a realistic {ime-domain re-
sponse which cannot be obtained from incomplete spectral specifications. Also, the
field distribution in the transversal plane of the waveguide filter in time and space is
unknown since the distribution of the energy among the different modes of propaga-
tion is also not specified. Hence, the shape reconstruction technique requires more
information than is usually given in the specifications.

The missing information must be generated somehow to enable the use of the TLM
method. Specifically, we must know the S-parameters over a wider spectrum and have

a good description of higher order to reconstruct the topology of the scatterer with an
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acceptable accuracy. In the following section. a solution to this problem is proposed.

4.1 Approximate Analysis

[ the traditional synthesis techniques which involve an optimization procedure, the
starting point is usually a guess or an approximate topology. This first guess is based
on experience or approximate formulas. In the case of conducting obstacles in waveg-
uides, approximate formulas exist in the Bterature which relates the geometry to the
vahies of an equivalent lumped element circuit for the obstacles. The time-domain
response obtained {rom the TLM analysis of the “first guess geometry” 1s then mod-
ified in the bandwidth of interest according to the specifications. Thus, the required
wide frequency band information can be generated. In other words, the donunant
mode response obtained from the approximated analysis (see section 4.3) is replaced
by the desired (specified) dominant mode response. Thus, the signal used to syn-
thesize the obstacle is composed of the specified response in the operating frequency
range and the approximated response at the other frequencies. Usually, the original
specifications are given in the frequency domain; the modification of the approxi-
maled signal is also performed in the frequency domain after a Fourier transform of
the time-domain signals. Only the dominant mode time signal is converted into the
frequency domain. The technique used {or modifying the dominant mode response

will be presented later.

4.2 Utilization of the Shape Reconstruction Tech-
nique

The modified (or hybrid) time-domain signal is used in the shape reconstruction

technique as the total field solution. The homogeneous solution is subtracted from
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it yielding the hybrid particular response. This response is re-injected i the reverse
time sequence into the empty computational domain to yield an image of a new ob-
stacle. This new configuration ts an improved version of the approximated obstacle.
Obviously, a new analvsis would verifv if the characteristics correspond to the spec-
ifications. A few more such cyeles can be performed to achieve a good agreement
between the specifications and the response of the synthetized obstacle. This algo-
rithm converges quite fast. Experience has shown that, depending on the choice of
the approximated topology. only 2 or 3 iterations are needed to achieve satislactory
results.

It is important to mention again that the specifications are compared only in the
bandwith of interest and for the dominant mode. Figure 4.1 presents the flow chart

of the complete synthesis procedure,

4.3 Dominant Mode Extraction

The use of a time-domain numerical method for simulating the propagation of clec-
tromagnetic waves inside a waveguide is not limited to a single mode of propaga-
tion. Even if the user has the choice of the excitation (one can excite a guide i a
specific mode), higher order modes are usually generated when a wave front kits a
discontinuity inside the waveguide. Depending on their cut-ofl {requencies and the
frequency band of the excitation, these modes can be either evanescent or propagal-
ing. For example, il a WR-90 rectangular waveguide is excited by a Gaussian pulse
(¢ = 10Al) having a hall-sine distribution in the transversal dimension, the Tl
mode is excited. Higher order modes which are generated by the discontinuity will be
evanescent. When using a time-domain numerical technique, the total Lhne response
contains all the modes, whether they are propagating or not. Thus when looking at

the transversal distribution of the electric field in the waveguide, it is not possible
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Figure 4.1: Flow chart of the complete synthesis procedure using the inversion of the

TLM method (DFT = Discrete Fourier Transform).
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to distinguish the different modes inside the waveguide. Ouly the superposition of
all modes — the total field solution — is available. Since the transversal distribu.
tion of the field components of each propagating mode is represented by orthogonal
functions, one can extract the magnitude of these functious by perforniug a Fourier
expansion in the transversal plane of the waveguide. The wave that propagates inside
the waveguide can be decomposed into an infinite sum of modes. For nstance, the
electric field distribution E,(x) in the cross section of the guide can be expanded in

an infinite Fourier series as

=]
where

1 P

1y = F/U E, (x)dr, (4.2
2 P nwr

t, = F/o Ey(:zr)c.os( 5 )d;r, (4.3)
L .

b, = "f-; ) E,(x)sin (%)d:l'. (41.4)

Each coeflicient then corresponds to the relative magnitude of a mode present in the
waveguide.

For the particular case of the parallel plate waveguide, the dominant TIEM mode
corresponds to the ap coefficient since this mode has a contant distribution along the
r dimension. Therefure, it corresponds to the mean value of the field in transversal
direction of the waveguide. Higher order mode have amplitude cocflicients a,, sinee
they will always have a cosine distribution along the z axis. Therefore, for such &
waveguide, all b, coeflicients have a value of 0.

In the case of a rectangular waveguide, all a,, are zero since the conditions at . = 0
and z = a (the width of the guide) force £, to be zero. Thus, the field distribution in

the cross-section of the wavegnide is described by a sum of sine functions, and every
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Figure -1.2: Idealized representation of a paralle] plate waveguide.

b, correspond to a mode. The T'Ejy mode can be extracted by computing the value
of b, from Equation (4.4).

However, the fact that the respunses are taken near the TEM absorbing boundary
can introduce an error in the evaluation of the dominant mode response. Usually,
this error is negligible in the bandwidth of inter.s!.

let us now study the case of the parallel plate waveguide. This idealized waveguide
consists of two metallic wails and two magnetic walls has shown in Figure 4.2,

When analysing the distribution of the electromagnetic fields in the cross section
of such a waveguide with the two-dimensional TLM method, the boundary conditions
impose a set of solutions which are orthogonal. Furthermore, when there is no distur-
bance in the vertical dimension, all the electromagnetic field components are constant
in the y.-dircction, so that the only variations are along the @ axis. The width «, of
the waveguide is an integer multipie of the half-wavelength in transverse direction.
Using the analogy with the Fourier expansion, it is possible to extract the magnitude
of every mode of propagation from the coeflicients of the series as mention earlier.
Figure 4.3 shows the first modes of the series.

For the case of the rectangular waveguide, different boundary conditions are ap-
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Figure 4.3: Diflerent modes of propagations that can be scen in a two-dimensional

analysis of a parallel plate waveguide.

plied since the cross-section of the gnide is composed of four clectric walls. The
dominant mode of propagation is the T'£y mode which hias a hall-sine distribution
along the x axis is constant along the y axis. The coustant vertical distribution is
present for every 712,y mode of propagation. Only these T'12,, modes exist if there is
no physical variation along the vertical axis inside the guide. This means that every
cut along the y axis will vield an identical x — z plane content. Finally, we have
shown how to extract the dominanut mode response of a structure. This response is
then modified according to the specifications, and used with the shape reconstrue-
tion technique to provide the geometry of an obstacle corresponding to the given

specifications.

4.4 Modification of the Dominant Mode Response

An important part of the TLM synthesis of microwave structures is the modification
of the dominant mode information provided by the analysis of a structure with ap-
proximately the correct dimensions. The purpose of this section is to describe Jiow
to modify the dominant mode Lo achieve our synthesis.

In the following, it is shown how to extract the dominant mode response of a
parallel plate waveguide. Let the time-domain responses for the clectric field of a
).

structure be denoted by CJ‘({I!('L’C) and ¢

Grigid(1: k). The dominant mode frequency
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Figure 4.4: Parallel plate waveguide. (a) waveguide with an obstacle yielding the

total solution (b) empty waveguide yielding the homogeneous solution.

response is extracted by performing a Fourier expansion of these signals over the
transverse dimension of the waveguide at every iteration, and by taking the Fourier
transform of the resulting time sequence éfzﬂ(k) and gﬁggm(lc). The dominant mode
lLias a constant transversal distribution (see Fig. 4.4). Therefore, the extraction of
the dominant mode is performed for each iteration by compuiing the average of the

clectric field over the o axis. resulting in the first term of the Fourier series. Hence,

P p—— Aﬁ\'éT (i. k) (4.5)
o ft - NBYX — Pleferte .

n
g}



and

N | NBX
“MM”:KETiﬂOMM k) (1.6)
for k= 0,1,2... NbJi — 1. where NBX and Nblt are respectively the number of nodes

in the transverse direction and the number of iterations of the analysis.

Let @Eﬂ( } and @ 1”,“(u.') denote the Fourier transform of d)hﬂ( k) and d)rtth
Since the structure is excited from the left, (I){:,ﬂ contains the incident and the reflected
TEM wave, while fl)ﬂqm the transmitted TEM wave. This will be useful later.

Let the wanted frequency responses be denoted by @V (w) and & (). These
are defined only for a limited frequency band where only the dominant mode can
propagate. The difference hetween the wanted characteristics and the response of the

dominant mode is obtained in the frequency domain yielding

Cpfl () = Of (W) — &) (w) (4.7)
and
(]::if{’( ') = qrtt;ht(' ) q)ﬂfght( ) {1.8)

The resulting signals contain, respectively, a reflected and a transmitted TEM wave.
Therefore, the cosresponding time-domain signals have a constant transversal dis-
tribution. As mentioned previously, it is easy to represent such a TIEM travelling
wave in a 2D-TLM network by using a line of equal node voltages with the proper
incident impulses on each node. This is illustrated in Figure 4. . the magnitude of
the electric field, A, is set to unity, then for the wave travelling to the left, the field

components are calcnlated as follow:

. 1
1 i
= [ S F0+g+
= 1. (1.9)
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The resulting Poyuting vector is in the —z direction, and so is the direction of prop-

agation. For a TEM wave travelling from the left to the right, we have :

E

¥

H,

.
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1, (4.12)
1
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I
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| I B
PASIDY
0. (4.14)

Now, the Poynting vector is in the positive z direction. Therefore, for each time step

k, the difference signals can be represented by a line of impulses weighted by the value

of the inverse Fourier transform of Cl’f:}r,f(w) or @4 ().

right

Finally. the moditied signals to be reinjected into the empty computational domain
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that vield the shape of an obstacle according to specifications, are detined as:

Slpik) = of i k) — F@RE ()], (115)
Oanli-k) = 6l (i k) = FTOLH () (4.16)

Using Equations (4.7) and (4.8) in (4.13) and (4.16} we obtain

C')I{‘fz(‘ k) = ¢3;{,r:(' — F- [q)l._,ft - (l’hfr(‘*")] {1.17)
gr)erqht("I‘} = rwhl(a ;‘} - 1[(1 nth ) ¢ nu;hr( )] (l]:‘:)

Figure 4.6 (a) shows how the two right hand side terms of Equations (1.17) and (1.15)
are represented. The first terms, qﬁ?:,ﬂ(i,k') and (f);ﬂyht(i, k), are the total vollages of
nodes i at time k resulting from the voltage impulses incident on that node. It is
the total solution obtained from the TLM analysis of the structure. They contain
the dominant and all the higher order modes. The secoud terms, which are the
inverse Fourier transforms of the difference signals, contain only a TEM wave (cither
propagating toward the right or the left). Therefore, as mention carlier, the vabies of
the incident impulses describing this signal are equal along the transversal dimension

shown in Figure 4.6 (1) for the left input.

4.5 Conclusion

In this Chapter, a particular example has been used to illustrate how the complete
synthesis technique can be applied to obtain a simple metallic scatterer inside a
waveguide. It has also been shown how the missing information not included in the
design specification can be generated by performing an analysis of an approxitabed

structure.
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TOWARD THE RIGHT

TOWARD THE LEFT

Figure 4.5: Representation of @ TEM wave travelling to the right (a) and to the left

(b). A is the magnitude of the electric field of the wave.
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Chapter 5

Numerical Example

In this chapter, the entire synthesis technique is presented step by step by designing

an inductive obstacle inside a parallel plate waveguide.

5.1 Synthesis of an Inductive Scatterer

Subpose we want to design an inductive obstacle with an inductance of 0.9pH, cen-
tered in a parallel plate waveguide. Using a lumped equivalent circuit (shown in
Figure 5.1), the [requency domain characteristics are computed. The scattering pa-
rameters Sy and Sy of the inductance are shown in Figure 5.2 vs the normalized
[requency AlfA. Recall that these curves are valid only in the single-mode frequency
band and for the dominant mode of propagation.

At this point, the designer must choose an approximated structure among several
possible geometries which could satisfy the requirements. The obstacle could be, for
example, a circular or a rectangular post, a thin iris or a thin transversal septum. We
choose the latter for the simplicity of the analysis.

As mentioned in the previous chapter, this geometry is used to generate an ap-

proximated wide frequency band response which includes the higher order modes of

o
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Figure 5.1: Shunt inductance of 0.9pH which is used to generate the specifications

for the design.

propagation. To illustrate the convergence of the procedure, we set the first guess
width of the transversal septum arbitrarily to 41Al The 2D-TLM mesh describing
the guide contains 29 by 100 nodes. Magnetic walls are used to simulate the sides of
the parallel plate waveguide, and two TEM absorbing boundaries are used to limit the
computational domain. The absorbing boundaries are made of single reflection cuel-
ficients which can absorh a TEM plane wave. Figure 5.4 shows the exact dimensions
of the approximate structure.

The TLM analysis of this structure is performed to obtain an approximated re-
sponse. As in the shape reconstruction technique, all the impulses incident upon the
absorbing boundaries are saved to yield to total field solution ¢l (4,4) and Blopist).
From these, the dominant mode time-domain response is extracted. Then, using a
discrete Fourier transform, the frequency domain response is obtained. Finally, using
the technique for the extraction of the scattering parameters presented in the chapter
2, Sy, and Sy, are computed. These approximated scatlering paramecters arc
shown in Figure 5.5.

The ohtained response must be modified according to the design specifications.
In the current bandwith of interest, between 0 and 0.01 Al/A, the approximated

scattering parameters are replaced by the scattering parameters of the 0.9p41 indue-
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Figure 5.2: Scattering parameters S1; and Sy, of an inductance of 0.9pH. These are

the design specifications for this example.

60




Figure 5.3: Several possible obstacle cross-sections which can approximate the design
g 1 ] £

characteristics of ithe shunt hiductance,

41A¢

Figure 5.4: Appoximate structure.

61



Scallering Paramelers
Approximatled Structure

Amplitude

OO L | L I L | i | )
0.000 0.006 0.012 0.018 0.024 0.030
Normalized Frequency

Figure 5.5: Scatlering parameters obtained {rom the TLM analysis of the approximate

structure. They represent the frequency domain response of the dominant mode.
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Figure 5.6: New configuration.

tance. This results in a hybrid frequency response which corresponds partially to the
approximated structure and to the wanted inductance.

The hybrid response is used as the new total field solution in the shape recon-
struction technique. Prior to re-injecting the new total field solution into the cmpty
computational domain in reverse time sequence, the difference between this new re-
sponse and the homogencous response is computed.

From the backward simulation, a new configuration is extracted. It can he seen
that it is an identical structure having a width of 31AL Figure 5.6 shows this new
configuration. To verify its validity, a new TLM analysis of this obstacle is performed.
The resulting dominant mode response 1s given in Figure 5.7.

From these responses for 51y and Sy, we can see thatl the design requirements arce
almost satisfied. Another iteration would give more accurate results. Depending on

the required accuracy, the process may be stopped herc,
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5.2 Conclusion

In this Chapter, the new time-domain synthesis technique has been completely illus-
trated using the design of an inductive obstacle as a simple example. The size of o
thin septum has been compnted in only a few iterations. Results have shown that for

this case, acceptable results where obtained in a single teration.



Chapter 6

Parallelisation Using the

Connection Machine

An nmportant part of the work for this thesis has been performed in collaboration
with Le Laboratoire d’Electronigne of the Université de Nice — Sophia Autipolis in
France. Professor Alhert Papiernik, director of the laboratory authorized the use of
iie laboratory facilities for four months, including the acces to a Connection Marhine,
a massively parallel computer.

During this period, I was able to test the synthesis technique on this supercom-
puter since the Transmission-Line Matrix method is easy to implement on it. It has
resalted ina major reduction in computer time for most of the simulations. In this

chapter, the essential results from this work in France are reported.

6.1 The Connection Machine

The Connection Machine is a parallel computer built by the Thinking Machine Cor-
poration. which has a large mmber of very small processors. All the processors can

commuuicate with eacl other with high speed. However, the connections between
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them is controlled by the software. This means that the processors can be configured
in such a wayv that it fits the TLM mesh under study. Therefore. the Connection
Machine is a very powerful and {lexible tool for TLM modelling.

The hardware of the Connection Machine consists of a few sets of processors. Each
set is composed of 8192 processors. Each processor is operating only on one bit, This
explains the high number of processors in a sel. These can be combined to obtai
a supercomputer of 64 thousands processors. The memory is also divided in parallel
parts. Segments of 256k Bytes are attached to every processors. Also, a parallel disk
that provides the ability to store very large parallel files with a direct acces from the
processors, 1s connected Lo the system.

For the user interface, the Connection Machine is accessed from a Unix worksta-
tion. The commands to operate the Connection Machine are given from this front-cnd
computer. From the user point of view, the Connection Machine looks like a standard
Unix system. Only a few new commands are needed to operate it.

To operate the Connection Machine, two major languages are available (in addi-
tion o the basic parallel assembly code). The more often used is the CMIortran, a
special Fortran language which is adapted to the Connection Machine. Also, there
is the C¥ (! star), which is an improved version of G-+, that includes a serivs of
functions and operators needed Lo create and use parallel variables. The C* language
has been chosen to do the work since the TLM simulator was writien so far in C

language. Therefore, the conversion to a parallel version was simplified.

6.2 The Parallel TLM Algorithm

The Transmission-Line Matrix method has been used so far almost exclusively on
sequential computers. The algorithm was initially developed for such a computer

structure. The computation for updating the node voltage is done at cach thne step
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seauientially for each node in the structure. From one node to the next, only the
voltage impulse values change, but the computation is identical. The computation
has to be done at every nodes one at the time. This results in a large computation
time. By performing the identical computation on all nodes simultaneously for each
time step, it is possible to reduce by a large factor (the number of nodes) the CPU
tinie reguired to do a given TLM computation. To this end, each available processor
is associated with a TLM node, and the basic scattering is performed at every node
simultaneonsly, The memory associated with each processor contains the respective
values of the impulses incident upon the node.

The simulations described iu this thesis where done on the Connection Machine.
The computation time has been improved by a factor of almost 20, depending on the
sitnation. After execnting the parallel version of the TLM synthesis program, the

following points where observed.

e The TLM computation time on the Connection machine is improved. However,
the reduction in CPU time is lower than expected. The synthesis technique
requires writing and reading on the disk the values of the impulses incident on
both absorbing boundaries at every iterations. This usually takes more time
than the TLM computation itself. Table 6.1 shows some results comparing the

sequential and the parallel execution time with and without disk writing.

o The reduction in CPU time increases with the number of nodes. In fact, there
is no major differ-nce between the sequential and the parallel computional time

il only a few nodes are needed to describe the structure.

For example, let n denote the number of operations to be performed on p
processors (or nodes). If each of these operations takes a CPU time ¢, then the

idealized sequential computation time T required is given by:
Ts = npt. (6.1)
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However. the parallel CPU time 75, required to perform the same task is:
T, =ut. (6.2)
Hence, the improvement given by the ratio » of the sequential and the parallel
CPU time 1s:
r=_ =p. (6.3)
As one can see. the improvement on the computational time is directly pro-
portional to the number of nodes in the TLM mesh. Therefore, the use of a
parallel computer such as the Connection Machine is more efficient for a large
number of nodes. Unfortunately, this improvement is reduced by the aspect of
the communications between the nodes. The ratio 7 depends also on the com-
munications which slow down the speed of the computation. The comparisons

mentioned above only show the effect of the number of nodes on the inerease of

compuler time.

o Finally, all the scalar variables {as opposed to the parallel variables) are handled
by the front-end computer. The use of scalar variables reduces the paralleliza-
tion factor which, in turn, tends to reduce the speed of the computation. This is
due to the slow communications between the Connection Macline and its front-
end computer. Every time the program needs a scalar variable, the control is
transferred to the front-end computer., This makes the overall computational
time larger. By reducing the access to the front-end computer, il is possible to

reduce this eflect.

6.3 3D-version of the TLM Program

Some experiments have been performed on the Connection Machine using the 31

condensed TLM node. The purpose was , in fact, to investigate the possibility of
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Description of Computation  Computation

the simulation time: sequential time: parallel

8192 nodes 301 sec 195 sec

1500 1terations

8192 nodes 301 sec 18 sec

1500 iterations
Minimization of the

scalar varialles

16384 nodes 600 sec 20 sec
1500 iterations
Minimization of the

scalar variables

8192 nodes 445 sec 30 sec
1500 iterations
Saving of the
impulsions at the

outputs

Tahle 6.1: Results comparing TLM simulations on a DEC 5500 computer and on the

Connection Machine.
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appiving efficiently the TLAD synthesis technique to a 3D problen.

6.3.1 Data Structure

The investigation has been resiricted to the problems of thin obstacles fnside rect-
angular waveguides. Furthermore, due to the restrictions on the arrangement of the
processors, which impose a number of nodes equal to a multiple of 8192, and each
dimension to be a multiple of 2. Figure 6.1 shows the waveguide geometry chosen.
The dimensions used for this problem were 128 - 64 - 8 = 65336, This data strnetnre
format gives a very good resolution in the x — y plane. Also, sinee the guide has a
short length, the number of iterations required until the field vanishes in the guide is
reduced. Moreover, the proximity of the reference planes to the obstacle provides a
good description of the higher order modes.

The most important difference between 21 and 3D problems concerns the saving of
the impulses at both ends of the waveguide. In the 3D case, emerging impulsesnnst be
stored for a plane rather than a line of nodes, This increases considerably the amonnt
of memory storage reguired for the reconstruction of the obstacle.  Furthermore,
there is the problem of the absorbing boundaries for the 3D TLM mesh. In this
experiment, a single reflection coefficient has been used to terminate the lines in the
absorbing planes. This introduces some errors in the impulse reponses extracted from
the structure but does not influence the precision of the reconstruction. A wideband

dispersive absorbing boundary condition would give more accurate results.

6.3.2 Results

Figure 6.3 shows some results of the reconstruction of an inductive iris inside a rectan-
gular waveguide. The display shows the distribution of the magnitude of the electric

field in the cross section of the guide. Figure 6.3 («) shows the distribution of the
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distribution of the magnitude of the electic ficld in the cross section ol the gride is

shown.



clectrie field inside the gnide withont the metallic obstacle. It is easy to recognize
the half-sine distribution of the field in the guide. In (b), the distribution of the field
for the reconstrucied iris is shown. The edges of the iris are localized by the highest
valnes of the field. These are iudicated by the brightest red lines. The obstacle can
be easily reconstructed with very good precision.

Althought the computation is straight forward, the problem of visualizing the
field components in a three-dimensional space is an important one. Good results for
the reconstructions were obtained only for some thin obstacles. For complex objects,
a complicated processing of multiple images should be used. Therefore, only simple
structures were tested. On the other hand, since the display used in the reconstruction
lies in the o —y plane, it gives a very good resolution in that plane. This makes possible
the reconstruction of irises of any shape in that plane, as can be seen in Figure 6.4.

Numerical experiments were performed on the synthesis of thin irises from the
modified responses obtained from the TLM analyses. Some observations must be
mentioned here. First, the extraction of the dominant mode response is different
from the 2D case. Now, the dominant mode 1s the T F1g mode. It corresponds in the
Fourier expansion 1o the first term of the sine series rather than to the constant term

as in the case of the TEM mode. Heuce, the equation

i _‘, 3 NBX 1 NBYE o . W(I—'Oﬁ) ;
) = §px & \WET & PG00 | (ex) e

is used to extract the amplitude of the electric field.

From this time-domain signal, one can extract the frequency domain signal which
must be modified according to the design specifications. Exactly the same technique
as for the 2D case can be applied. The only problem resides in the CPU time needed to
extract the dominant mode information in the time domain. This operation requires
the access to the parallel disk, which is relatively slow from the front-end cowputer.

Siuce the resulting time-domain signal is not a paralle] variable, it consumes a large

74



Figure 6.4: Example of reconstruction of a thin iris in a rectangular waveguide. In this
case, the obstacle is a conducting plate which has two rectangular holes. Distribution
of the magnitude of the electic field in the cross section of the guide. Light grey

indicates the highest values of the ficld.



amonnt of time, Figure 6.5 illustrate this conversion process.

6.4 Conclusion

The TLM synthesis technique has been implemented on a massively parallel computer.
This has resulted in a large rednstion of the computation time. However, even if the
conversion of parallel to sequential data is not as efficient, the parallelization still
provides a respectable improvement for the TLM synthesis computation. Further
improvements could be introduced to accelerate the overall process. Among others,
the parallel implementation of the time and frequency domain respouse processing

would accelerate the execution.
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Chapter 7

Conclusions

Iu this thesis, a novel techuigue for the time-domain synthesis of metallic scatterers
has been presented. U is based on the time reversal property of the Transmission-
Line Matrix method. It has been shown that by alternating between forward and
backward analyses, it is possible to reconstruct the shape of a previously analysed
obstacle. [L Las also been shown how the high frequency information mission from
the design specifications can he generated by analysing an approximated topology of
the structure.

Applications of this technique are possible in many fields of microwave techuology.
Among these are the design of discontinuitites, matching circuits of planar structures
and rectangular waveguides. It may also be applied to the design of antennas in order
to obtain, for example. the shape of a printed antenna corresponding to a specified
input impedance.

Further research should be carried out in the synthesis of multiple obstacles since
most, practical microwave devices contain more than one discontinuity.

The possibility of combining image processing with this technique is also a topic
of further reaserch. It might improve the overall efficiency by reducing the density

of nodes required for an accurate reconstruction of the obstacle. Some recent devel-
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opment in signal processing conld be used to rednee the nunber of TLA tteration:
necessary to obtain a satisfactory frequency domain responses.

Also, the TLAI algorithm is advantageously implemented on a parallel computer.
A large reduction of the computational time can be achieved when using the Connec-
tion Machine.

Finally, the techinique is still young and promissing.  Much work is needed to
extend its application to other types of structure and to reach a level of pratical

usefulness.
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