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Abstract

Inverse modelling methods are receiving significant interest, due to their
simplicity and ease of use in the design of modern microwave components.
This study investigates and further develops the technique of numerical
time-reversal, in the context of automated component design, for modelling

metal waveguide devices.

The thesis demonstrates that time-reversal methods suffer from temporal
truncation, evanescent wave decay and significant computational resource
requirements and will investigate different methods to solve these problems.
In order to reduce the runtime, the use of Prony’s method for temporal
extrapolation of a discrete waveform is proposed. Lossy materials are
investigated, with particular attention given to the loss of modal content
from the reverse model due to material loss present in the forward phase of

the time-reversal process.

The memory and time requirements of a successful time-reversal design
simulation are significant. Temporal, spatial and modal filtering are used to
minimise the computational demands of time-reversal. Further, in order to
accelerate convergence of the time-reversal design process, a number of
linear acceleration methods are developed, notably successive over
relaxation, conjugate gradients and generalised minimal residual. A

convergence acceleration factor of two is achieved.

It is shown that local evanescent content around optimised scattering
elements is not always captured by the time-reversal process, and is
dependant upon the component order, numerical sampling and machine
precision. Internal mirrors are developed which capture the fast decaying
fields around the metal features of a designed component and further
increase the accuracy and speed of the time-reversal convergence. Their use
for higher order component design is shown to be paramount in achieving

convergence. Further, combined with the linear acceleration methods, the



capture of local evanescent content is shown to greatly improve the viability

of the time-reversal technique to practical microwave component design.

The time-reversal methodology is implemented using the numerical
transmission-line modelling (TLM) method for transverse magnetic
polarisation in two-dimensions. A brief examination of the three-
dimensional time-reversal using the symmetrical condensed TLM node is

also given.
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List of Symbols and Terms

The symbols and variables used throughout the thesis are as now defined,

unless otherwise stated during use.

E.D
H,B
J,p

X, V,Z

X.,Y.Z

Electric field intensity and flux density
Magnetic field intensity and flux density
Electric current density and charge density
Rectangular coordinate system

Nodal mesh size

Temporal iteration number

Wave number

Total temporal iterations

Spatial sampling

Temporal sampling

Iteration of time-reversal procedure
Total number of time-reversal iterations
Velocity of propagation

Damping factor

Threshold

Intrinsic impedance

Waveguide impedance
Vacuum and relative permittivity
Vacuum and relative permeability

Material loss, or half width of Gaussian pulse
Angular frequency

Propagation constant (o + jf)

Wavelength

Mode number

Modal distribution

Vector

1X



I

I

a(b)
a(b)

al,

Array

Matrix
Array a indexed at b

Function a at b

Denotes frequency domain

[B-1
Euclidean norm of the array a, Z:g(b)2
b=0



1. Introduction

1.1  Introduction and Objective of the Thesis

The design of complex electromagnetic devices is an expensive and time
consuming process and over the years predictive computer simulations have
proved themselves a cost effective and essential tool for the designer. Of the
many design methods available, broadly speaking, all are categorised into
frequency or time domain and forward or inverse domain. Of the four
categories each can then be further subdivided into analytical or numerical

methods.

Forward domain implementations of analytical or numerical schemes such
as integral equation or finite element [1.1], often require considerable
knowledge of the component being designed to be used successfully. In
comparison inverse implementations determine a component given a desired
output, and hence require minimal input from the engineer. For this reason,
with the addition of a numerical scheme, they can often lead to non-intuitive
device configurations. Unfortunately, due to the need to use a numerical
scheme to maintain generality; the inverse method often becomes intractable

with even the simplest of components to design [1.2].

Inverse simulation, or time-reversal, forms the subject of this thesis. In [1.3]
the problem of time-reversal around a spherical scatterer in an

electromagnetic field was investigated using an analytical derivation.
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Similarly to forward domain methods, inverse methods using a numerical
scheme are more general in application. In [1.4] a similar problem was
investigated using the finite differences numerical scheme, which shows the
simplicity and generality associated with the numerical implementation. In

this thesis numerical time-reversal is of primary focus.

Time-reversal, due to its perturbative nature [1.2], is particularly suited to
electromagnetic component optimisation over a wide frequency bandwidth,
for which forward-time methods such as genetic algorithms are often slow

to converge [1.5].

The objective of the thesis is to implement and further develop the method

of time-reversal for microwave component design.

1.1.1 Inverse Time-Domain Methods

Inverse time domain methods, or time-reversal methods, are developed from
reversal of the temporal wave equation [1.6]. The majority of research using
time-reversal is in the field of image reconstruction and component design.
Historically, more successful work has been reported using time-reversal for
imaging, for example source location in cluttered environments [1.7] [1.8]
[1.9], than has in the field of microwave component design [1.2]. This is
most likely attributed to the problems of intensive memory and limited
spatial resolution when time-reversal is applied iteratively, factors that are

not as prevalent when only a single time-reversal iteration is used.

1.1.1.1 Imaging

The research of Fink ef al. [1.10] [1.11] [1.12] demonstrates time-reversal
for acoustic frequencies. Namely, the derivation of time-reversal for
acoustics, the derivation of a time-reversal-cavity, and the associated

experimental setup and results are given. This is commonly attributed as the
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first in depth investigation into time-reversal techniques, and is the

underpinning theory of much work using time-reversal.

The time-reversal-cavity [1.10] is a surface of receivers enclosing the
modelling space where time-reversal is performed. During the forward stage
of the process, the receivers measure and store the incident field in time. In
the reverse stage of the simulation, the receivers become sources, exciting

the cavity with the forward field in reverse time order.

Time-reversal has been used for image reconstruction of cancerous tumours
within healthy biological tissue in [1.8] [1.13] [1.14]. The data for the time-
reversal algorithm was provided through the use of magnetic-resonance-
imaging measurements. The finite difference time domain method [1.1] was
used, from which it was shown that loss in the forward stage of a time-
reversal simulation is modelled as gain in the reverse stage. The choice of
numerical method limits the use of gain, since instability is created. In
reported practical scenarios, time-reversal with loss is usually successful
without the need to include gain, providing the loss is small within the

frequency band of interest [1.15].

Time-reversal for image reconstruction is also ideally suited to non-
destructive testing [1.16] [1.17], since the transmitting and receiving
antenna array are non-intrusive for the material under test. To date, limited
research has been performed in this area, probably due to the already

established and successful ultrasonic methods [1.18].

The time-reversal method has also been used to locate a source, while an
environment, composed of a number of dielectric rods, continually changed
representing a cluttered medium [1.9] [1.19]. A similar scenario has been

investigated in [1.7] for an urban environment. A further example of
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imaging is found in [1.15], where novel configurations of the experimental

setup are compared to improve the focusing upon the source location.

Imaging in anisotropic materials has also been investigated in [1.20] and
[1.21]. Again, focusing was the primary concern. Theoretical analysis was
completed into the properties of time-reversal, with a view to improving the
focusing in the reverse stage. This is still an early area of research for time-
reversal. The work of [1.22] and [1.23] develops the theory for time-reversal

in random media.

The focusing of the time-reversal-cavity was reported in [1.24]. In the paper,
the effect of limited sampling at the time-reversal-mirrors, was
demonstrated to impact the directivity of the source. In this thesis, an
investigation into focusing of the time-reversal-cavity at microwave
frequencies is performed. Attention is given to the spreading of the

recovered source in comparison to the input, a topic not covered by [1.24].

1.1.1.2 Component Design

The design of an electromagnetic component, whether through inverse or
forward domain methods, usually requires multiple design iterations in
order to optimise the components response. Generally, iterative design
approaches perturb the object geometry from an initial estimate until the
difference between its predicted and the specified response is minimised.
For inverse design, the known desired response is used to determine the
physical dimensions of the structure. This form often leads to non-intuitive
designs. Inverse simulation techniques are complementary to evolutionary

approaches [1.5] and are particularly suited to perturbative design.

The use of time-reversal as a component design technique, which is a
primary area of this thesis, exploits much of the framework of the image

reconstruction method. In the early work of Sorrentino et al. [1.25] [1.26]
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time-reversal for microwave frequencies is proposed. Time-reversal iterates
the design geometry by first extracting the part of the scattered field on the
problem’s bounding surface that is supported by sources on the surface of
the object. If this field were applied as an excitation on the problem
boundary then, given that Maxwell’s equations are time reversible, the
surface of the object can be identified from the resulting field distributions
[1.25] [1.26]. However, if this extracted field is perturbed toward the desired
distribution, then the corresponding perturbations in the object geometry
will be identifiable in the time-reversal stage of the simulation. Clearly, an
arbitrary change to the scattered field may be inconsistent with any real
object geometry and this process must proceed perturbatively. Component
design using time-reversal of electromagnetic waves has been numerically
demonstrated using both the finite difference and transmission-line

modelling (TLM) methods [1.13] [1.27].

In [1.27] it was shown the time-reversal method for component design
requires significant memory and runtime, and at the time more complicated
structures could not be designed due to this limitation. This thesis addresses
issues regarding reduction of computer memory and runtime, using a variety
of novel techniques, namely filtering at the time-reversal-mirrors to remove
redundant information, and convergence acceleration through the use of

stationary and non-stationary linear acceleration methods.

1.2 Outline of the Thesis

Chapter two begins by introducing the basic theory of electromagnetics used
throughout the thesis. The wave equation for time-harmonic fields is derived
from Maxwell’s equations, Lorentz reciprocity is introduced in the concept
of time-reversal and the inverse wave equation is derived. The definition of
the Poynting vector is given and Green’s functions are covered. The chapter
concludes with the analytical derivation of the time-reversal process and

demonstrates the reversal of a single source in a cavity.
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Chapter three covers the numerical transmission-line modelling (TLM)
method. The two-dimensional (2D) and three-dimensional (3D) TLM nodes
for transverse magnetic propagation are derived, and the travelling wave
form for numerical simulation is shown. The time-reversal-cavity for use

with the TLM method is derived.

Chapter four begins the original research of this thesis by investigating the
properties of the time-reversal-cavity with the TLM method for
reconstruction of a point source. Prony’s method to temporally extrapolate
the inverse stage of the time-reversal algorithm is investigated. Lossy
materials are covered, and Argand diagrams [1.28] are demonstrated as a
novel method to predict the performance of the time-reversal algorithm in

the presence of conductive material loss.

In Chapter five the general time-reversal procedure is shown for the design
of microwave components. Time-reversal is applied to the design of band
pass microwave filters, a waveguide bend and coupler. The convergence of
the algorithm is controlled through the use of damping. Optimum threshold

selection for parameter measurement is also shown.

Time-reversal using the conventional numerical algorithm of Chapter five
requires excessive computational resources. Chapter six investigates the
problem of memory limitations of time-reversal. Temporal and spatial
filtering methods are proposed as a solution. The concept of a modal time-
reversal-mirror for use with a time-reversal-cavity is introduced, and the
application of modal filtering is shown. The algorithm of Chapter five is
used to demonstrate memory reduction in the design of the microwave

filters, waveguide bend and coupler examples.
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In Chapter seven, stationary and non-stationary linear solvers, are
introduced to optimise the convergence of the time-reversal design process.
Gram-Schmidt conjugation, successive over relaxation, conjugate gradients
and generalised minimal residual are applied to time-reversal. Convergence
acceleration of the time-reversal design algorithm is demonstrated for the

design case studies.

Loss of spatial resolution due to evanescent mode decay in the presence of
finite machine precision restricts the scope for optimising large complex
devices. In Chapter eight internal-time-reversal-mirrors are developed to
capture evanescent electromagnetic fields around the internal scattering
elements of a device, which enables the design of a higher order microwave

filter.

In Chapter nine the 2D time-reversal method is extended to 3D. A simple
waveguide filter is designed and optimised using the 3D time-reversal
method. This chapter implements the thin wire formulation for the
symmetrical condensed TLM node [1.29], and demonstrates the design of a
dipole antenna using time-reversal, an example of component design within

an open cavity structure.

Chapter ten concludes the research of the thesis and lists suggestions for

further work.

Throughout the thesis the C++ language [1.30] [1.31] [1.32] was used to
implement the time-reversal algorithm and the Matlab [1.33] [1.34]

environment is used to display graphical results.
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2. Analytical Time-Reversal

This chapter presents the basic principals of Maxwell’s equations, as related
to the forward and inverse wave equation in homogenous and
inhomogeneous linear media. The Lorentz reciprocity theorem and
Poynting’s vector for the measurement of power density are covered. The
concept of the Greens function is introduced and the example of a point

source reconstruction in a time-reversal-cavity is demonstrated.

2.1  Basic Electromagnetics

The properties of waves and fields whether bounded or in free space are
governed by a group of laws collectively known as Maxwell’s equations
[2.1]. The derivation of these laws by James Clerk Maxwell is commonly
assumed to have been based upon the empirical data provided by scientists
such as Hans Christian Orsted, Carl Friedrich Gauss, André-Marie Ampére
and Michael Faraday. The modern form of Maxwell’s equations were
rewritten by Oliver Heaviside after the development of vector mathematics,
and demonstrated physically by the work of Heinrich Hertz and Guglielmo
Marconi [2.2] [2.3]. The differential form of Maxwell’s equations which are

used throughout this work are:

VxE=-22 (2.1a)
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2. Analytical Time-Reversal

vxH=J+P (2.1b)
ot

V-D=p 2.1¢c)

V-B=0 (2.1d)

where

E is the electric field intensity in V/m,

B is the magnetic flux density in Wb/m?,
H is the magnetic field intensity in A/m,
J is the electric current density in A/m?,

D is the electric flux density in C/m* and

p is the electric charge density in C/m’.

If an isotropic linear medium is assumed, the field intensities are related to

the flux densities through the constitutive relations [2.1]

D=cE (2.2a)

B=uH (2.2b)

where ¢ = g,¢, is the permittivity of the medium in F/m, and x = g, 1, and

is the permeability in H/m.

2.1.1 Wave Equation

The wave equation is a second order partial differential equation that
describes the propagation of electromagnetic fields in free space. The wave
equation for the electric field is derived by taking the curl of Eqn.2.1a, and
substituting in Eqn.2.2b to yield
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2. Analytical Time-Reversal

- GVXE_ GVXE

VXxVxE=- Py —U Py (2.3)
Substituting Eqn.2.1b in Eqn.2.3 and making use of Eqn.2.2a gives

a(? + (gtj} - P
VxVsz—y Py =—y%—i—y52tf (2.4)
Using the identity [2.4]
v(vf)-v%:wwi (2.5)

and the fact that V(V . E): 0 which follows from Eqn.2.1c and the relation
in Eqn.2.2a, Eqn.2.4 can be expressed as
—  9°E_ aJ

2
V“E — ue =y—. 2.6
yzi P ﬂat (2.6)

The corresponding magnetic form is now derived by taking the curl of

Eqn.2.1b and making use of Eqn.2.2a to give

VxVxﬁ:ijJravxD:ij+eaVXE. (2.7)
ot ot
Substitution of Eqn.2.1a in Eqn.2.7 and use of Eqn.2.2b yields
— - 2
V><V><H:V><J—,uga f (2.8)
ot

Rearranging and making use of the corresponding form of Eqn.2.5 gives
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2. Analytical Time-Reversal

2 -
f:—VxJ. (2.9)

Vzﬁ—,uga
ot

The source free wave equation for the electric field is a special case of the
general wave equation, and is found by setting the electric current density

and electric charge density to zero in Eqns.2.1 giving

— 2—,
sz—iza—2E=o (2.10)
Ve ot
and
2 1 0 H
v< ot

where v =1/,/ue 1is the velocity of the wave [2.5].

2.1.2  Vector Potential

The wave equation can also be derived using the concept of vector
potentials [2.5]. Since the divergence of the magnetic flux is zero, B can be
expressed as the curl of another vector, say Z, since V~(Vx2)= 0, the
vector A is known as the magnetic potential. Substitution of V x A in the

place of B in Eqn.2.1a gives

(2.12)

and rearranging Eqn.2.12, gives
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2. Analytical Time-Reversal

VX[E+Qé]=0. (2.13)

It is seen that the term inside the brackets is curl free, and can be expressed

as the gradient of a scalar [2.4] [2.5], as

VO =E+°=, (2.14)
t

from which it is seen that
E=-22_vo. (2.15)

Using Eqn.2.15 and the substitution B=VxA in Eqns.2.1 it is possible to

derive the wave equation for the vector magnetic potential 4 and scalar

electric potential @ .

2.1.3 Time-Harmonic Wave Equation

A time-harmonic field is a field with sinusoidal time dependence [2.5]. In

typical form this is expressed as
E(x,y,2,0) = E(x, y,2)exp(je).. (2.16)
It is seen from Eqn.2.16 that

OE(x,,z)

o = ja)E(x, v,z)exp(jwt) . (2.17)
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2. Analytical Time-Reversal

In general the partial derivative 0/0t is replaced with jw in Maxwell’s

equations for forward time. In a similar manner as was done in the previous

section the electric field wave equation is
V2E(x,y,2)+ ko E(x,3,2) = jouJ (x,,7) (2.18)
where ky = w4/ ue is known as the wave number [2.5].

In reverse time the electric field in Eqn.2.16 has a temporal dependence

represented by exp(—jwt), Eqn.2.17 then becomes

% — jwE(x,y,2)expl(—jot), 2.19)

from which it is seen the partial derivative with respect to time in Maxwell’s

equations can now be replaced with the factor — jo giving
V2E(x,y,2)+ko” E(x,,2) = — jouJ (x,,7). (2.20)

The left hand side of Eqn.2.20 defining the field propagation is unchanged

while the electric current density, j(x, v,z) (or source), is negated in
reverse time. In general this observation holds, since the source free wave
equations for the electric and magnetic fields in Eqns.2.10-2.11 only contain
even order partial derivatives with respect to time [2.6], and hence the
homogenous wave equations for reverse time are identical to their forward

time counterparts.

-17 -



2. Analytical Time-Reversal

2.1.4 Power Flow and the Poynting Vector

The Poynting vector is defined as [2.5]
P=ExH, (W/md) (2.21)

and measures the power density of an electromagnetic field. In time-

reversal, the Poynting vector is useful to measure the higher power density

spaces within a volume. In general, the fields diverging from a source, J

during forward time, will converge back to the source location during

reversal [2.7], and as they converge upon J the density of the Poynting
vector will increase. This property is important for the recovery of scattering
elements, which will be covered in Chapter five when time-reversal is used

for component design.

2.1.5 Source and Receiver Reciprocity

The Lorentz reciprocity theorem is an important result in electromagnetic
theory [2.8], that states the relationship between a source and receiver is
unchanged, if the source and receiver positions are interchanged.
Reciprocity can be used to illustrate the time-reversal process, however, due
to factors in time-reversal implementations, for example loss of evanescent
waves (investigated in Chapter four), reciprocity may be valid in situations
where time-reversal is not [2.9], and as such the following should not be
taken as a proof of time-reversal validity, but a simple explanation of the

time-reversal process.

Figure 2-1 shows two sources Ji and J., with respective electric and

magnetic fields, in the general free-space volume V', bounded by the

surface S, with unit normal n. The integral form of the Lorentz reciprocity

theorem is
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2. Analytical Time-Reversal

&(Elxﬁz—fzxﬁJ-ZdS:J.(i-Ez—jz-gl)dlf. (2.22)
S Vv
n
S
y
z b

Figure 2-1 - Lorentz reciprocity, relationship between J; with respective
fields E: and H: is unchanged if source and measurement points are

interchanged with those of jz, Ez and ﬁz respectively.

In time-reversal, J, will represent the reverse source generating field E»

and H> while the forward time source, Ji gives fields Eiand H..

Using Eqn.2.22 the process behind the time-reversal procedure can be
explained. The forward time source, 51 with time dependence, ¢, is

jl(t)=jl exp(jwt). The reverse source is expressed in terms of the

forward source as
Ja2(t) = J1(~t) = J1(t) exp(—j2et) , (2.23)

from which it is seen that the reverse source is propagating with —¢ as

defined. Making use of Eqn.2.23 the Lorentz theorem in Eqn.2.22 becomes

-19 -



2. Analytical Time-Reversal

ftgs (El (O)x H2(t) - E2(£) x ﬁl(t)). ndsS =

[ (71 (t)- E2(t) — J1(t) exp(—j2e1) - E1 (t))dV.
V

(2.24)

The left hand side of Eqn.2.24 tends to zero as the radius of the surface

tends to + oo, hence

[ (.7] (t) E- (z))dV = (31 () exp(— j2at)- E (r))dV, (2.25)

Vv Vv

from which it can be seen by comparing like terms
E2(t) = E\(t)exp(—j2ot) = E1(~t). (2.26)

Eqn.2.26 illustrates the field E> from the time-reversed source J, can be
thought of as a time-reversed form of the field E: from the forward time

source Ji. A similar case can be shown for the magnetic field by using
Maxwell’s equations with a fictitious magnetic current density [2.8] to

derive the Lorentz theorem.

This illustrative use of the reciprocity theorem has served to demonstrate the
fundamental process of time-reversal. A more rigorous analysis forms the

remainder of this chapter.

2.2 Green’s Functions

In brief, a Green’s function is an integral kernel solution to a homogenous
partial differential equation, which is used to construct the particular
solution of the corresponding inhomogeneous partial differential equation

[2.10]. For example, if G 1is the field at an observer, caused by a point

source, then the field caused by a source distribution, p, is the integral of

-20 -
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G over the range occupied by the source ; [2.11], and is termed the kernel

solution. The method of Green’s function is typically used where traditional
methods such as separation of variables [2.5], or the characteristic equation

approach [2.12] are cumbersome.

In the theoretical analysis that follows, a Green’s function of the form
G(r,r") is used, where r is the coordinate of the observation point, and 7'
is the source coordinate. The properties of the Green’s function are first

covered.

2.2.1 Application of Green’s Function for Solution of the
Wave Equation

The wave equation for the forward electric field, was shown to be
VZE(r) + ko> E(r) = jouJ(r). (2.27)

This form of the wave equation can be expressed in the form of a linear

operation, L, upon the electric field
LE(r) = p(r) (2.28)

where L is the linear differential operator

L=V + k) (2.29)
and
p(r) = joul (r). (2.30)
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The Green’s function is a solution of the wave equation for the point charge
represented by the delta function, and hence the associated Green’s function

for Eqn.2.28 satisfies
LG(r,r")y=0(r—r1") (2.31)

where the delta function is given as

S(r—r) = {1’ - (2.32)

0, r=r.
The electric field can be expressed in the form [2.10]

E(r) = ®(r)+ [ G(r.r) p(rdV (2.33)
V

where a(r) is a solution to the homogenous form of Eqn.2.27, and the

volume integral is termed the kernel solution, the derivation of which is

beyond the scope of this work.

This completes the application of the Green’s function for the wave
equation. This illustration is sufficient for our purpose, although it should be
noted the formation and application of Green’s functions is a significant
area of electromagnetics research of which further details can be found in

[2.10] and [2.12].

In the remainder of this chapter, the dyadic Green’s function will be used,

and termed a(r,r'). In 3D Cartesian coordinates the dyadic can be

expressed as three vector Green’s functions in x, y and z

G=Gix+Gay+Gsz (2.34)
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where, for example, Gix is the direct product g”; gn;c g13;c]1. The

dyadic form of Green’s function is useful to express the Green’s function

wave equation in vector form, similarly to the electric field wave equation.

2.3  Time-Reversal-Cavity

The time-reversal-cavity technique for simulated time-reversal is used
throughout the thesis to perform the numerical time-reversal simulations.
This section builds upon the work of [2.13], theoretically investigating the
properties of the cavity approach to time-reversal, using a frequency domain
formulation at electromagnetic frequencies. The frequency domain form
simplifies the analysis, as the temporal inversion in the time domain can be

replaced with conjugation in the frequency domain.

The section will begin with an analysis of the forward electric field within
the time-reversal-cavity. This is then compared with the reverse field, using
only boundary reversal, and the ideal case, where reversal of the source and

boundary conditions of the wave equation is possible.

Figure 2-2 - Illustration of time-reversal-cavity for simulated time-reversal,

source J generates field E , which is stored around closed surface S.
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2.3.1 Forward Stage

The time-harmonic form of the wave equation for an electric field derived in

section 2.1.1 can be expressed as
VxVxE(r)—ko? E(r) = — jou] (2.35)
where k02 = a)zys .

The corresponding dyadic Green’s function for E(r) in Eqn.2.35 must

satisfy the equation
VxVxG@r,r) =k, G(r,r) = =5 — I . (2.36)

where 1 is the unit dyadic.

Green’s second theorem [2.10] can be used to relate the integral of the
electric field, E over a volume ¥ bounded by the surface S, to the surface
integral of E around the closed surface S , see Figure 2-2. Defining two

arbitrary electric fields, E\ and Ez, this is expressed as [2.14]

j(E, VxVxEs - (E> -VXVXE]PV:J.(EZ <V xE1 |- (B xVxEs Jnds- (237)
V N

Through application of Green’s second theorem in Eqn.2.37 with the
substitution of E, :E(r) and E> =6(r,r')6 where C is an arbitrary
vector along which the Green’s function is defined, the electric field is

expressed as
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J.(E(r) ‘VxVx E(r, r')a)— (5(1*, r')E -V xVx E(r))dV =

%
J-(E(r, r)C %V x E(r))— (E(r) xV x G(r, r')E);dS . (2.38)
s

To investigate the behaviour of the electric field in the time-reversal-cavity,

it is necessary to determine E(r) from Eqn.2.38. The wave equation of

Eqn.2.35 is multiplied throughout by E(r, r')z’ , giving
G(r,r"YC-VxVxE(r)—ky E(r)- G(r,r")C = —joud -G(r,r')C.  (2.39)
Similarly, from Eqn.2.36, and E (r)E ,

E(r)C-VxVxG(r,r") =k, G(r,r")- E(r)C = -5(r =) -E(r)C . (2.40)

Subtracting Eqn.2.39 from Eqn.2.40 and since

k02 5(r, r')- E(r)a = kozi(r) . E(r, r‘)E’ for all real vectors C , we have

E(I’)E'VX V x E(r,r') —E(I’,F')E'V x V x E(r) =

- - . _ (2.41)
—-o(r—-r)-E(r)C+ jouJ -G(r,r")C.

Substitution of Eqn.2.41 into the second Green’s theorem in Eqn.2.38 gives

j(— S(r =M1 -E()C + joud -G(r,r)C Y =

Vv
J(GCx 9 x BBy <9 G 1 has. (2:42)
N

Since [&(r - ) - E(r)Cdr = E(+')C , Eqn.2.42 is simplified to read
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E(r)C = [ joud -G(r,r)CaV -
) (2.43)
U (5(}”, r')E x V x E(r))— (E(r) x V x 5(1”, r')E)ZdSJ.
s

Eqn.2.43 expresses the forward time electric field at the source E (r") along

the vector C in terms of the volume and surface integrals of the cavity. C
is arbitrary, so Eqn.2.43 can be used to express the electric field along any

direction, x, y, z for example in Cartesian coordinates, hence Eqn.2.43

completely defines the electric field of the cavity. It is informative to
compare this case with respect to the use of the time-reversal-cavity, when
only the boundary field is stored, and the ideal case, when both the source

and boundary are reversed.

2.3.2 Reverse Stage

2.3.2.1 Time-Reversal-Cavity (Boundary Reversal)

For the inverse case of the time-reversal-cavity, the wave equation in
Eqn.2.35 becomes a source-free wave equation since the input source

excitation of the cavity is removed,
VxVxE*(r)—ky” E*(r)=0 (2.44)

where E * (r) is the conjugate of E(r) , since conjugation in the frequency

domain is time-reversal in the time domain [2.13].

The same Green’s function used in Eqn.2.36, and the same procedure used

to derive E(r') is repeated to give
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E* (r')a = —[J (5(;’, r')E XV x E * (r))— (E *(r)x V x 6(7/, r')E)ﬁdS] . (2.45)
s

Eqn.2.45 relates the conjugate electric field to the closed surface integral,

since this is the form of the inverse field when a time-reversal-cavity is used

for time-reversal, the recovered source field, £ *(#'), is now termed Er(7")

and Eqn.2.45 reads
Er(r")C = _[ | (E(V, M)CxV x E * (r))— (E *(r)x V x G(r, 7" )E)stJ . (2.46)
S

2.3.2.2 Time-Reversal of Source and Boundary

It is seen in Eqn.2.46, the volume integral relating J to the electric field has
vanished, since the source has been removed in the inverse stage of the
simulation. Assuming for now reversed placement of the source is possible,
and replacing E(r) and J with E*(r) and J* respectively in Eqns.2.35-
2.43 gives the corresponding form of Eqn.2.46 when both the source and

boundary are reversed [2.13] as

E*(#)E = Ija),uj*-g(r,r')adV —
v

(2.47)
[J. (5(7”, ”')6 xVxE* (7’))— (E *(r)x V x a(r,r')E)Zde.
S

Eqn.2.47 contains an additional term that is not present when the time-
reversal-cavity approach to time-reversal is used. Subtraction of Eqn.2.47,

from the case when only the boundary field is reversed using the time-

reversal-cavity, Eqn.2.46, gives the remaining field as

Er(r)C = E(r")*C - [ jouJ *G(r,r"CdV . (2.48)
V
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Referring back to Eqn.2.43, the Green’s function and electric field are both
forward functions; hence the closed surface integral tends to zero, and

Eqn.2.43 is simplified further to read

E(r)C = [ jou] -G(r.r)Cav. (2.49)
V

Conjugation of Eqn.2.49 and substitution into Eqn.2.48 gives

ER(F')E = '[jwyj* G * (r, r')EdV - jjwyj* -5(1’, r')Zde
S 7 (2.50)
= j jeoud * -(G *(r,r") - G(r, r'))EdV
V

where 5*(1”,7/') is the conjugated Green’s function. Simplification of

Eqn.2.50 results in

Ex()C =2[ apd *im{G(r, ) Cad . 2.51)
V

The arbitrary vector C used for the general derivation is now cancelled and

Eqn.2.51 reads [2.13]

Ex(r)=2[ oud *-im{G(r.) v . (2.52)
V

from which it is seen that the electric field at the source location after time-
reversal is complete, is not the original source, but the imaginary component

of the corresponding Green’s function.
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2.3.3 Point Source in Time-Reversal-Cavity

An impulse function point source is a popular method of excitation in
electromagnetics. As an example, if a point source excitation is used to

excite the time-reversal-cavity,

J=8(0r—1J (2.53)

where J is the source. The corresponding Green’s function is [2.10]

G(r,r) = S(r—r"yexp(- ]'ko (r—r)I . 058
r—r
Substitution of Eqns.2.53-2.54 into Eqn.2.52 shows
Ex (") = 2.[0);15(;” N -imiﬁr —ryexp(— jk,(r —r ))I]de
4 r—r' J
=20 * 'iml Ml (2.55)

.
= 2wud * k, sinc(kor')j.

Eqn.2.55 states that the recovered point source after time-reversal is a sinc
function. The width of the sinc function is related to the wave number £,

and hence as the frequency increases the recovered sinc function will

become narrower.

2.4 Conclusions

The chapter introduced Maxwell’s equations and derived the
electromagnetic wave equation. Lorentz reciprocity, the Poynting vector and
Green’s function were covered. The properties of the time-reversal-cavity

for simulated time-reversal were investigated, and it was shown that the
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2. Analytical Time-Reversal

cavity only reverses the field measured from the boundary, and does not

reverse the initial source conditions. An example of a point source

reconstruction was used to demonstrate the recovered point source is a sinc

function, with width dependant on frequency.

The next chapter will introduce the transmission-line modelling (TLM)

method for numerical simulation of electromagnetic propagation, and the

time-reversal-cavity for use with TLM.
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3.  The Transmission-Line  Modelling

Method and Numerical Time-Reversal

The chapter begins by introducing the transmission-line modelling (TLM)
method for numerical simulation followed by a derivation of the 2D shunt
node for transverse magnetic polarisation. The symmetrical condensed node
for 3D electromagnetic propagation is also shown. Finally the TLM time-

reversal-cavity for numerical time-reversal simulation is described.

3.1 2D Transmission-Line Modelling Method

Maxwell’s equations are often difficult to solve in analytical form for
complex geometries. The approximation of Maxwell’s equations through
the use of numerical schemes has hence proved popular, and a number of
numerical methods have emerged. Finite element and finite difference [3.1]

are among the most popular and widespread methods.

In this thesis, TLM is used extensively due to its inherent stability, ease of
implementation, and widespread use in the Department. The method was
originally developed at the University of Nottingham in the early 1970’s
[3.2]. TLM is a time-domain numerical method based upon the analogy
between the evolution of electromagnetic fields to voltage impulses
travelling on an interconnected 3D mesh of commensurate transmission-

lines and is related to the differential form of Maxwell’s equations [3.3].
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3. The Transmission-Line Modelling Method and Numerical Time-Reversal

The resulting algorithm is unconditionally stable, since the underlying
formulation is based upon circuit theory and electromagnetics principles
[3.4] [3.5] [3.6]. TLM also allows sampling of the electric and magnetic
field at the same sample point, and the algorithm can be parallelised to allow

efficient computation [3.7].

3.1.1 Transverse Magnetic Polarisation

This section will derive Maxwell’s equations for transverse magnetic
polarisation, where the electric field is polarised out of the page. Expansion
of Maxwell’s equations in Cartesian coordinates, and using the constitutive
relations of Chapter two, Eqn.2.2, produce the following six equations,

where the coordinate axis are as shown in Figure 3-1.

oF

OE, oLk, _ OH . (3.12)
oy ox ot

OE. OE °H ,
B it SB[ 3.1b

( 0z  Ox j “ ot G.1b)
oF

y OE, =—,u6Hx (3.1¢)
0z oy ot

S Pk (3.1d)

(3.1e)

Y (3.10)

For a 2D problem, the field is transverse magnetic polarised if the electric
field is orthogonal to the reference plane, while the magnetic fields are

parallel to the reference plane. In this respect, the field is defined by the E_,

H, ,and H v field components, where £, E I and H, are zero, and it is

seen Eqns.3.1 simplify [3.3]
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OE OH |,
R 3.2b
o o (3.20)
_OF, __ oM, (3.26)
oy ot
OH
oH, %y _ ok (3.2d)

Taking the partial derivative of Eqns.3.2b,c with respect to x and y

respectively, gives

2 oH
OE, =—ﬂi 4 (3.3a)
ox’ ox ot
2
E H
_OE, 0%, (3.3b)
oy’ oy Ot
The addition of Eqn.3.3a and Eqn.3.3b gives
0’E. O°E, o 0H,  00H,
2 T2 TH TH
ox oy oy Ot Ox Ot (3.4)
_ ofeH, oH, '
"oy ax |
Substitution of Eqn.3.2d in Eqn.3.4 gives
O’E. .\ O°E, p d (8 8Ezj
2 > Tal” o
ox oy (3.5)
_ gaZEZ
o

Eqn.3.5 is the 2D Cartesian form of the wave equation for the field

component E_, in a source free region. The velocity is expressed as
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3. The Transmission-Line Modelling Method and Numerical Time-Reversal

v=1/\ue . (3.6)

For free space, where u =, =1.26e—6H/m and ¢ =¢&, =8.85¢—~12F/m,

the velocity is

v=1/ e, =2.998¢8 mys. (3.7)

The TLM paradigm is to model the continuous field quantities, E and H
using voltage and current equivalences measured at discrete intervals, Al.
The 2D TLM node for modelling transverse magnetic polarisation will be
shown next, and its equivalence to the transverse magnetic field quantities is

given.

3.1.2 2D TLM Node

The TLM method models current and voltage, synonymous to magnetic and
electric fields. To use the TLM method to model Eqn.3.5, it is necessary to
define the transmission-line circuit as shown in Figure 3-la [3.3]. The
structure is referred to as a 2D shunt TLM node, since the intersecting

transmission-lines are connected in a parallel configuration, and models a

space of area Al”.
In Figure 3-1b the equivalent passive element form is shown. The

distributed shunt capacitance of each transmission-line of length A//2 and

impedance Z is given at the node centre as C.
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v

v

b)

Figure 3-1 - a) 2D TLM shunt node element covering an area of AP, Z, is the
intrinsic impedance of the transmission-line sections, b) equivalent circuit
representation. Distributed capacitance of each line of length A//2 has been

combined at the node centre.

Figure 3-2 shows the condensed form of the 2D shunt node, which is

commonly used to derive the field equivalences.
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nodal point

ov,

V,+ Al L
oy ,\4
L .
; i+ i, Al
— L -« ox

Figure 3-2 - Kirchoffs current law in x arm of TLM node and Kirchoffs

voltage law in y arm.

Kirchoff’s current law states the current entering a node must equal the
current leaving the node, hence using Kirchoff’s current law [3.3] on Figure

3-2, for the x -direction only gives

i +i + S Ar— g (3.8)
ox

simplifying, rearranging and replacing the current across the capacitor, i,

with C v, gives
ot

AN (3.9)
ot ox

Taking the partial derivative of Eqn.3.9 with respect to ¢ and rearranging

gives
ofa)__cav. (3.10)
or\ ox Al ot '
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Similarly from Kirchoff’s voltage law circulating in x [3.3] and

oi, . .
V, = L—,1t1s seen
ot

—VZ+VL+VZ+8VZ Al=0
axa o 3.11)
R .
ot ox

and again taking the partial derivative with respect to x gives

. 2
Ofo)_ OV AL (3.12)
ox\ ot ox? L

Subtracting Eqn.3.12 from Eqn. 3.10 gives

2 2 2
Al* 8%V, :Ca V. | (3.13)
L ox? or?

In Figure 3-2 Kirchoff’s current law for x and voltage law for y was
illustrated. Using Kirchoff’s voltage and current laws in y, yields the two

equations

. . . aiy
ic—i, +i, +——Al=0

(3.14)
0
ov, ——lAl
ot oy

and
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=V, +V, +V, +88Vz Al=0
ya . (3.15)
1
L—=-—=Al.
ot oy

Taking the partial derivative of Eqn.3.14 with respect to ¢ and Eqn.3.15

with respect to y and rearranging gives

gfg}_ c o,

- 3.16a
ot oy Al ot? ( )
oi 2

o1 :—A—16 VZ. (3.16b)
oy o L oy*

Subtracting Eqn.3.16b from Eqn.3.16a gives

2 A2 2
Al 8Vz:C8 VZ. (3.17)

L oy? ot*

Addition of Eqn.3.13 and Eqn.3.17 gives a wave equation for the voltage V.

at the node

oV, . 0’V, 2LC 8%V,
ox? ot AR ot

(3.18)

Since the inductance of a general inductor is related to the magnetic flux

through the current i [3.4], it is seen that

E ,uOi(Alz)
[

= =1 Al . 3.19
iAl Ho ( )
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To determine the capacitance, the general formula for a capacitor of surface

area A and plate separation d is used [3.4], where

cofd_ g,AlI°
d Al

= g,Al. (3.20)

Substitution of Eqns.3.19,3.20 in Eqn.3.18 yields

o, o, oV,
axz ayz :2(90#0&—2. (321)

Eqn.3.21 shows that the shunt TLM node models a material with

constitutive parameters 2¢), 4 -

The impedance of a lossless section of transmission-line is known to be

Zy= \/,UO/EO =+/L/C [3.4]. Observing the values of &,z in Eqn.3.21

it is seen the impedance is +/zg/2¢ , hence to model a material with

parameters &), £ it is necessary to set

Zy =2 |20 (3.22)
€0

and hence to model free-space Z, equates to J2 (376.73) Q. The velocity of

the material is vy = AI/+LC for the section of length A/. It can be seen

here, the velocity will be 1/ \240&q » and hence to model a material of

&0, Mo correctly it is necessary to set the velocity to

(3.23)
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The temporal sampling of the model, A¢ is defined as

A=Al (3.24)

\%

The spatial sampling is defined by the choice of nodal points in the model,
for example Ay =D, /Y, where D, is the size of the problem in the y
direction, and Y is the number of nodes in y . Throughout this thesis, unless
otherwise specified, it is assumed Ax =Ay =Az =A/, in this manner the

length in the x direction is determined as XA/. Providing A/ < A/10 it is
known the TLM model is of acceptable accuracy [3.8], where A is the

wavelength of the frequency of interest.

The field components are related to the circuit voltage and current as

E - _Z_Zz’ (3.25)
iy
Ho=. (3.26)
and
ix
e (3.27)

3.1.3 Modelling Material Properties

In general, capacitance can be added to the transmission-line sections to
model a dielectric material, but the temporal discretisation A¢ will not
remain constant at the interface between different materials due to the

varying propagation velocity between materials [3.3], making the simulation
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more difficult. An example of this is shown in Figure 3-3, where two

materials of relative permittivity ¢, and ¢,, are modelled.

Ko €1 Ko €,

Figure 3-3 - Connection between two materials of varying dielectric

permittivity.

For material 1, the wvelocity of propagation is from Eqn.3.6,

vy =1/ peop&, 1 , while for material 2, Eqn.3.6 becomes v, =1/, ugpe, s ,

ignoring the V2 factor of TLM. Hence it is seen, the temporal sampling

becomes from Eqn.3.24

A =20 (3.28a)
1

Vi
while for material 2

Ar, = AL (3.28b)
2
%)

It is seen, the simulation of material 1 is out of step with material 2.
Assuming material 1 is of higher dielectric permittivity, the time step for
material 1 is larger than that of material 2, and hence at the interface
between the two materials, the computation of material 1 will have to be

delayed until field values are ready from material 2.
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Alternatively if the time-step is fixed, and the spatial sampling between the
two materials is varied, instability and loss of power is caused, as the spatial

coordinates will not align between neighbouring nodes.

In light of this, the modelling of dielectric and/or lossy materials is achieved
through the use of stubs, which maintains the same velocity throughout the

TLM mesh.

Addition of a capacitive stub (open circuit transmission-line) at the node, of
length A//2 and hence round trip time, At¢, increases the value of & (see
Eqn.3.20), and allows the simulation of dielectric materials while
maintaining temporal and spatial synchronicity at the connection between
materials. In a similar manner, the simulation of lossy materials is achieved

by inclusion of conductance in the stub.

For a dielectric conductive material Maxwell’s equations, are similarly

expanded as in Eqns.3.1, with the substitution j:ai, Eqn.3.2 now

becomes

xR (3.29)

where o is the conductivity of the material in S/m.

3.1.4 Modelling Lossy Dielectric Materials

In Figure 3-2 the x directed arm of the free-space shunt node was shown, in
Figure 3-4 the x arm of the stub loaded shunt node is given, with the
addition of the conductance and capacitance of the stub, where Kirchoff’s

current law is illustrated.
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nodal point

~ oi
Ly X i +—=Al
- L <« Ox
lg ) L
Geff Ceﬁ‘
T :
y

X

Figure 3-4 - Kirchhoff’s current law on stub loaded shunt TLM node, G is
the effective conductance (stub), and C. is the effective capacitance (stub +
line), the inductance remains unchanged. The dotted grey line is the ground

plane.

Using Kirchoff’s current law

—i, 4ig+io+i, + 0, Al=0
a'x - (3.30)
lx V4
o T VC

where C,; is the effective capacitance of the stub and node. In a similar

manner for the y directed current,

Oi ov.

LA =-V.G,-C,,—=. 3.31
8)/ z>eff eff ot ( )
Addition of Eqns.3.30-3.31 results in

o O _2( Lo . _aVz] (3.32)
oy ox A\ L T 5 ) '
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For a single transmission-line section of length A/, it was shown

Zy=4L/C, v=Al/NLC and hence At=+LC . Using these it can be

) Al?
shown L =Z7¢"C and L = 3
voC

, equating and simplifying gives

i

C=—. 3.33
Z0 (3.33)

Similarly, the inductance is related to the time-step as L = ZyAt¢ and for the

stub Cy, _ A since the line is of length A//2. In this manner the
st

effective capacitance, inductance and conductance of the stub loaded node

in Figure 3-4 is

At At

Copr=—+ 3.34a
A=z, 4z, (3.342)
L =27ZyAt (3.34b)
G
Gepp = ER (3.34¢)
Substitution of Eqns.3.34 in Eqn.3.32 yields
0i, 0oi
D O Ly g2, AV (3.35)
oy ox Al Z, 27,) ot
Substitution of Eqns.3.25,3.26,3.27 in Eqn.3.35 results in
OH
OH, o, =EZ£ 2At N At |OE, , (3.36)
oy ox Al \Z,Al 2Z,Al') ot

from which it is seen by comparison with Eqn.3.29
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G

o=— 3.37a

N ( )

2, N (3.37b)
Z.A 27N

and p, = Z,At/Al as before.

Rearranging and simplifying Eqn.3.37b, taking account of the V2 factor of
propagation and substitution of Eqns.3.22-3.23

V4 V4
po2AL A2 A1 2y | D | (3.38)
Z,Al - Z A ZAI\ 4Z, 47,
From Eqn.3.38 it is seen
V4
g =1+—9 (3.39)

47

St

and hence the stub admittance is

Yy =— = . (3.40)

3.1.5 Travelling Wave Form

In the previous section the derivation of the TLM node from Maxwell’s
equations was shown. To simulate propagation of an electromagnetic field

using the node, it is necessary to introduce the travelling wave format.

Figure 3-1a shows the free-space shunt TLM node with four ports labelled

from 1 to 4 and corresponding voltage potentials. The node models a cell of
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size Al*. The Thevenin [3.3] equivalent circuit is formed as in Figure 3-5,
and the nodal voltage V, can be defined in terms of the incident voltage

waves on each branch, as

0] 43N] S S E) 4]
L, "2 '3 74
ZO ZO ZO ZO

i 1
4(20j (3.41)

A similar Thevenin circuit is formed for the x and y currents by selecting

the nodal ports 1, 3 and 2, 4 respectively. In Figure 3-5 the current flowing

in y is shown in the clockwise direction [3.3]

i :M , (3.42)

o=l (3.43)

Figure 3-5 - Thevenin equivalent of the 2D shunt TLM node.
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The TLM method propagates the voltage waves throughout the mesh by

means of a method known as scatter/connection.

The incident voltage upon port 1 of the node, will ‘see’ a load impedance,

Z;, of three parallel connected lines of impedance Z,, and hence a
reflection at port 1 will be generated. From transmission-line theory,
Lo Zy—Zo Zogl3-Zy 1

- -, (3.44)
ZL+ZO ZO/3+ZO 2

while the transmission coefficient is +1/2. The reflected voltages can be

expressed in matrix form from the incident voltages as

Vlr Vll
r yi
?,253 (3.45)
Vq vy
r i
RES Y

where § is the nodal scattering matrix of reflection coefficients, of

dimensions 4x4.

In general the total voltage at any port is a sum of reflected and incident

voltages, and hence the reflected voltage at port n is

v, =V.-V,. (3.46)

Expanding Eqn.3.46 for n=1...4, and placing the resulting four equations
in the matrix form of Eqn.3.45, it can be shown the nodal scattering matrix

for the shunt TLM node is [3.3]
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-1 1 1 1

1fr -1 1 1
S=_ (3.47)

= 21 1 -1 1

1 1 1 -1

The connection process states that reflected voltages on ports become
incident on neighbouring ports at the next time step as shown in Figure 3-6.

In general, the procedure is described by the following four equations

el Gy =AD = 77 (x.) (3.482)
Vs (6= AL y) = J{ (x.9) (3.48b)
Vs (6 y+AD = 7 (x, ) (3.48¢)
Vi (x+ALy) = V5 (x,p) (3.48d)

where the subscript £ denotes the temporal iteration.

k+1V3i(x’y+Al)

o\
le"(x’y)
_ <« —
NGE=ALY) (s, y) SOV i Ay

el (x,y = Al)

X

Figure 3-6 - Connection process in 2D TLM, origin is in bottom left.
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In a similar manner the travelling wave form for the stub loaded TLM node

shown in Figure 3-7 is derived, resulting in [3.3]

2. VE 2 vE 2. yE 2 v 2 V!
A0 WLy it Il Sl 71
ZO ZO ZO ZO th
V.= ;

M)
Zy) \Zy (3.49)

Zy2,V.,

2V A2,V 42,V 42,V +

Z
4 J{Oj +Z,G,,
Zst

st

v

Figure 3-7 - 2D TLM shunt node element with stub, for the modelling of

dielectric/lossy materials.

It is customary to define G, = Z(yGy, and Z, =1/Y, =72,/ Z,, where ¥; is
the normalised admittance of the stub, Y,. The reflected voltages are

determined from
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" A

144 v,

vi|=8|v, (3.50)
v, v,

Vel

2-Y,; 2 2 2 27,
2 2-Y, 2 2 2,
g:[i 2 2 2-Y, 2 2, (3.51)
- a) 2-v, 2%,
2 2 2 )

where V,; =4+Y; +G,.
The stub connects with itself, as

pV o (6,0) = (V5 (x, ). (3.52)

From Eqn.3.52 it is seen the stub acts as an energy store. To model magnetic

materials inductive stubs are used [3.3].

3.1.6 Boundary Conditions

In electromagnetic simulations of physical problems it is often necessary to
define boundary conditions, for example a waveguide has metal walls which
define boundary conditions for the electric and magnetic fields. The

connection stage of the TLM process for the boundary nodal ports is

eV (6 0) =T V) (x, ) (3.53)
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where I is a reflection coefficient. For a perfect short circuit boundary
condition or electric boundary at a distance of A//2 from nodal port n, the

reflection coefficient is

ro%1-20 _0-2p _
ZL+ZO 0+ZO

1. (3.54)

Similarly, for an open circuit termination, or magnetic boundary, I' =1.

Repetition of Eqns.3.45,3.48 for time k =0...N —1 in the mesh formed by
the connection of nodes, constitutes the 2D TLM method for
electromagnetic simulation of transverse magnetic fields. A similar
derivation is possible for transverse electric fields, which results in the

series TLM node [3.3]. It can be shown in this case the scattering matrix S

would become

11 1 -1
i R S I
S=— (3.55)
=721 -1 11
11 1 1

3.2 3D TLM Symmetrical Condensed Node

In the previous section an in depth derivation of 2D shunt TLM was shown.
In this section a node for 3D simulation is derived. The modern form of the
3D TLM node is known as the symmetrical condensed node (SCN). The
SCN is considerably more complex, and hence due to space limitations only
a working example is given here. Further details can be found in [3.3] [3.8]

and [3.9].

The SCN is shown schematically in Figure 3-8, and is visualised as a

combination of shunt and series nodes in each direction of propagation. The
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scattering matrix for the node is determined through the use of the laws of
conservation of power [3.9]. Observation of the expanded Maxwell’s
equations, Eqns.3.1, relate the electric fields to the magnetic fields, from
which the coupling of fields within the node can be determined [3.3].
Eqn.3.56 is derived for the nodal reflected voltages

r r r r r r r r r r r r
[le K k3 ks ks kVe kY7 kY3 kY9 kMo kM1 kV12]T, (3.56)

_ i i i i i i i i i i i i
—ﬁ[le Ko k3 kY4 ks kY kY7 kY kY9 kMo k"1 kV12]T

Al

1
1
1
]
]
[]
1
‘ =
=

Al

<

X
Figure 3-8 - 3D TLM Symmetrical Condensed Node (SCN) equal spatial

sampling in x, y and z, the node models a volume of size AF.

where S is the 12x12 nodal scattering matrix given as [3.3]
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0 1 1 0 0 0 0 1 0 -1 0
1 0 0 0 0 1 0 0 -1 0 1
1 0 0 1 0 0 1 0 0 0 -1
0o 0 1 0 1 0 -1 0 0 0 1 0
0o 0 0 1 0 1 0 -1 0 1 0 0
0o 1 0 0 1 0 1 0 -1 0 0 0
§=0.5 . (3.57)
= 0o 0 0 -1 0 1 0 1 0 1 0 0
0o 0 1 0 -1 0 1 0 0 0 1 0
1 0 0 0 0 -1 0 0 0 1 0 1
0 -1 0 0 1 0 1 0 1 0 0 0
10 0 1 0 0 0 1 0 0 0 1
(0 1 -1 0 0 0 0 0 1 0 1 0]

The connection process is identical to that for the 2D node, where for

example

eaVi 2+ A = V5 (x,,2), (3.58a)
V3 (6 y = ALz) = V5 (x,9,2), (3.58b)
k+lV3i(x+Alayaz):Llii(xvysz): (358(:)
etc.

The electric and magnetic fields are determined from the x, y and z

directed voltages and currents respectively, for example

i i i i
V. W+ s+

E =—"%= , (3.59a)
Al 2AI
Vi yiy yi_ pi
R T Vi (3.59b)
0
Vi Vi+ V=V
Hy:_kl K3 T e (3.59¢)
2Z,Al
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Similarly open/short circuit boundaries are modelled using Eqn.3.53, with
the exception it is now necessary to take both ports at the node connection
into account, for example, a short circuit boundary through z would be
enforced at ports 7 and 12 of the node below and ports 1 and 5 of the node
above the boundary.

The \/5 factor of the series and shunt nodes combined into the SCN
effectively cancel each other [3.3], and the velocity within the 3D SCN

simulation is v =AIl/2At. Modelling of dielectric, magnetic and lossy

materials are possible through the use of stubs. Modelling of dielectric,
magnetic and lossy materials in 3D is not covered here as all time-reversal

modelling in 3D is done in the presence of metal.

33 Numerical Time-Reversal

This section will describe the time-reversal process using the numerical
TLM method. The TLM time-reversal is performed through the use of the
time-reversal-cavity [3.10] [3.11] [3.12]. For a 2D rectangular time-reversal-
cavity shown in Figure 3-9, the simulation space is bounded on four sides
by absorbing boundaries, known as time-reversal-mirrors [3.11]. The time-
reversal-mirrors are placed a distance of A//2 from the neighbouring TLM

node, where A/ is the spatial sampling of the model.

The TLM time-reversal process has two stages: forward simulation, during
which all time history is recorded at the time-reversal-mirrors, and the
reverse stage, at which the recorded information is re-injected into the time-
reversal-cavity. In the case of device optimisation, multiple time-reversal

simulations are needed in order to converge to a desired performance [3.13].
To capture the forward-time electric field within the cavity, the time-

reversal-mirrors sample the reflected voltages scattered from the

neighbouring TLM nodes,
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Vi (6 K) = P (Y 1) (3.60a)
Vi (7.K) = V5 (X =1.y) (3.60b)
Varay () = V5 (x,0) (3.60c)
Vi (0, K) = V4 (0,3). (3.60d)

The time-reversal-mirrors act as matched boundaries during the forward

simulation. | ;V7,,, are of dimensions X x N and , ,V,,, are of dimensions

YxN, where X, Y and N are the longitudinal nodes, transverse nodes
and temporal iterations respectively. To reach steady state in a numerical

simulation, N is much larger than X and Y, requiring significant memory.

Al2
r—----=-~-~"=~-==~====°=°7°% I
4 TRM !
- i | >y (X -1,1)
(S o :
2 :; = el x-10
L= -
S i A 73 (X -1,0
y : ;TRM g
Yo 2 _______

z X

Figure 3-9 - General 2D time-reversal-cavity, electric and magnetic fields are

incident upon the bounding surfaces, termed time-reversal-mirrors (TRM).

In the reverse stage of the time-reversal process, the time-reversal-mirrors
act as line sources, re-injecting the time sampled reflected voltages from the
forward simulation as incident voltages upon the neighbouring TLM nodes

in reverse time order

LY =D = Py (5:) (3.612)
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k=V2i(X—l,y): Virar (V. k) (3.61b)
I3 (3,0) = gy (5,5) (3.61¢c)
Fi0,3) = Vi (v,6). (3.61d)

The reverse process continues for iterations k=N —1, N —2,...0, at which

time the reverse simulation stops.

To implement time-reversal within TLM, it is only necessary to reverse the

scattering process, i.e. find the incident waves from the known reflected

waves. The nodal scattering matrix § =S ! for all TLM nodes, and hence

the inverse TLM algorithm is identical to the forward TLM. In general this

result holds, providing the material is linear and isotropic.

Inversion of the scattering matrix alone does not guarantee time-reversal
will be valid. Intuitively, loss in the forward stage, results in gain in reverse.
For this reason, lossy materials are more difficult for use with time-reversal,
since gain in a numerical procedure, such as TLM, will often result in
instability. Investigation of time-reversal in lossy materials is the subject of

the following chapter.

3.4 Conclusion

This chapter introduced the 2D and 3D TLM methods. The 2D and 3D
nodes were given, and the relation between the wave equation, and the
discrete travelling wave form was shown. The chapter concluded by
introducing the TLM time-reversal-cavity for numerical simulation of time-
reversal. It was shown the scattering matrix for forward propagation in TLM

is equal to its inverse, giving the same core algorithm for reverse simulation.

The next chapter begins the original research of this thesis, with an

investigation into the spatial filtering of the time-reversal-cavity, and the
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effect temporal truncation and evanescent fields have in a time-reversal

simulation.
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4.  Temporal Truncation and Evanescent

Fields

The previous chapter has shown that numerical time-reversal requires
significant computational resources. Both the practical need to truncate the
simulation time and finite machine precision limit the fidelity of the reverse
process and a quantitative study of these effects is undertaken in this
chapter. The use of Prony extrapolation to compensate the effects of
truncated simulations and in order to significantly reduce the memory
requirements is explored. Moreover, the derogatory consequences of finite
computational precision are important when evanescent fields are present
and theoretical predictions are compared with practical results. The chapter
uses the example of single and multiple source reconstruction under time-
reversal to demonstrate the above problems. The impact of lossy materials is

also briefly discussed.

4.1  Temporal Truncation and Prony’s Method

This section will investigate the effect of temporal truncation of the
simulation and then proceed with the implementation of Prony’s series to

predict future behaviour of a wave form.

A forward numerical simulation of a physical structure reaches the steady

state after NV temporal iterations, at time NAt, where Af is the temporal
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discretisation. In the case of numerical time-reversal, the situation is
complicated by the need to store the full time-history of the forward
simulation. Theoretically the original source will be perfectly reconstructed
in both time and space by an ideal time-reversal process. However, when the
forward simulation is truncated, even for large N, there are waves in the
cavity that do not reach the time-reversal-mirrors. It can hence be assumed
that source power remains in the cavity; this power is lost when the cavity is

reset for the reverse stage.

In order to ameliorate the need for long run times, the temporal Prony series
can be used to predict the future behaviour of a discrete temporal waveform,
based on a given set of known samples. Its use has been successfully
demonstrated in the finite difference time domain [4.1] and transmission-
line modelling (TLM) [4.2] methods, to extrapolate the temporal history of a
simulation for accurate computation of scattering parameters. However,
perhaps because of the complexity of the Prony method, due to the need to
solve a least squares optimisation problem in the formulation of the series, it
has received limited attention. It is emphasised here that the solution to the
least squares problem is of minimal computational impact in comparison to

the numerical simulation.

The Prony series is effectively used to predict the effect of field transients
still within the structure when the forward simulation is truncated. Using the

Prony series, a time sampled waveform is approximated as

U-1
Fp(k) =Y B(u)exp(A(u)kAt) (4.1)
u=0

where U is the number of poles in the series and B, the weightings of each

basis function.
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The objective is to obtain the closest match possible between the Prony

generated waveform, Fp(k), and the true waveform stored in the time-

reversal-mirrors, termed F (k) in this discussion, using the minimum

number of poles, U .

The term A(u) represents a pole on an Argand diagram [4.3]. The process
of determining the values of A and B can be done using a least squares
approach [4.1] [4.4] [4.5], and is now described. The process has two stages;
firstly the matrix equation relating the values for F to a polynomial P,

termed the Prony polynomial [4.6], is formed as

[FU-1| [FU-1) FU-2) -«  FQ) F(0) Tro

FU FU FU-1) - F(2 F( P(l

£©) FU)  EU-D - EQ) £0) 20 42)
F(N) | |F)  F(N-1) - E(N-U+l) E(N-U) |PU-2)

|F(N-D| [F(N-1) F(N-2) -  E(N-U)  E(N-U-D]PU-)|

The values for P are found using least squares [4.2], where N is the

number of temporal samples in a single row of the time-reversal-mirror. A

separate Prony series is required for each spatial row within each time-

U-1
reversal-mirror. The values P(u) form the polynomial, z Pu)p" .
u=0

Equating the polynomial to zero, and solving for ¢, gives the roots, which
can be shown to equate to the values exp(A(u)) [4.5], therefore A, the

complex poles of Eqn.4.1, can be found from
AG) = In(exp(A@))). (43)

Secondly, from the values of exp(A(u)) found in Eqn.4.3, a matrix equation

relating F to the values B is formed as [4.5]
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FO) ] [exp(a@)  expa®)? - expla@ -1 [BO)

F() exp(A0)  exp(AM) - exp(A@-D) | BO)

: RE : U : . (4.4)
EN=2)| |exp(A(0)"? exp(AMI¥™> - exp(A@U-D)¥7* | BU-2)
LEN-D ] [exp(A@)'™" exp(a@)™ - exp(a@ -)V [BU-D ]

Solving Eqn.4.4 for B is performed by re-expressing Eqn.4.4 in the form
F=EB (4.5)

where E is of dimensions N xU , B is a vector of dimension U, and F is

of dimension N . Multiplication of Eqn.4.5 by £ " gives

Iy

TE:£T

Il &=

B, (4.6)

rearranging Eqn.4.6 allows B to be evaluated as

p=(e"6 (e E) @)

Prony’s method in this form can be used to temporally extrapolate the
reverse stage of the time-reversal process without the need to compute the
forward phase for the full number of temporal iterations. This reduces the

time-reversal-mirrors size, and the simulation runtime.

4.1.1 Results

This section shows the impact of temporal truncation on the accuracy of a
source reconstruction. In this case a moderate number of time steps are
employed for the forward simulation and the time-reversal-mirror values
that have been lost by truncating are predicted based upon the available

values for each sample point. The reverse simulation runtime will then
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exceed that of the forward simulation by the number of predicted time steps,
where the prediction simply evaluates the Prony series for £ > N. A 2D
parallel plate waveguide laterally bounded by magnetic walls is shown in
Figure 4-1, with two time-reversal-mirrors located at the input and output

ports respectively.

Vv (0, k) :k=V4r(0aJ/) (4.8a)

Vvt (y,k) ZL;(X—I,J/) (4.8b)

open circuit (o/c)

A
v
A
A 4

E : Source :MH g
= : § I
~ y 1
AT T
| e > : v
\'; o/c
XAI=2L

Figure 4-1 - 2D air-filled time-reversal-cavity, Al is the spatial sampling, X and

Y are the nodes in the longitudinal and transverse directions respectively.

The waveguide 1is defined and modelled using Y =151, giving
Al =0.15 mm, At =3.57e—13s, X =Y =151, L=W/2 and
W =22.86 mm. The number of temporal iterations are N =500, N =1000,
N =10000 and N =100000. An impulsive source excites the cavity at the

source location. The reconstructed source field E, on the surface of the

cavity, for the cases 500 and 10000 temporal iterations, is as shown in
Figure 4-2a,b respectively, where a contour display with 5 levels is shown.
Clearly simulation for fewer time steps results in increased spatial spreading
of the reconstructed source and thus makes a notable contribution to

inaccuracy.
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Figure 4-2 - Time-reversed electric field with a) N

22.86mm, a

151, Y =151, L =

0.15mm, Az = 3.57e-13s, X

total of 5 contours are shown.
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The electric field across the transverse direction at the source, x =0 and
k =0 is shown in Figure 4-3, and compared to the original input source. It
is seen, that for the shorter runtime significant accuracy has been lost, and

that better source reconstruction is achieved for the longer runtimes.

10° ¢
sennsprnns S00A?
—A— 1000A?
——@== 10000A?
==&-= 1000004
=
= -1
= 10
5
[
[3m]
.9
g
=2
m
107
\
1
] \
! \
,' 1
v ] \ A
L4 I 1 \
/! | \ \
-3 \
10 y B | | |
10.5 ?1 11.5 é12 12,5

Width, W (mm)
Figure 4-3 - Time-reversed electric field across width of waveguide at x = 0,
for N =500, N=1000, N =10000 and N =100000. A/ = 0.15mm, Az = 3.57e-13s,
X =151, Y=151,L=W/2 and W = 22.86mm.

In many cases, long runtimes are not possible and a way of reducing this

computational requirement is needed.

In practice, when using the Prony method for time-reversal it is not
necessary to match a Prony series for the full number of temporal samples
initially stored in the time-reversal-mirrors. The Prony series is required to
extrapolate the transient field, and so should only be matched towards the

end of the time-reversal-mirror data of the forward stage.

In order to measure the applicability of Prony’s method for time-reversal,

the example of Figure 4-1 is repeated in Figure 4-4a, where a Prony series
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for each transverse sample point in the time-reversal-mirrors with U =18

poles, was matched to the last 150 samples from forward simulations of
N =500, N=5000 and N =7500 and used to generate the remaining
samples to reverse for N =10000. The figure shows how the fidelity of the
source reconstruction using the Prony series compares with the simply
truncated cases. Clearly the Prony series offers a valuable improvement in
accuracy and has reduced time-reversal-mirrors storage by 95 %, 50% and
25 % respectively. Unfortunately the number of poles required for the Prony
series is largely problem dependant. Too few and a poor extrapolation is
seen, too many and the least squares procedure becomes ill-conditioned
[4.5]. For this particular example 18 poles was verified to be optimum. In
Figure 4-4b the samples stored at y =W /2 in the time-reversal-mirror at
time-steps 350—-400 for N =500 are shown for comparison with the
Prony extrapolated waveform using U =18 poles, which shows the close
match between the time-reversal-mirrors and the Prony extrapolated form

for the known samples.
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TRM

Voltage reflected, V, (V)

-6 1 ! ! I ]
350 360 370 380 390 400

Temporal iterations, N
b) P

Figure 4-4 - a) Time-reversed electric field across width of waveguide at x = 0.
N =500, N = 5000 and N = 7500 original samples, extrapolated to 10000 using
Prony’s method with 18 poles matched over last 150 samples, compared with
the two original simulations of N = 500 and N = 10000. b) Prony series
matched to data in time-reversal-mirror at y = W/2 at output port, samples

350-400.

4.1.1.1 Multiple Sources

Time-reversal recovery of two sources in relative proximity to one another
further illustrates the loss of spatial resolution caused by truncation of the
forward runtime. Two impulse sources at x =0, are placed in the time-

reversal-cavity of Figure 4-1, separated initially by a distance of S in y.

The separation distance after time-reversal is measured as the distance
between the second moment of each source [4.3]. For the source in the

lower half of the cavity, the second moment reads
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)

M, = Z( Z(O,y)—ﬂ)z (4.9)

i

where u is the mean amplitude across the transverse region y to y, (see

Figure 4-6a overlay). This approach is wused to reduce spurious
measurements, resulting from poor resolution in the recovered field, as was

seen in Figure 4-2 for a single source.

The initial source separation is S =65A/=1.65mm, A/ =0.0253mm,
At =5.98e¢—14s, X =901 and Y =901, where L and W are as previously
defined. The increased spatial sampling is necessary to accurately measure
the source separation. Figure 4-5 shows the change in the measured source
separation with increasing simulation runtime, N . It is seen, with increasing
runtime N , the time-reversal simulation is more accurate, and the measured

source separation approaches the known separation.

A Prony extrapolation with 45 poles matched to the last 100 temporal
samples in the time-reversal-mirrors and used to generate a further 1000
temporal iterations during the time-reversal is also shown for comparison in
Figure 4-5. The Prony results are seen to reach the known separation for

smaller N .

The merging of the two sources is shown in Figure 4-6a, which shows E,

for N =750 time steps. In comparison, Figure 4-6b shows the electric field
for N =4000, illustrating the improved resolution. It is seen that, the
application of time-reversal techniques using multiple sources is more
sensitive to inaccuracies of time-reversal and requires finer spatial

discretisation and longer runtimes.
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Figure 4-5 - Distance measured between two sources after time-reversal with

respect to increasing temporal iterations in the model, A/ = 0.0253mm, Az =

5.98e¢-14s, X =901, Y =901, L = W/2 and W = 22.86mm.
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Figure 4-6 - Reconstructed sources after time-reversal, a) N=750, b) N = 4000,
5 contour levels are shown. Al = 0.0253mm, Az = 5.98e-14s, X =901, Y =901, L
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Returning briefly to the example of the time-reversed impulse source of
Figure 4-3, the measured half width of the source with respect to increasing
temporal steps is shown in Figure 4-7. It is seen that even for considerably
large runtimes, the measured half width does not converge to the known
width of 3A/ = 0.45mm. The remaining error can be attributed to the finite
machine precision and evanescent field components. The next section
assesses the impact of finite machine precision on time-reversal techniques

both analytically and numerically.

0.75
0.7
0.65
0.6

0.55

Reconstructed half width (mm)

0.45 T T T T T T T |
0 5000 10000 15000 20000 25000 30000 35000 40000

Temporal iterations, N

Figure 4-7 - Measured half width of recovered source after time-reversal with
respect to increasing TLM simulation time. A/ = 0.15mm, A7 = 3.57e-13s, X =
151, Y =151, L = W/2 and W = 22.86mm.

4.2  Evanescent Fields in Analytical and Numerical
Time-Reversal

Evanescent fields occur in many component structures, including filters,
impedance matching networks, antennas etc. A source excites a broad
spectrum of both propagating and evanescent modes. On the other hand a
numerical simulation has a limited machine precision available [4.7]. If the

amplitude of the evanescent modes is below machine precision on arrival at
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the time-reversal-mirrors then they will be lost for the purposes of time-

reversal and subsequently cause loss of resolution in the reverse simulation.

For the waveguide example of Figure 4-1, the longitudinal distance at which

the nth mode is lost can be calculated using Eqn.4.10.
L, =m(10"7), (4.10)

which is found by equating the modal propagation term exp(-y,L,), to the

significant digit range of the simulation, 10~ , where m is the number of
significant digits stored, which can be single precision (7 digits) or double
precision (14 digits). If the time-reversal-mirrors are placed such that

L>L,, the nth mode will be lost during the forward simulation, and is

hence unrecoverable during the reverse stage.

This section analyses evanescent mode loss due to finite machine precision

using analytical and numerical time-reversal.

4.2.1 Analytical Analysis of Evanescent Mode Loss

A theoretical investigation predicting the effect of evanescent modal loss on

source reconstruction in time-reversal is examined first.

Generally, an impulse source excites a number of modes. The modal
distribution of the nth mode propagating in a 2D waveguide in the x

direction, with propagation constant, y,, can be expressed as
Ez(x.y.m)= 4, cos((yAzml/z)’;;j) exp(—7,,xAl). @.11)

where the propagation constant is given as
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2
V= \/(%j —a)z,ug. (4.12)

The propagation constant, is either imaginary or real, describing
propagating, or, evanescent modes respectively. Substitution of Eqn.4.12
into Eqn.4.10 gives the distance at which the mode n is lost for time-

reversal.

Using Eqn.4.11 it is possible to express the total field excited by an impulse

in the cavity of Figure 4-1 as the summation of modes

Y-1
Z cos( yAl+ AL 2) 22 o )exp(—ynxAl) (4.13)

0,2,4

II“j

where A, are the input amplitudes of the modes n. Only even order modes

are considered since the source is symmetric within the cavity, and open
circuit boundary conditions are simulated. In this example the cavity

medium is free-space, hence the propagation constant of Eqn.4.12 becomes

nrw 2 2r 2
o) %) 9

where A will take the value for the dominant mode.

For small width sources, the amplitudes of the lower order modes are all of
the same order of magnitude on the source plane. However the relative
amplitude of the evanescent modes in respect to the dominant mode will

rapidly decay, reaching machine precision at a distance L, from the source
plane. Therefore in practice the value of 4, =0 and if this occurs before

reaching the time-reversal-mirrors this mode is lost for the purpose of

source reconstruction by reverse simulation.
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Analytically the effect is demonstrated by truncating Eqn.4.13 to m

significant figures at the distance L, i.e.

Y-1

(L,y), = truncm( 4 cos( YAl +AZ/2) W jexp(—ynL)j, (4.15)

=0,2,4

and the evanescent modes with amplitudes below the machine precision will

not be captured by the time-reversal-mirrors and are therefore lost.

For symmetric even order modes, direct application of the Cosine transform

[4.8] will recover the modal amplitudes, 4 ', of the field in the time-

n o

reversal-mirrors at L

Y-1
trunc , \E (L y))cos((yAl + Al/2) J
y=0 W n=>0
4,'=13,, Y (4.16)
trunc , \E (L y))cos((yAl + Al/2)
- , n=24.Y-1
Y/2

The value for 4,' is substituted into Eqn.4.13, with x=0 and y=Y/2

giving E_', the field at the source after the modes have been truncated at L.

The consequences of the effect are demonstrated in Figure 4-8 for the
absolute normalised difference between E_, the initial field amplitude, and
E_', the amplitude after the forced truncation is performed, using single (7

digit) and double (14 digit) precision. The transverse nodes were chosen as
Y =15, giving a total of 8§ symmetric modes, and a spatial sampling in the

transverse direction, Ay =1.52mm. The longitudinal sampling is

Ax = 0.5 mm and the width W =22.86 mm.
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4. Temporal Truncation and Evanescent Fields

The vertical lines show the distance a mode is predicted to be lost as
calculated using Eqn.4.10 for single (grey solid) and double (diamonds)
precision. It is seen a step in the measure occurs relatively close to where
the evanescent mode is predicted to be lost. It initially appears that this is a
very significant effect and that placing the time-reversal-mirrors too far

from the source will completely undermine the approach.

09
08+
e—
0.7+
06 -——J? ()

Amplitude difference of recovered source

———— Single Precision

—®— Double Precision

1

107

Length, L (mm)

Figure 4-8 - Theoretical mode loss in 2D time-reversal-cavity for single and
double precision, vertical lines show expected lengths at which a mode will be
lost for single (grey solid) and double (diamonds) precision. Ay = 1.52mm, Ax
=0.5mm, Y =15 and W = 22.86mm.

This problem is also present for non-guided structures. The same approach
can be adapted to investigate the effect of modal loss in a general structure
of an impulse source in free space. In Eqn.4.13, the transverse spatial
dependence is replaced with the corresponding angular counterpart, and the

longitudinal dependence by the corresponding Hankel function, giving
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[

(r,0)= > A4, exp(- jnO)H (kor) (4.17)

n=0,2,4...

where 7 1s the radial distance from the source and k( is the wave number.

The field is now measured and artificially truncated cylindrically about the
source, at increasing radius . Figure 4-9 shows the normalised absolute

difference between E ., the initial field amplitude, and E,', the amplitude

after the forced truncation is performed, for varying radius, ». A total of 11
modes are shown up to a maximum radius of 95m. Again, step like
behaviour is seen as the radius increases and is explained by the fact that a

particular mode is lost.

0.9 -

0.7 -
0.6 -

0.5+

0.3r

0.2

Amplitude difference of recovered source
=}
N

0.1

=——t+—=Single Precision

== Double Precision

10 10" 10° 10 10* 10°
Length, » (mm)

Figure 4-9 - Theoretical cylindrical mode loss example, A/ = 0.5mm, 11 modes

are modelled up to a maximum radius of 95m.
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4.2.2 Comparison of Analytical and Numerical Time-
Reversal of Evanescent Fields

The preceding discussion demonstrated analytically the impact of modal
loss. The impulse source employed was a worse case scenario and in
practice the importance of the evanescent modes may be less profound. To
quantify this argument, a finite width source field distributed as a Gaussian

function is now used.

A spatial Gaussian excitation across the transverse dimension of the cavity
in Figure 4-1, similarly to the impulse source, will excite a number of

propagating and evanescent modes [4.9]

2
;exp _((yAZ+Al/2)2—W/2) . .18)
N2roy, 20,

The number of physically significant evanescent modes is dependant upon

the Gaussian spatial half-width, o, . In general, a spatial Gaussian

distribution with a wider half-width has a narrower profile in the modal
domain, and hence fewer evanescent modes are exited. Through this
reasoning, a distribution that has lost some higher order modal information
due to the machine precision will now have a greater half-width after time-

reversal, o,,. The smaller o,,, the greater number of evanescent modes are

excited which are consequently not captured by the time-reversal-mirrors,

and the more substantial the spreading in the output distribution.

The analytical model is repeated using a spatial Gaussian distribution to
excite a waveguide of fixed length L =20 mm. The modes lost from the
Gaussian at L, are then artificially removed from the input Gaussian as
done for the impulse source example, and measurement of the distribution
for

half-width is made. In Figure 4-10 the result of o,,, with respect to o

out in
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both single and double precision, where A/ =0.15mm and W =22.86 mm
is given. As expected, wide sources are reconstructed correctly, while

narrow sources become broadened.

Output width — 5,,, (mm)

=ssue=eae Analytical - Single

) =t TLM - Single
05} . ‘ +==rw0=ree Analytical - Double
4 =—o—— TLM - Double

L L
0 0.5 1 1.5 2 25 3 3.5 4

Input width — o, (mm)

Figure 4-10 - Mode loss of Gaussian distribution predicted (analytical), and
measured through time-reversal (TLM), 6,,; with respect to o;, for varying o;,.

Al=0.15mm, A¢ =3.57e-13s, X =132, Y =151, W = 22.86mm and L = 20mm.

The TLM simulations have been performed with N =4000, A/ =0.15mm,
At =3.5Te—13s, X =132, Y =151, W =22.86mm and L =20mm. The
Gaussian input is defined identically to the analytical model in Eqn.4.18.
The field stored in the time-reversal-mirrors is then time-reversed and re-
injected for 4000 iterations, after which the half-width of the reconstructed

Gaussian is measured and stored as o, . It can be seen that both analytical

and numerical simulated wide sources are reconstructed more accurately
than narrower sources. Very good agreement between the numerical TLM

and analytical predicted results is seen.
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4.3  Discussion of Lossy Materials

Although, time-reversal approaches are not strictly valid with lossy media as
the time-invariance of the wave equation is broken, it is still possible to
obtain useful results if the losses are small over the frequency range of
interest. In [4.10] this was demonstrated for the example of a dielectric
material with small losses using the finite-differences numerical procedure.
The effect of losses in the forward simulation is compensated by introducing
gain to reverse simulations. However, numerical time-reversal using lossy

materials is hindered since the gain will often result in instability.

The effect of lossy materials in time-reversal is investigated using the
Argand diagram [4.3]. The propagation constant for the 2D waveguide,
Eqn.4.12, is analysed for the case when the waveguide of Figure 4-1 is filled

with material with dielectric constant

WEYE,

gzeog,,[l—j g J (4.19)

where o is the loss in S/m. Eqn.4.10 is rearranged to give
v, =In(10"%), (4.20)

which allows a propagation constant to be determined, for a fixed cavity
length and machine precision. This constant is the real component of the
highest order mode recoverable during time-reversal with the given machine

precision and cavity length.

The modal propagation constant of a mode in a lossy material is determined
using Eqn.4.19 in Eqn.4.12. The cavity of Figure 4-1 is excited at 1 GHz, the
results of Figure 4-11 show the propagation constants for an example cavity

of L=150mm and W =22.86 mm, for varying o in the complex plane.
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Higher indices correspond to higher order modes. The light dotted line
shows the cut-off level assuming single precision and using Eqn.4.20, while
the dark line shows the case for double precision. A mode to the left of the
line is lost for the purposes of time-reversal. As the material loss increases,
the propagation constants become complex quantities, with increasing decay

rates, and more of the evanescent modes are lost as expected.
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Figure 4-11 - Argand diagram showing propagation constants in cavity of
length 150mm and width 22.86mm for varying loss, ¢, in S/m. First 7 modes

are shown (lowest to highest order).

The approach can also be used to analyse a wide variety of materials in
time-reversal, for example frequency dependant materials. The case of
human grey matter is of particular importance for biomedical applications
[4.11]. As an example, Figure 4-12 shows the Argand diagram formed for
human grey matter at 600 MHz (&, =54.72, o =0.819 S/m), and 1.2 GHz
(e, =51.57, 0=1.08S/m) in a cavity of length L =150mm and width

W =22.86mm. The cut-off levels for single and double precision are also

- 80 -



4. Temporal Truncation and Evanescent Fields

shown. It is seen that the increased frequency has the opposite effect of

increasing the loss, and results in more modes being retained.

R T A P T
+3 I :
-20 i‘? X1 i
! :
-40 1 |
1
1
1
-60 + 1 i
1
i
-80+ H |
. :
% 100} ' x0
s !
-120 + |
i +1
-140+ : |
X 600 MHz 1
1
-160 | + 12GHz I i
"""""" Cut-off - Single :
180 =m=m——— Cut-off - Double ! : +
-900 -800 -700 -600 -500 -400 -300 -200 -100 O

Real{y,}
Figure 4-12 - Argand diagram of modal propagation constants for frequency
dependant material of human grey matter, higher frequencies are better
suited to time-reversal, L = 150mm and W = 22.86mm. First 7 modes are

shown (lowest to highest order).

4.4 Conclusion

The objective of this chapter was twofold. First, the problem of temporal
truncation in the time-reversal-cavity was analysed where it was shown the
spatial spreading of the time-reversed source is a consequence of finite
simulation time, and the Prony series was introduced to relax the
computational and memory requirements by predicting the future behaviour
of the discrete temporal waveform. The demonstration of the Prony method
for the time-reversal of one and two sources was used as an example and

time savings have been demonstrated.
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Secondly, the modal content of the cavity was investigated. The effect of
evanescent wave decay in a 2D parallel plate waveguide was used to
examine the error in source reconstruction for the case of single and double
machine precision, both analytically and numerically. Close agreement
between analytical and numerical simulations is obtained. Finally, the effect
of lossy materials was investigated, using an Argand diagram to predict the
number of recoverable modes in time-reversal. It was shown that increasing
the operating frequency has the opposite effect to increasing loss, thus

minimising errors due to the presence of loss in the material.
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5.  Microwave Component Design using

Time-Reversal

Automated optimisation techniques are often sought for the design of
electromagnetic devices due to the increasing complexity and demanding
performance requirements of modern systems. Time-reversal simulations
are a physically based approach to this problem, alternating between
forward-time simulations of trial designs and reverse-time simulations
which re-inject a more desirable response of the system as an excitation in
order to identify the component geometry that would produce it. This
chapter introduces the method of time-reversal for microwave component
design. The effect of damping of the iterative optimisation process is
investigated. The concept of thresholds for accurate measurement of time-
reversed recovered scatterer dimensions is introduced and the method is
applied for the design examples of a microwave band pass filter, waveguide

bend, and coupler.

5.1 Scatterer Reconstruction

In this section, the recovery of a metal scatterer within a time-reversal-
cavity is investigated. The Lorentz reciprocity theorem, states “The
relationship between source and resulting field is unchanged if source
generation and measurement point are interchanged” [5.1]. As shown

previously, the field measured at a boundary can be time-reversed to recover
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the source location used to generate the field. In the case of component
design, the time-reversal process is to recover the dimensions of scattering
elements. The time-reversal process can be modified to perform this action

as shown in [5.2]. Referring to the example of Figure 5-1, the source is
termed ji, and a metal scatterer is placed as in the volume with induced

source J on its boundary.

S

S=TRM

Figure 5-1 - Illustration of time-reversal-cavity with metal scatterer in volume.

J s is the induced source on the boundary of the scatterer.

The field measured at the time-reversal-mirror is Ei +E s , the summation of
the field generated by the input source, and the field from the scatterer. For
component design, the field generated by the input source is not required.
To remove this from the measured field, a second forward time simulation is
performed, as in Figure 5-1, but with the scatterer removed, which is

effectively the homogenous form of the problem space. The new situation is

shown in Figure 5-2. J, and E» are the reverse source and field

respectively.

In the time-reversal stage the scatterer is removed from the problem. Based

on results of section 2.1.5, the time harmonic form of the induced source is
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Js(1) = J s exp(jor) (5.1)

and its reverse source is

J2(t) = Js(~t) = J 5 (t) exp(~ j2at) . (5.2)
y
n
S =TRM

Figure 5-2 - Illustration of time-reversal-cavity with metal scatterer in volume,

when homogenous form has been removed.

Substitution of Eqn.5.2 in the Lorentz reciprocity theorem, Eqn.2.22, gives

§S (ES (I)Xﬁz(t)_E2(f)><ﬁs(l))-ﬁd5 _

[ (5 (0)- F20)- T s 0y exp(—j20m)- Ex )V
4

(5.3)

As before, the closed surface integral of the left hand side of Eqn.5.3 tends

to zero as the radius of the surface tends to + o, hence

[Us@-E2lv = [ s exp(=j200) - Es )}, (5.4)

14 14

from which it can be seen by comparing like terms, that the reverse field can

be represented as
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E2(t) = Es()exp(—j20t) = Es (1), (5.5)

and hence Ez(t) is the time reversed form of the field generated by the

scattered field from the induced source on the boundary of the scatterer.

5.1.1 Poynting Vector for Time-Reversal

As a result of the reverse simulation, new dimensions of a scatterer are
determined. In the case of a metal scatterer, the field over the full simulation
space is measured during time-reversal to determine the areas of minimal
current density, which indicate the new locations of the scatterer boundaries.

To perform this measurement the Poynting vector is used.

The absolute value of the Poynting vector is measured for each TLM node
in the time-reversal-cavity during the reverse simulation, and the maximum
value at each node over the full reverse time is then stored [5.3]. Since the
Poynting vector will remain a minimum at nodes at metal boundaries, the

resulting field map will contain minima for each boundary of the scatterer.

5.2 Time-Reversal for Component Design

This section will develop the method of time-reversal for component
synthesis. The objective for time-reversal synthesis is to determine the
dimensions of scattering elements to give a desired response. This process is
demonstrated, building upon the early work of Forest and Hoefer [5.2] [5.3]
and Sorrentino et al. [5.4] using the transmission-line modelling (TLM)

method.
There are three distinct stages to the time-reversal design process. Firstly, a

forward simulation of the complete structure, with known initial dimensions

of the scattering element. This stage will be termed the inhomogeneous, or
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particular solution. Figure 5-3 shows a general time-reversal-cavity with an

arbitrary scatterer, the voltages stored in the mirror are

Ve (6) = (W (2.Y =1) (5.62)
iy (5K) = V3 (X =1,) (5.6b)
Fiwp (6:K) = V3 (5,0) (5.60)
Vp (06) = Vi (0.) (5.6d)

where iVTRMi is used to denote the forward particular solution time-

reversal-mirror at port i of the TLM node next to the time-reversal-mirror.
The particular solution holds the source excitation plus the field scattered

from the scatterer.

Port 1
A e 1
i TRM 1
| )
i Source 1
1 L4 1
1 1
1 1
~ < 1 1 g
> 2o = Scattering >_]: g
Il g? ! E element E: ;3
I : Q :
1 1
1 1
1 1
1 1
1 1
1 1
2 S ™M
y
Port 3
XAlI=L
z X

Figure 5-3 - Example time-reversal-cavity for time-reversal component design.

An arbitrary scatter is shown.

In the next stage, the field in the time-reversal-mirrors is perturbed to better

match a desired component response. In general, a complex difference
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vector, Q, is formed as the difference between the measured response, g,

and that desired, d , as

[oF

4 _ o if within bandwidth,
{g— g 0w W (5.7)

0, otherwise.

For microwave components, it is typical to analyse scattering parameters or

S parameters in the frequency domain, and hence g in that sense will

denote S parameters. Similarly g could denote coupling or directivity for a

coupler.

Eqn.5.7 relates the desired response to that achieved with the current
scatterer configuration. Application of the inverse Fourier transform to
Eqn.5.7 recovers the complex difference in the time-domain, G(k). As an
arbitrary scattered field distribution may not be physically realistic, it is
necessary that the changes to the time-reversal-mirror equivalent sources are
perturbational. The time-reversal-mirrors of the forward particular solution

are then perturbed as

1,3VTRM£ (x, k)= (a)1,3VTRMI; (x, k) +

(5.8a)
(1= o () - 9081 Gy ()

2,4 VTRMi(yﬂk)': (a)2,4 VTRMi(ya k) +
(5.8b)

(=) 2Voma £ ()= )@ | Goa ()

where o is a damping factor used to control the convergence of the process,

a through analysis of which is given in the next section, and ¢ is the modal

distribution of the dominant mode. For the example of a 2D parallel plate
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metal waveguide with transverse cross section in y the modal distribution

for the dominant mode is [5.5]
#(y) = sin((yAl +Al/ 2)%) (5.9)

where Al is the spatial sampling, and the TLM nodes are placed with an
offset of A//2 from the boundary.

In the next stage the contribution of the source is removed from the time-

reversal-mirrors. This is done by performing a forward simulation without

the scatterer, giving the homogenous solution, termed I-VTRMZ . The reverse

mirrors are obtained as

1,3VTRMR (x,k) = 1,3VTRM11: (x,k)- 1,3VTRM:[ (x,k), (5.10a)

2,4VTRMR (v, k)= 2,4VTRM§ (v, k)= 2,4VTRMZ (. k). (5.10b)

In the final stage the resulting time-reversal-mirrors are re-injected into the

problem space for time k=N —-1,N —2,...0.

The particular, homogenous and reverse simulations are applied iteratively,
until convergence to the desired component response is achieved, and hence

the correct scatterer dimensions are found.

The method described in section 5.1 for recovery of the boundary of the
scatterers is then implemented during the reverse simulation. The Poynting
vector is simplified if the shunt TLM node for transverse magnetic

polarisation is used
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P=ExH
@ Gy Gzl . (5.11)
= 0 O EZ :_aszHy+ayEsz.
H, Hy 0

where H,, H, and E. are as defined in Chapter three.

In order to measure the scatterer dimensions from the absolute of Eqn.5.11
it is necessary to apply a threshold to the Poynting vector to distinguish
metal from the background medium of the time-reversal-cavity, this is the

discussion of the next section.

5.3  Threshold and Damping Selection

As discussed above and in [5.2] the boundary of the perturbed septum is
defined by the locus of nulls in the maximum Poynting vector observed
during the reverse simulation. However, as true nulls are never actually
generated a threshold value must be used. This section investigates the use
of applied thresholds, to measure the scatterer dimensions from the
recovered Poynting vector, and the application of damping through the term

a in Eqn.5.8, of the difference vector, G(k), to the accuracy of the

convergence of the design process.

The choice of threshold and damping values is largely dependant upon a
given component. This section will demonstrate two simple examples,
which are suitable to investigate the threshold and damping selection, while

maintaining an acceptable simulation runtime.

The general time-reversal-cavity of Figure 5-3 is simplified by the inclusion
of short circuit boundary conditions in the place of time-reversal-mirrors 1
and 3, see Figure 5-4. The structure is a 2D parallel plate waveguide. The

scatterer is placed as a metal septum, creating a high pass filter [5.3].
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short circuit (s/c)

b ~
Sl 1 1 A D>
Vg —> ! T
| i B
4TRM i Wsi i ,TRM Nt
| 1 )
A : | g\
r 1 ] A
Y Vs «— : R Vzr v 3
s/c
X < >
z XAI=L

Figure 5-4 - X-band microwave high pass filter formed from inductive

scatterer in electric waveguide.

The optimisation of the single scatterer of Figure 5-4 will be investigated
with a view to developing a general method of selecting threshold and

damping values for structures with more degrees of freedom.

For simplicity the desired response is measured from a TLM simulation of
Figure 5-4 with the septum width fixed at known width W . In a practical

application, the desired response would be given as a pre-specification. The

desired S,, and §,, are measured from the TLM model using the discrete

Sine transform [5.6]

~

FFT| Y sin[(yAl + AL/ 2)x /)7 () py
S_fll_ y;j = kl;i , (5.12a)
FFT| Y sin[(yAl+ AL/ 2)z /W] V) ()|
y=0
Y-1
FFT| Y sin[(yAl + AL/ 2)z | W],V () pr
54 = yyf = kai _ (5.12b)
FFT| Y sin[(yAl + AL/ 2)x W] Vi (p) |

[=}

~<

The complex difference vector for the time-reversal-mirrors at the input and

output ports respectively, is
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G, {S_ﬁ -8y, if withi.n bandwidth, (5.135)
— 0, otherwise,

R d _ if within bandwidth,

Gz :{h h 1f w1 1'n andwl (5.13b)
— |0, otherwise.

After a single time-reversal step, the value of the maximum of the absolute
magnitude of the Poynting vector, measured using Eqn.5.11 during reversal,
is extracted at the septa location. This vector is then scaled so that all values

are between 0 and 1, and stored in a column vector of size Y .

The time-reversal optimisation of the septum width starts with the initial
widths of the septum as W, = 61A/ =10.33 mm, the width of the waveguide
1s W =22.86mm, with transverse nodes Y =135. Spatial and temporal
steps are Al =0.169 mm and A¢ =3.99¢ —13 s respectively. The waveguide
length of L =5.25mm is modelled with X =31 nodes. A total of N =8192

temporal samples are used. The optimisation bandwidth is 7 —14 GHz.

The filter is excited at the input port with a spatial sinusoid of period 2
i . T
0V4(,0) =sin (yAl+Al/2)W . (5.14)

For maximum damping « =1, the Poynting vector is as shown in Figure
5-5a and the transverse field distribution across the septa is as shown in
Figure 5-5b. The recovered field contains the minima in the place of the

septum as expected, but also large oscillations either side.
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b)
Figure 5-5 - a) Resulting field plot found by storing maximum of Poynting
vector during time-reversal for single septum in waveguide, 91 contour levels
are shown, b) transverse cross section at septum scaled to unity, Pt shown as
example, A/ = 0.169mm, A7 = 3.99e-13s, X = 31, Y = 135, L = 5.25mm, W =
22.86mm and N = 8129.
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With maximum damping, no perturbation is applied, and the measured
width from Figure 5-5b should match the input width. It is seen, only when

the threshold, P, =1, is the correct width measured. In more complex

components noise in the recovered Poynting vector is often created, due to
resonance between scatterers [5.2]. This noise inhibits the measurement of
the scatterer dimensions. In the work performed during this thesis, the

thresholds are not fixed at 1. In Figure 5-5b the example P, = 0.7 is shown,

whereby the width is measured between the inner two crossings of the

threshold with the Poynting vector.

To solve the problem of inaccurate convergence when P, <1, a
measurement of the width, from a time-reversal simulation with maximum
damping, is measured first, termed the control width. A percentage increase
or decrease of the septum width from the perturbed model in comparison to
the control, is then used to adjust the known input width before the next
iteration of the design procedure. Using x to symbolise the time-reversal

design iteration

w
K Sl erturbe
i Wep = ——2etuted | Wy . (5.15)

K SlCantrol
The initial S parameters, with W, = 61A/ =10.33 mm, against those desired

from a septa width of W% =27Al =4.57 mm are shown in Figure 5-6.

The desired width was chosen arbitrarily to represent an example of a high

pass filter characteristic.
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Figure 5-6 - S parameters for dominant mode of X-band high pass filter
formed from inductive element in WR90 waveguide, A/ = 0.169mm, Az = 3.99e-

13s, X =31, Y =135, L =5.25mm, W = 22.86mm and N = 8192.

The time-reversal design starting from W, = 61A/ mm, performed for each

value of P, and o, where a total of 20 steps between 0 and 1 is used for
each, results in the contour plot of Figure 5-7. The number of time-reversal
iterations, N, until convergence to the desired S parameters is shown by

the height of the contour.

In the case of P, <0.5 and a < 0.3, no convergence was found. The lighter
areas are those with optimal convergence of N, =2 time-reversal

iterations. It can be seen that optimum convergence is found when
0.5< P, <09 and 0.3 <a <0.6. Outside this area, convergence may take
longer, as in the case of @ > 0.6. The contour plot requires the computation
of 400 time-reversal simulations (20 values of P, by 20 values of «),

which takes approximately 3.5 days on an AMD Athlon 2 GHz processor
with 128 KB L1 cache, 1 MB L2 cache, 200 MHz Bus and 2 GB of RAM.
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Nr=35

Damping, o

051 | Np=4

04\

1 1 1 1
05 05 06 065 07 075 08 08 09 095

0.3%

Threshold, P,

Figure 5-7 - Contour plot displaying Py with respect to a, for time-reversal
optimisation of single septum. Contour levels show iterations until
convergence, with white being optimal. For Py < 0.5 and o < 0.3 no
convergence is found. A/ = 0.169mm, Ar = 3.99¢-13s, X =31, Y =135, L =
5.25mm, W = 22.86mm and N = 8129. There are 20x20 points in the plot, with

71 contour levels.

In general, a high pass filter can be formed using a wide variety of metal
obstacles in the transverse dimension of the waveguide, for example,
screws, posts or irises [5.7]. In Figure 5-8, a high pass filter is formed using

a metal iris. Again, a known achievable solution, with
W& = 67Al =12.25 mm was arbitrarily chosen as the desired solution, while
Wg =27Al =4.94 mm was used as the initial starting iris width. For this

model the sampling was A/ =0.183mm, Ar=4.3le—13s, X =51,
Y =125, L=933mm, W =22.86mm and N =16384. The optimisation

bandwidth remains the same.
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Figure 5-8 - X-band microwave high pass filter formed from inductive

scatterer (iris) in metal waveguide.

In Figure 5-9, a contour plot is shown illustrating the iterations until
convergence for each selection of the damping and threshold values. For

a<0.5 and P, <0.65 no convergence was found. It is seen that the

optimum convergence is when 0.7 < P, <0.75 and 0.65 <« <0.75.

It is impractical to perform a full analysis of the threshold and damping of
more complex components due to the runtimes involved. The two examples
above have shown the contour plot is reasonably well behaved and optimal

convergence is confined to a single area.

For the examples of this thesis a simple trial and error approach, starting
from a =0 and increasing incrementally, varying the threshold values at
each increment of « until stable accurate convergence is found is sufficient.
In the majority of examples, there is more than one free variable, and hence

the thresholds are termed 7}, 7,, 75, etc.
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Ny =8
0.95
0.9
0.85 N =7
0.8
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Figure 5-9 - Contour plot displaying Py with respect to a, for time-reversal
optimisation of single iris. Contour levels show iterations until convergence,
with white being optimal. For Py < 0.65 and o < 0.5 no convergence is found.
Al=0.183mm, Az =4.31e-13s, X =51, Y =125, L = 9.33mm, W = 22.86mm and
N =16384. There are 20x20 points in the plot, with 71 contour levels.

5.4  Spatial Resolution

For any simulation of a physical component the accuracy of the result is
dependant upon the accuracy of the model. Ideally the spatial sampling
should be large enough to give an acceptable runtime, but small enough for
accurate results. In numerical models, the simulation is usually defined by
the choice of both A/ and Az. In a TLM model, Af is dependant upon A/
and hence the investigation of the effect of the spatial resolution on the

convergence of the time-reversal design process is necessary.
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The high pass microwave filter defined by Figure 5-4, was initially designed
using 135 spatial nodes across the transverse width. This gave a spatial
sampling of approximately one node every 0.169 mm. In order to
investigate the effect of the numerical spatial sampling upon the
convergence of the time-reversal design, the example of Figure 5-4 is
repeated in Figure 5-10, with the spatial resolution reduced by a factor of 2.

In this case Y =67, Al =0.34 mm, At =8.05¢—13s, X =15, and the initial
value for Wy, =31Almm, with desired of W& =13AImm. The reduced

spatial sampling is necessary, since increasing the spatial resolution will

make the repeated time-reversal simulations intractable.

Nr=38
0.9
Nr=7
0.8
Ny =6
0.7
S
2
£ Ny =5
£ 06
o
= Ny = 4
05 ™
0.4 T Np=3
0.3 ! ! ! ! L-Nyg=2

1
05 055 06 065 0.7 075 08 085 09 0.9
Threshold, 7,

Figure 5-10 - Contour plot displaying T; with respect to o, for time-reversal
optimisation of single septum. A/ = 0.34mm, Az = 8.05e-13s, X =15, Y =67, L =
5.12mm, W = 22.86mm and N = 8129. There are 20%x20 points in the plot, with

71 contour levels.
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Comparing results from Figure 5-10 and Figure 5-7, it is seen that reducing
the spatial resolution of the numerical model also reduces the area of
optimal convergence for the time-reversal, yet the optimal iterations until

convergence are unchanged.

The high pass filter formed by the metal iris in Figure 5-8, is similarly
repeated, with the spatial sampling reduced by a factor of 2 giving Y =63
and Al =0.36. The corresponding values are Af=8.56e—13s, X =25,
L=9.07mm, W =2286mm and N =16384. W, =13A/ mm initially and

WSdl =33Al mm. The effect of varying the threshold and damping at the

coarser resolution is given in Figure 5-11, again showing reduced area of

optimal time-reversal convergence compared with Figure 5-9.

Nr=38
0.95
0.9
0.85 Nygp=7
0.8
3
5 0.75
%’f IN, =6
g
<
/07
0.65
Ny =5
0.6
0.55
0.5 L Ngp=4
0.65 0.7 0.75 0.8 0.85 0.9 0.95
Threshold, 7,

Figure 5-11 - Contour plot displaying T; with respect to o, for time-reversal
optimisation of single iris, at reduced spatial sampling of A/ = 0.36mm, Az =
8.56e-13s, X =25, Y =63, L =9.07mm, W = 22.86mm and N = 16384. There

are 20x20 points in the plot, with 71 contour levels.
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The reduced area of optimal convergence in both examples can be explained
by the fact that larger A/ will sample fewer transverse modes of the
waveguide, and thus result in errors in the time-reversal. In Figure 5-11 the
optimum threshold value has increased, indicating there is less noise in the
Poynting vector, which is expected if fewer modes are present. In both

figures it is seen the optimum convergence rate, N =2 and N, =4

respectively, is unchanged by the level of spatial sampling.

5.5 Case Studies

Previous sections introduced the concept of component design using the
time-reversal method, and performed an analysis of the effect of thresholds
and damping with the time-reversal procedure on simple devices. This
section will introduce four case study examples, two microwave filters, a

waveguide bend, and a coupler.

5.5.1 2" Order Septa Filter

This section optimises a band pass microwave filter using the time-reversal
method, in order to demonstrate the ability of time-reversal to converge to a
desired response. The circuit equivalence of the filter is used to produce a
desired set of S parameters, which are then used as input parameters to time-

reversal to determine physical dimensions of optimised scatterers.

In Figure 5-12 a 2D band pass filter formed from two metal septa spaced a
quarter of a wavelength in the longitudinal direction of a metal parallel plate
waveguide is shown. A practical filter would require five or more septa to
achieve a narrow pass band, typically of around 1GHz, and return loss of
around 40 — 50 dB. However, the second order example is used to minimise

the runtime and memory of the simulation.
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The S parameters are optimised within the single mode of operation of the
WR90 waveguide. Operating within the single mode region means the
corresponding Maxwell’s equations are comparable to the Telegraphers
equations [5.8] and the single mode transmission-line circuit equivalence of
Figure 5-13 can be used to generate a set of desired S parameters. This
equivalence holds, providing the septa are infinitely thin in the longitudinal

direction, x . The waveguide has a cut-off frequency of

Jfe=r— (5.16)

where v is the speed of light in free space. For the WR90 waveguide of
Figure 5-12, W = 22.86 mm and the cut-off occurs at 6.56 GHz.

This example is synonymous with a 3D parallel plate waveguide, with
uniform field in z. Only transverse magnetic (TM) modes are modelled.
The width of each septum in the transverse direction determines its

inductance [5.7].

s/c -
1 1 1 A D>
Vi—> : N
i Ko> €g E ﬁ
JRM W, W, | ,TRM 3
1 | 0
I}r —> <T> <« S
<« /A or
y 4 s ¢/ — V) ¥ 3
! s/c
x dl | -
z XAI=L

Figure 5-12 - 2" order X-band microwave band pass filter formed from two

inductive septa in WR90 X-band waveguide, W = 22.86mm. Viand V! are
the Fourier transform of the reflected and incident temporal voltage vectors

onto the time-reversal-mirrors.
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7 g JOL, 7 JoL, g 7
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Figure 5-13 - Transmission-line circuit equivalence of the microwave filter in

Figure 5-12, L, =2.7nH, L, = 2.85nH.

From Figure 5-13 the transmission-line equivalence is used to generate the
desired Slal1 and S gl’ where septa are modelled using shunt inductances.

The desired S parameters of the band pass filter are obtained analytically
using the ABCD matrix formulation. The resulting ABCD matrix of the
filter is found as a cascade of individual ABCD matrices for transmission-

lines and shunt inductances, i.e.

F(ﬂ) E(ﬂ)}

{ cos(Sl) JZg sin(ﬁl)}[ 1 0}
C(p) DB

Jsin(Bl)/ Z, cos(B) | 1/(jwLy) 1

cos(fhgy /4) JZgsin(flg /4) 1 0 (5.17)
Jsin(flg /4)/ Z4 cos(flg /4) || 1/(joLly) 1

cos(fl) JZg sin(SI)
jsin(pl)/ Zg cos(fl)

where [=(L-2,/4)/2, Z,=Zy\1-1£.2/f*, Zo=\Jug/ep.
B=21lA;, were A, = A/1-£21 7 and Ag = AI\1- 21,7 f, is

the centre frequency of the filter.
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The desired Sld1 and S 5’1 parameters are found from the ABCD matrix as

[5.9]
A+B/Z,-Z,C-D

sg="_""8 "8 — (5.18a)

— 4+§/Zg+ZgC+Q

sé, = 2 (5.18b)

—= 4+§/Zg+ZgQ+Q

The S parameters from the forward TLM simulation are

obtained using

Eqns.5.12a,b, i.e.,

Y-1
FFT| Y sin[(yAl + AL/ 2)z W],V (y)J
&: J;=(I Vl 5 (5193.)
FFT| Y sin[(yAl + AL/ 2)x /W], V] )J
y=0
Y-1
FFT| Y sin[(yAl + AL/ 2)z /W ],V) ()
5, = )Y(: (5.19b)
FFT| Y sin[(yAl + AL/ 2)z /W], V] J
y=0

Desired S parameters are obtained for L, =2.7nH and L, = 2.85nH. These

values were chosen since they are known to be comparable with the
inductance possible from the elements within a WR90 waveguide [5.7]. The
symmetric spatial sinusoidal excitation with period two times the waveguide
width is applied at the input port of the microwave filter, as in Eqn.5.14.
Initial septa widths are set to 3A/ =0.89 mm each. The TLM simulation
Al=0297mm, At=T7e-13s, X =67, Y=77,

parameters  are

L=19.89mm, W =2286mm, N =16384, T, =0.15, 7, =0.6 and the

damping, o =0.93. The centre frequency of the filteris f. =12.5 GHz.
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Figure 5-14 shows the S parameters converging to the desired S parameters
at four separate iterations of the time-reversal procedure. The initial septa

widths of Wy, =W, =3Al = 0.89 mm produce a poor approximation to the

target performance, which is then optimised. It is seen the first few time-
reversal optimisation steps produce the most improvement in performance
which is practically valuable for large problems that may preclude more

than a few iterations.

An exact match to the desired parameters is not expected since the
inductance of each septum is not a fixed value but changes with frequency
[5.7], a factor that is not accounted for in the analytical model of Figure

5-13.
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a) Frequency, f(GHz)
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ISy

Desired
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O 1 1 1 1 1 1 1 0
11 11.5 12 12,5 13 135 14
d) Frequency, /(GHz)

Figure 5-14 - S parameters of 2"' order microwave band pass septa filter
optimised using time-reversal, a) initial configuration, b) iteration 3, ¢)
iteration 7, d) configuration at iteration 8. A/ = 0.297mm, Az = 7e-13s, X = 67,
Y =77, L =19.89mm, W = 22.86, N = 16384, optimised septa widths from
Eqn.5.15 are Wg; = 1.96mm and Wg; = 2.55mm, snapped to TLM nodes Wg; =
TAl=2.08mm and Wg, = 9A/=2.67mm

To determine when optimal convergence is reached the scalar figure of

merit of Eqn.5.20 is introduced as

Npw
D[S - Su| +[55 - 8

FoM = (5.20)
2N,

where Ngj, is the number of sample points in the bandwidth the filter is

optimised within.
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Figure 5-15 - Convergence of time-reversal design process of 2" order band
pass septa filter, Al = 0.297mm, Az = 7e-13s, X =67, Y =77, L = 19.89mm, W =
22.86mm, N = 16384, optimised septa widths from Eqn.5.15 are Wg; = 1.96mm
and Wg; = 2.55mm, snapped to TLM nodes Wg, = 7Al = 2.08mm and Wg, =

9Al = 2.67mm from initial configuration of Wg; = Wg; = 0.89mm.

Application of Eqn.5.20 to the filter example is given in Figure 5-15, which
shows the convergence of the FoM with respect to the number of time-
reversal iterations and a monotonic improvement is observed for the first 8
iterations after which no further improvement is seen. The flat sections in
the graph are explained by the use of Eqn.5.15, since the updated septum

widths are snapped to the nearest node when simulated in the TLM. Optimal

septa widths using Eqn.5.15 are found to be Wy =1.96mm and
Wg, =2.55mm, resulting in 7A/ and 9A/ respectively, when snapped to

odd TLM nodes to keep the structure symmetric.

5.5.2 2" Order Iris Filter

The design of a microwave band pass filter was demonstrated in the

previous section where metal septa were placed to create shunt inductance.
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In general, any metal obstacle perpendicular to the direction of propagation
will act as a shunt inductance [5.7]. In this example a band pass filter is
designed using time-reversal, where the shunt inductance is created through

the use of two irises as shown by Figure 5-16.
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Figure 5-16 - 2" order X-band microwave band pass filter formed from two

inductive irises spaced a quarter of a wavelength in the longitudinal direction.

The need to keep the irises infinitely thin in the longitudinal plane (x -
direction) arises again, so as to compare the measured response from the
microwave filter with the equivalent passive circuit of Figure 5-13. In this
case the principle design methodology of the septa filter is followed, with
the exception the desired values for L, and L, are now 2.75nH and
2.45nH respectively. These values were chosen so as to demonstrate the

time-reversal procedure optimising to smaller measured parameters.

The source excitation is the spatial sinusoid of period 2W . The TLM
simulation parameters are A/ =0.199mm, Ar=4.69¢—13s, X =100,
Y=115, L=199mm, W =22.86mm and N =16384. The threshold and
damping values are 7; =0.85, 7, =0.83 and a = 0.96. The initial widths

between the segments of each iris are Wy =Wy, = 61Al =12.13mm. The

S,, and S,, output of the filter is measured using Eqn.5.19 and shown in

Figure 5-17 against the desired response computed using Eqn.5.18.
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Figure 5-17 - S parameters of 2" order microwave band pass iris filter at start
of time-reversal procedure. A/ = 0.199mm, A7 = 4.69e-13s, X = 100, Y = 115, L
=19.9mm, W = 22.86mm, N = 16384, iris spaces were Wg; = Wg, = 12.13mm.

The filter is optimised within the frequency band 10 —14 GHz, for the single
mode of operation. The waveguide dimensions were WR90, where

W = 22.86 mm, the cut-off frequency of 6.56 GHz remains unchanged.

The time-reversal design of the problem proceeds in Figure 5-18 showing

the optimised S parameters at iterations 4, 5 and 9 of the time-reversal

design.
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Figure 5-18 - S parameters of 2" order band pass iris filter optimised using
time-reversal, a) iteration 4, b) iteration 5, c) optimised at iteration 9. Al =
0.199mm, Az = 4.69¢-13s, X =100, Y = 115, L = 19.9mm, W = 22.86mm, N =
16384, optimised irises from Eqn.5.15 are Wg; = 9.2mm and Wg; = 9.61mm,
snapped to TLM nodes Wg; = 47Al = 9.34mm and Wg, = 49A/ = 9.74mm.

Figure 5-19 shows the figure of merit, FoM , with respect to time-reversal
iterations, x . The optimised dimensions of the irises using Eqn.5.15 were

Wg=92mm and W, =9.61lmm, snapped to TLM nodes

Wi =47Al =9.34mm and Wy, = 49Al =9.74mm.

While time intensive, for this example it is simple to verify the time-reversal
process has found the optimum solution by measuring FoM for each

combination of Wy, and Wi,, in steps of the spatial sampling, A/, for

separate forward TLM simulations. In Figure 5-20 a contour plot is

displayed, which shows the minimum is at Wy =47Al =9.34mm and

Wg, =49Al =9.74mm, as found by the time-reversal.
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Figure 5-19 - Convergence of time-reversal design process of 2" order band
pass iris filter, Al = 0.199mm, Az = 4.69¢-13s, X =100, Y =115, L = 19.9mm, W
= 22.86mm, N = 16384, optimised iris spaces from Eqn.5.15 are Wg; = 9.2mm
and Wg,; = 9.61mm, snapped to TLM nodes Wg; = 47Al = 9.34mm and Ws, =
49A/ = 9.74mm, from initial configuration of Wg, = Wg, = 12.13mm.
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Figure 5-20 - Contour plot of FoM for Wg, with respect to Wg, for iris band
pass filter, minimum is at Wg; = 47A/ = 9.34mm and Wg, = 49A/ = 9.74mm. Al
= 0.199mm, Az = 4.69e-13s, X =100, Y = 115, L = 19.9mm, W = 22.86mm, N =
16384. A total of 45 contours are shown.
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5.5.3 90° Waveguide Bend

Waveguide systems, when deployed in large scale projects, often require the
need to connect at angles due to obstructing external obstacles. One
common waveguide interface occurs when two guides of matching

dimensions are connected at right angles to one another [5.10] [5.11].

To minimise the return loss and maximise the throughput, the addition of a
tuning post is often used [5.12] [5.13]. A tuning post placed within the bend
of Figure 5-21 will excite a number of evanescent modes [5.7] which create
a store of magnetic energy, and hence the post acts as an inductive obstacle.
The required placement/size/shape of this post to minimise the return loss
and maximise the throughput is often achieved through experience,

analytical methods, or trial and error [5.13] [5.14].

YAl =W =22.86mm

TRM
"""""""""" A

&

s/c n

[\4

s/c

. s/c A S
i 45° T
l D <
: ' A I
4TRM Ho» & ., N
: Lp ™ 0
| N
I 8
: v v 2

A
v

Y s/c
X
XAl=L

z
Figure 5-21 - 90° WR90 waveguide bend, tuning post moves along Dy to

minimise return loss at the input port.
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For simplicity, in the model designed here, the post position is of primary
concern, and so the post is made rectangular and of fixed width and length,
Wp =Lp. An analysis of the cost of fixing the size is performed after the
time-reversal design is completed. The post is constrained to move along the

main diagonal, shown by the dotted line in Figure 5-21.

The design objective of the time-reversal is to determine the optimum
displacement D, at which the post should be placed to minimise the return
loss at the input port, given only a ‘best-guess’ initial position. The output
time-reversal-mirror captures the TLM voltages reflected from port 1 of the
neighbouring TLM node, and is of the same size as the input time-reversal-

mirror at port 4.

The design criteria are specified for the bend in the bandwidth of
6.8 — 8.8 GHz and with a centre frequency of 7.8 GHz.

d 10, if within bandwidth,
Si1 = ) (5.21a)
—=  |undefined, otherwise,

d 1, if within bandwidth,
Sy = . (5.21b)
—=  |undefined, otherwise.

Although the microwave model cannot reach these values, it is informative

to design for the best possible case. The figure of merit is the return loss

FoM = ZOloglo‘i ( fd)( (5.22)

where f,; is the desired centre of the frequency band the bend is designed

within. The source excitation is a spatial sinusoid at the input port of period
2W . The simulation variables are A/ =0.18mm, Af=43le—13s,
X =220, Y=125, L=4023mm, W =22.86mm and N =16384. The

initial position of the post is D, =15.26 mm. The post width and length are
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fixed to Wp = L, =30Al =5.5mm, The threshold and damping values are,

7, =0.89 and a =0.9. In Figure 5-22 four stages of the return loss are

shown.
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-10+
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Figure 5-22 - Return loss of 90° waveguide bend design optimised using time-
reversal, a) initial, b) iteration 7, c¢) iteration 11, d) optimised at iteration 13. A/
= 0.18mm, Az = 4.31e-13s, X =220, Y = 125, L. = 40.23mm, W = 22.86mm and
N =16384. Optimised displacement Dp = 20.43mm from initial Dp = 15.26mm.
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Figure 5-23 shows the return loss at the centre frequency (7.8 GHz) with
respect to time-reversal iterations, the time-reversal algorithm was stopped
when the return loss remained a minimum, and the final optimised diagonal
displacement calculated from the final position of the post in TLM nodes

was D, =20.43mm. The optimised return loss is seen to improve from

—1.12dB to —28.07 dB, resulting in a throughput increase of 12% to over
96 % of the input signal transmitted through the bend. A complex bend
using multiple tuning posts typically achieves a return loss of around
30 -35dB, and hence the single post example is quite good. Tapered bends
[5.11], using varying angles of taper, can reduce the return loss to around

50dB, but they are not discussed further here.

T=IVX

Return loss (dB)

TR Iterations,

Figure 5-23 - Convergence of time-reversal design of 90° waveguide bend. Al =
0.18mm, Az = 4.31e-13s, X =220, Y =125, L = 40.23mm, W = 22.86mm and N
=16384. Optimised displacement Dp = 20.43mm from initial Dp = 15.26mm.

For the time-reversal design the post width and length were fixed at 5.5 mm.
This is often the case when waveguide components are manufactured, since
varying the post size increases the complexity of the manufacturing process.

It is informative to investigate the effect changing the post size has on the
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return loss. Eqn.5.23 compares the return loss for a post of size W, x L, to
a post of size (W, + Al)x(Lp + Al), and is used to compute the sensitivity

in the return loss of the bend for varying post dimensions, where W, = L,

(fa) (Wp+A[,Lp+A[)&dB(fd)

Sens(W,) =1-10 20 (5.23)

Sll
wp.Lp)=tLas

f4 1s fixed at the desired centre frequency of 7.8 GHz.

In Figure 5-24 an analysis of the sensitivity of the return loss to the post size

is made, when the top left of the post was fixed at D, =16.81mm and the

post area varied. The throughput varies by less than 1.5% at £1.5mm from
the post size chosen for the time-reversal design. It is seen the post location

is of more importance than its size.

Further, since only a single variable (the post displacement) is optimised, it
is possible to analyse the effect the initial post displacement has upon the
convergence of the time-reversal design process. In Figure 5-25 the total
time-reversal iterations are shown against the initial post displacement. It is
seen that the further the post is from its optimal position, the greater the

number of time-reversal iterations are required for convergence.
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Sensitivity

,,,,,, W, (in TR model)

1.5

Sensitivity (%)

0.5

4 4.5 5 5.5 6 6.5 7
Post width, W, (mm)

Figure 5-24 - Sensitivity analysis of varying tuning post size in 90° waveguide
bend. A/ = 0.061mm, Az = 1.44e-13s, X = 470, Y = 375, Dp = 16.81mm, other

parameters are the same as Figure 5-23.
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Figure 5-25 - Time-reversal design iterations with respect to initial post
displacement for the 90° waveguide bend matching section. A/ = 0.18mm, Az =

4.31e-13s, X =220, Y =125, L = 40.23mm, W =22.86mm and N = 16384.
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5.5.4 Directional Coupler

5.5.4.1 Theory

A directional coupler is a four port waveguide device used to couple an
input signal from one waveguide into another [5.1]. In Figure 5-26 a two
hole directional coupler for the WR90 waveguide is shown. The device
ports are characterised by their operation. Port C is the coupled port, since a
field incident at port A will couple to it. Port B is known as the through port,
while port D is the isolated port. In an ideal directional coupler the isolated

port will receive zero power.

s/c
' ) A
i Ho» &9 :
5 . 5
5TRM ! | .TRM ]
: : <
S R
| — : v
i <+ <> i A "[§
i Wi Wy i ;
TRM ! ' ;TRM )
A 1 ]
P A Iﬁ Iﬁ B\ N
i exp(-/Bd) ] R
i Ho» & | v %

?—f
=
A
=
=~ [72)
I &
~
v

Figure 5-26 - Standard microwave two-hole directional coupler for WR90

wave guiding system.

The coupling of any waveguide coupler is achieved due to cancellation and
superposition of field components. The coupler structure is engineered so
the field components through hole 1 and 2 travelling forward will add in
phase, while those through hole 1 and 2 travelling to port D will cancel,
isolating port D, while splitting the input signal between ports B and C
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[5.7]. In Figure 5-26 the reference plane is taken as the centre of hole 1, and
it is seen the field at hole 2 has travelled a distance of d, the bold arrows
are used to denote coupling coefficients through holes 1 and 2. Hence the

forward field, at port C is

Ec = C,exp(- jfd)+C, exp(- jfd) (5.24)
= exp(— j,Ba?)(C1 +C, )

The backward field through hole 2 travels a total distance of 2d to return to

hole 1. d forward in the lower waveguide and d backward (out of phase)

in the upper waveguide, hence the field D is

Ep =(Cy exp(- jB0)+C, exp(-2d)) (5.25)
=(C, +C, exp(-2,4d)).

Assuming W, =W,,, then C, = C, and Eqns.5.24-5.25 simplify to read

Ec =2C, exp(- jpd), (5.262)

Ep =C,(1+exp(-2jpd)). (5.26b)

If 2pd =nx, where n is an odd integer, Ep= 0, and hence port D of the
coupler is isolated. Rearranging and substituting f =27/4, into the above

requirement, gives for the hole separation
d=nr/(2B)=ni, /4. (5.27)

The minimum separation between the holes, d, is for n =1, a quarter of a

guide wavelength.
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The coupling and directivity of a directional coupler in decibels for the

coupler in Figure 5-26 is defined as [5.7]

C= IOIOgIO[%}, (5.28a)
e

D= 1010g10[%§n , (5.28b)
_D

where P, denotes power at the input port, P denotes power at the coupled

port and P, denotes the power at the isolated port.

In the TLM simulation, the coupling and directivity are computed efficiently

using
C =10log,, M =20log,, M , (5.292)
- Ve ()2, Ve(f)
Ve(f)
D =201 =", (5.29b)
> “)[V_D(f)}

where the ~ operator denotes the Fourier transform of the time domain

voltages and Z, =1 using normalised TLM nodes.

5.5.4.2 Time-Reversal Design Process

The time-reversal design objective is to determine the hole widths W, and
Wy, subject to an optimal coupling, the hole separation is fixed at 4, /4,
where 4, is the wavelength of the desired frequency in the waveguide. It is

seen in Figure 5-26 a total of four mirrors are required. The time-reversal-

mirror at port A is formed as
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AVTRM;’HR = 4VTRM£:HR »n.k), (5.30a)

where y =0...Y —1. Similarly,

DVTRM;’HR = 4VTRM1F):HR (»,k), (5.30b)

where y =7Y...2Y . For the case of the time-reversal-mirrors at ports B and

C, it is seen
BVTRMJFJ:HR = ZVTRMf;:HR (»,k), where y=0..Y -1, (5.30c¢)
s = Venm (k). where y=Y..2Y . (5.30d)

The same design process as section 5.2 is followed, but with a few
alterations that will now be described. Until now the time-reversal process
has been demonstrated on purely two port systems, where both time-
reversal-mirrors are perturbed. In this model, only the coupling and

directivity are perturbed.

As an example, the desired coupling is fixed at 20dB or 10%. This is a
typical application when the coupler is used to split a high powered signal
for measurement via a low powered device [5.1]. The difference equation in

the bandwidth 8 —10 GHz now reads

. C? — ¢, if within bandwidth,

G2 =< X (5 . 3 1 a)
— |0, otherwise,

G - { D’ —D, if withi'n bandwidth, (5.31b)
— |0, otherwise.
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Port D is desired isolated and in the simulation 40 dB was used, or 1%,
which is practically acceptable [5.15]. In this model, the hole widths are
optimised. Better directivity, of around 40— 50 dB over a wider bandwidth,
typically 3—-4GHz, can be achieved by using a higher order design;
however, the second order design is demonstrated to allow the same model
to be used in further development of the time-reversal in subsequent

chapters.

The time-reversal design process begins with initial hole widths of
Wy =3Al=0.6mm and W, =5Al =0.99mm. It is known [5.1], for the
backward and forward field components to cancel, W,,, should equate to
W, . This restraint is not forced upon the time-reversal design process, as it
is more interesting to illustrate whether the time-reversal determines this.
TLM simulation parameters are Al =0.199 mm, At =4.69¢—13s, Y =115,
W =22.86mm and N =16384. The threshold and damping values were,
7, =0.05, 7, =0.42 and a=0.91. The input excitation of the spatial
sinusoid of period 2 is applied at port A. In Figure 5-27 three variations
of the coupling and directivity are shown for the time-reversal design
iterations, 4, 7 and 11 respectively. When optimised, W,,, and W,, were
found to be 5.73 mm each using Eqn.5.15, giving a TLM simulation with
Wiy =Wy, =29A1 =576 mm. The desired directivity of 40dB is not
achieved, as is expected since only two holes are used, yet it is informative

to design for the best possible case.
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40 ¢ 40

Coupling, |C| (dB)
Directivity, |D| (dB)

0 1 L
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C) Frequency, f(GHz)

Figure 5-27 - Coupling and directivity of directional coupler, time-reversal
iteration a) k =4, b) k = 7 and c) optimised, k = 11. A/ = 0.199mm, A7 = 4.69e-
13s, Y = 115, W = 22.86mm and N = 16384. Initially Wy; = 0.6mm and Wy, =

0.99mm. Optimised Wyg;; = 5.73mm using Eqn.5.15, snapped to TLM nodes
the optimised holes are Wy, , =29A/ = 5.76mm.

In Figure 5-28 the measured hole widths at each design iteration are shown,
from which it is seen the time-reversal design has found the optimum

solution at iteration 11.

To complete the analysis, Figure 5-29 shows the coupling and directivity

against time-reversal iteration number, x at the centre of the bandwidth

9GHz.

From Figure 5-28 and Figure 5-29 it is seen that the time-reversal design
process continues to attempt optimisation due to the high design
specification and the results oscillate around the optimum solution. This
behaviour is a problem specific phenomenon that was not seen for the two

filters or the bend design.
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Hole width (mm)

2 4 6 8 10 12 14 16 18 20

TR Iterations, k

Figure 5-28 - Measured hole widths of two-hole coupler during time-reversal
design, optimum is found at k = 11, and again at x = 14, 17, 20. A/ = 0.199mm,
At =4.69e-13s, Y = 115, W = 22.86mm and N = 16384.

To further investigate the oscillation, Figure 5-30 shows the coupling and
directivity when the spatial discretisation is achieved using a finer mesh
with Al =0.09 mm. The finer sampling removes the oscillation, at the
expense of more than doubling the runtime. The optimal solution is found to

be W, =W, =5.45mm.
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Coupling, |C| (dB)

TR Iterations,
a)

Directivity, |D| (dB)

b) TR Iterations,

Figure 5-29 - Convergence of time-reversal design procedure of directional
coupler design, a) coupling, b) directivity. A/ = 0.199mm, Az = 4.69e-13s, Y =
115, W = 22.86mm and N = 16384. Initially Wy; = 0.6mm and Wy; = 0.99mm.

Optimised Wy, = 5.73mm using Eqn.5.15, snapped to TLM nodes the
optimised holes are Wy, ; = 29A/ = 5.76mm.
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Coupling, |C| (dB)

TR Iterations, k
a)

Directivity, |D| (dB)

b) TR Iterations, k

Figure 5-30 - Convergence of time-reversal design procedure of directional
coupler design using finer level of spatial sampling, a) coupling, b) directivity.

Al=0.09mm, Az =2.15e-13s, Y = 251, W = 22.86mm and N = 16384.
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5.6  Conclusion

The chapter began by reviewing the method of time-reversal design at
microwave frequencies. This was then extended to the case of multiple
design iterates, and the choice of threshold and damping values for use
within the procedure was investigated. Four example case studies were
introduced, two filters, a waveguide bend, and a directional coupler. The
chapter has demonstrated the use of time-reversal for wide band system
design, and shown how the method is derived for waveguide component

optimisation.

The need for four time-reversal-mirrors for the coupler design is seen to
double the memory required by the time-reversal design algorithm. The next
chapter investigates techniques for reducing the memory required for time-

reversal component design optimisation.
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Time-reversal simulation using the conventional numerical algorithm
provides the basis for a simple component optimisation procedure.
However, the computational requirements of the approach can become
excessive, requiring the recording of complete field time histories on a
surface surrounding the problem space. It was seen, for the final case study
of the directional coupler of the previous chapter, the memory requirements
of the time-reversal process doubled, due to the need for four time-reversal-
mirrors. In general, the memory requirements depend on the number of
ports and the number of time steps in the simulation and can easily become

intractable.

In this chapter the Prony method presented in Chapter four is used for the
design optimisation and as a way of reducing the number of temporal

iterations required by the transmission-line modelling (TLM) method.

Temporal, spatial and modal filtering methods are employed to reduce the
computational resources demanded by the time-reversal process. The
example case studies of the band pass filter, waveguide bend and coupler
are used to quantify the balance between computational efficiency gains and

final design quality.
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6.1  Prony’s Method

In this section Prony’s method introduced in Chapter four is applied to the
design process to temporally extrapolate the time-reversal-mirror samples,

reducing the memory requirements of the full time-reversal design method.

The particular and homogenous solutions are both computed for the reduced
time N — N, after which the perturbation is performed. The reverse stage
is computed for the full time N, using a Prony series with U poles to

extrapolate the additional N, time steps.

6.1.1 Results

In order to measure the application of Prony’s method to time-reversal
design, the second order septum filter first designed in Chapter five is
repeated, with the exception, the initial forward particular and homogenous
models are performed for the reduced time N =8192. The TLM parameters
are the same as chapter five, where A/ =0.297 mm, At =7e—-13s, X =67,
Y=77, L=19.85mm, W =22.86mm, and W, =W, =0.89mm initially.
A Prony series with U =100 poles matched over the last 2000 samples, is
then used to extrapolate a further Np =8192 reverse time samples, giving

the combined total of 16384. In Figure 6-1a the convergence of the time-
reversal design process using the scalar figure of merit is shown for the
bandwidth 10—-14GHz. The TLM time-reversal algorithm with Prony
converges to the same solution of septa widths as in the classical time-
reversal optimisation in Chapter five, however the figure of merit is
different to Chapter five, due to the reduced runtime of the forward
particular solution, and hence the reduced number of sample points in the

measure. Figure 6-1b shows the optimised S parameters.
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Figure 6-1 - a) Convergence of time-reversal design process of 2" order band
pass septa filter, using Prony’s method to extrapolate half of the reverse
temporal iterations, b) optimised S parameters. A/ = 0.297mm, A7 = 7e-13s, X
=67, Y=77,L=19.89mm, W = 22.86mm.
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While successful in reducing the memory and runtime requirements of the
time-reversal procedure, the number of poles in the Prony series is
dependant upon the source, time-reversal-cavity and component designed.
An alternative approach to the one presented is to perform the Prony
extrapolation on the forward data before the perturbation is applied; this
however had no noticeable differences. A general method for memory
reduction that is applicable for a wider range of components is now

demonstrated.

6.2  Temporal and Spatial Linear Interpolation

As discussed in Chapter five, the perturbation of the reverse scattered field
before the reverse simulation, causes a loss of resolution of the scattering
object. The key issue is whether the quantity of recorded data can be
reduced in order to save memory without causing significant loss of
resolution. In this section, the methods of temporal and spatial linear

interpolation applied to the time-reversal-mirrors are investigated.

Linear interpolation is used to estimate unknown samples of a discrete
ordered data set. For the purpose of time-reversal, the time-reversal-mirrors
will only save a proportion of the forward time data, interpolating the
unknown samples as the weighted average of the neighbouring stored
values. In temporal interpolation every k th temporal sample is stored. For
example, if 50% of the time-reversal-mirrors are stored then 1 in every 2
temporal samples are stored, see Figure 6-2a. If 80% of the time-reversal-
mirrors are stored then 4 in 5 samples are stored etc. In this manner, to
ensure that the interpolation is equally spaced in the time-reversal-mirrors,
storing more than 50% of the time-reversal-mirrors means storing N —1 in
every N samples, while below 50% requires storage of 1 in every N

samples, interpolating those samples not stored.
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Dol T2]31alsle]7[s8]0 50%
b)
ol1|2(3]4]5|6|7]8]09 20%
C) 0
ol1l2]3]4]5]6|7]|8]09 80%
k

Figure 6-2 - Illustration of linear temporal interpolation. Grey boxes are
samples stored, while white are interpolated as the weighted average of the

nearest stored neighbour.

Spatial linear interpolation is similarly applied, with the exception the

interpolation is applied to the spatial index of the time-reversal-mirror.

The method of spatial or temporal linear interpolation is seen to reduce the
memory requirements of the time-reversal-mirrors, from X xN to
XXN/Nppy or YXN to YXN/ Ny, where Ny, is the level of
interpolation. Both spatial and temporal interpolations are problem
independent, in that they are applied to the time-reversal-mirrors, with no

knowledge of the component structure.

6.3  Modal Decomposition

In many cases, a more appropriate representation of the scattered fields for
the purposes of complexity reduction is a local modal decomposition. With
modal filtering only a simple time varying scalar amplitude for each
physically significant mode present in the far field need be stored rather than

a full time varying vector of spatial samples across the waveguide.

As an example, for a 2D parallel metal plate waveguide with Y transverse

nodes, there are N,, =Y —1 possible modes. If a symmetric spatial sinusoid

excites the waveguide as in the previous examples of Chapter five, only a
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limited number of these modes will actually exist [6.1]. The symmetric
source is known to excite only odd symmetric order modes, and hence

N,, = -1)/2, where Y is odd

V(y) = sin[(yAl + Al/2)%] . (6.1)

Assuming the symmetric excitation of Eqn.6.1, the transverse modal

distribution within the waveguide using TLM shunt nodes is expressed as

N, -1

Y= 4, sin((yAl+Al/2)Wj (6.2)

n=0

where 4, is the amplitude of the mode 2n+1, and »n ranges from 0 to
N,, —1. Multiplication of Eqn.6.2 by the spatial sinusoid over one half
period W, and summation over the spatial domain, y and the modal

domain, n, gives

Ny —-1Y-1
K(y)sin((yAl +Al/ 2)@} _
n=0 y=0 w (6 3)
Ny 1 Y-1 .
D4, sin’ ((yAl +Al/ 2)M}
n=0 y=0 W

As Al — 0, the summation of the squared spatial sinusoid will tend to Y /2

for all n, since a symmetric excitation is assumed. Eqn.6.3 becomes

N, 171 N,
2 2V sin[(yAl + Al 2)%} ~v/2 > 4,. (6.4)
n=0 y=0 n=0

Rearranging, it is seen the modal amplitudes of Eqn.6.2 are
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Ny, -17-1
Ny -1 2 2 (y)sm[ yAl+Al/2)(2”V;l)”]

< =0 y=0
4 =" . 6.5
2 A Y/2 (6-5)

Hence for a single mode, Eqn.6.5 is written as

YiK(J’) Sin[( yAl +Al/ 2)(2”1;1)”j
v (6.6)
Y/2

where n in the range 0 to N,, —1 denotes the modes 1,3,5,...Y —2 (odd

symmetric). The time-reversal design procedure remains unchanged, with
the exception that the reverse time-reversal-mirror update equation, is now,

in modal form

VTRMR (n,k)= VTRMI; (n, k)'_VTRMZ (n,k) . (6.7)

The modal decomposition method is possible, providing the modal content

of a device is known.

6.4 Case Studies

In this section, the case studies introduced and designed using time-reversal
in Chapter five, are analysed for the temporal and spatial linear
interpolation, and modal decomposition memory reduction methods. The

TLM parameters are the same as those given in Chapter five.

6.4.1 2" Order Septa Filter

The microwave band pass filter formed from the network of two metal septa
in a WR90 waveguide of width W =22.86 mm, was designed using time-

reversal in the previous chapter.
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6.4.1.1 Temporal and Spatial Linear Interpolation

For each interpolation level, a time-reversal design simulation is performed,
beginning with the initial septa widths, and optimising to the desired
response. In Figure 6-3a a comparison of the figure of merit of the final
solution, and the number of time-reversal iterations until convergence is
shown, using temporal linear interpolation. The left vertical axis shows the
number of time-reversal iterations until convergence is reached; the right
shows the figure of merit of the final solution found. The extent of filtering
is expressed as the percentage of the full data set recorded and is shown as

the horizontal axis.

Comparison of Figure 6-3a to Figure 5-15 shows the optimal solution is
found when 100% of the time-reversal-mirrors are stored as expected.
Interpolation to approximately 88 % is seen to be possible without changing
the final solution, at the expense of requiring further time-reversal iterations.
If less than 88 % of the time-reversal-mirrors are stored, the interpolation

causes erratic suboptimal convergence.

In Figure 6-4a the septa widths with respect to the level of temporal
interpolation are shown. As an example of a poor design, the widths of the
septum when 33 % (1 in 3 samples) of the time-reversal-mirrors were stored
are seen to be Wy =1.48mm and W, = 0.89 mm, compared to the optimal

solution in TLM nodes of Wy, =7Al =2.08 mm and Wy, =9Al =2.67 mm,

these are largely inaccurate.
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Figure 6-3 - a) Temporal interpolation applied at time-reversal-mirrors for
septa microwave band pass filter, b) spatial interpolation. TLM parameters

are as in Chapter five.
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Figure 6-4 - Septa widths for: a) temporal interpolation applied at time-
reversal-mirrors for septa microwave band pass filter, b) spatial interpolation.

TLM parameters are as in Chapter five.
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In Figure 6-3b the interpolation of spatial data is shown, where the figure of
merit has converged to an approximate minimum to 33 % of the time-
reversal-mirrors stored. In Figure 6-4b the septa widths are shown, where it
is seen the second septum is affected the most by the spatial interpolation.
The result of using less memory is an increase in time-reversal iterations,
which increase to 15 at 33 %. The multiple simulations take many days to
complete, which was the reason for choosing a second order filter, practical
filters require many septa and achieve return losses of around 40 —50 dB in

the pass band, yet are computationally expensive to simulate.

For comparison with Chapter five, the time-reversal design convergence

when 80 % of the spatial time-reversal-mirrors are stored is shown in Figure

6-5.
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Figure 6-5 - Convergence of time-reversal design process of 2"! order band
pass septa filter, storing 80% of spatial time-reversal-mirrors. TLM

parameters are as in Chapter five.
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From Figure 6-5 it is seen the interpolation has caused the time-reversal to
take longer to converge in the initial first few design steps, after these, the
interpolation achieves the same result as found when storing the full time-

reversal-mirrors.

6.4.1.2 Modal Decomposition

The method of modal decomposition from Eqn.6.6, is expressed in the form

for the input and output ports respectively of the filter as

Y-1
4 (0.) Sin((yAl +Al/ 2)(2’“V;1)77j
M (k) =2 )
M, (n. k) - .
Y-1
73 (X =1y) Sin[(yAl F AL/ 2)(2’1;1)”)
e 6.8
M, (n,k) - .

where the matrix M,, isan N, by N store of the modal amplitudes. The

time-reversal design is repeated, for increasing modes stored. The numerical

parameters are the same as before.

In Figure 6-6 the number of design iterations required for convergence and
the FoM of the optimized solution for the band pass filter example is
shown, ranging from 2.6 % (only the dominant lowest order mode is stored)

to 100 % (all higher order evanescent modes stored).

It is seen the number of time-reversal iterations until convergence is reached
changes with the number of stored modes, and stabilized when more than
80 % of the modes were stored. For this small test example, this is a sizeable

memory saving of 1946 KB.
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Figure 6-6 - Modal decomposition applied at time-reversal-mirrors for septa
microwave band pass filter. Iterations until convergence and FoM of
optimised solution with respect to percentage of odd modal amplitudes stored.

TLM parameters are as in Chapter five.

6.4.2 2" Order Iris Filter

The band pass filter created through the use of inductive irises was designed
using time-reversal in Chapter five. In this section, the results for the three

memory reduction methods applied to this example are demonstrated.

6.4.2.1 Temporal and Spatial Linear Interpolation

The temporal interpolation is applied identically to the septa filter. A
separate time-reversal simulation is computed for each level of
interpolation, and the results are given in Figure 6-7a. In Figure 6-8a the iris
widths are shown. For this example it is seen the temporal interpolation is

ineffective.
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parameters are as in Chapter five.
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TLM parameters are as in Chapter five.
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In Figure 6-7b and Figure 6-8b the result of spatial interpolation of the iris
filter is shown. Similarly to the septa filter, the spatial interpolation
outperforms the temporal, and results in a memory reduction of

approximately 10 %, further reductions result in suboptimal solutions.

6.4.2.2 Modal Decomposition

In this section the modal decomposition method is applied. Similarly, since
the design uses the symmetric excitation of Eqn.6.1, only odd modes are
stored. A separate time-reversal design is performed for increasing number
of odd modes stored, and the results of Figure 6-9 are found. The optimum
percentage of stored modes is approximately 85 %, a memory reduction of

2189 KB.

20+ -1

m— [terations, Ny, - FoM

18} 1

16}
= 141
o
2
520 R
z =i S
3 10~ |t S
£ °
i
Z 6
4
‘L
0 1

0

10 20 30 40 50 60 70 80 90 100
% Odd modes stored

Figure 6-9 - Modal decomposition applied at time-reversal-mirrors in example

of microwave iris band pass filter. Iterations until convergence and FoM of

optimised solution with respect to percentage of odd modal amplitudes stored.

TLM parameters are as in Chapter five.
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It is seen in Figure 6-9, the convergence was erratic until approximately
50% of the odd modes were stored, at which point the simulation becomes
stable and then after approximately 65 %, begins to converge, reaching the

optimum solution when 85 % or more odd modes were stored.

To investigate this effect further, the optimised S parameters when time-
reversal design is performed with 40 and 56 (N,, —1) odd modes stored,
is shown in Figure 6-10a,b respectively. These correspond to 70 % and
100% of the odd modes. When 40 modes were stored the optimised iris
widths in TLM nodes were W =9.34mm, and W, =11.73mm, in

comparison, the optimal widths are Wg =9.34mm and W, =9.74 mm,

which shows the reduced modes stored has impacted the convergence of the

second iris, resulting in the suboptimal S parameters of Figure 6-10a.

n =40

IS,

.......... Desired
0.1- Initial
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I I I I 0
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Figure 6-10 - Initial, optimised and desired S parameters for iris filter when a)

40 modes were stored and b) 56, TLM parameters are as in Chapter five.

6.4.3 90° Waveguide Bend

The waveguide bend example of the optimisation of the tuning post is now

investigated with the application of the memory reduction methods.

6.4.3.1 Temporal and Spatial Linear Interpolation

The temporal interpolation applied for the time-reversal design of the bend
results in Figure 6-11a and Figure 6-12a for the return loss and post
displacement respectively. It is seen, as more temporal samples are
interpolated (as the percentage reduces), the return loss of the design
increases. A direct correlation between increased iterations and optimised
solution is seen. In general, the iterations increase as more of the time-
reversal-mirror is stored, and a better design is found. As discussed earlier,
complex bends using multiple posts can achieve return losses of around
30 —35dB. With this in mind, the single tuning post model for interpolation

of 90 —95 % is acceptable since only a single post has been used.
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Figure 6-11 - a) Temporal interpolation applied at time-reversal-mirrors in
example of 90° waveguide bend, b) spatial interpolation. TLM parameters are

as in Chapter five.
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In Figure 6-11b the application of the spatial interpolation to the bend
design is shown. In this case it is seen the return loss varies between
approximately —15 to —28 dB, and only when around 75 % or 100 % of the
time-reversal-mirrors are stored, is the optimum design found. In Figure
6-12b the post displacement with respect to the level of spatial interpolation
is shown, where it is seen again, small changes in the displacement have a

large impact on the return loss.

6.4.3.2 Modal Decomposition

In this section, the application of the modal decomposition to the bend is
demonstrated. The modal decomposition for the filter models, shown in

Eqn.6.8 now reads

Y-1
AL y)sm( yAl+Al/2)(2nV;1)ﬂj

My (n) == 73 (6.92)

2 ((X Y)+x,py=X- 1)Sln((xAl+Al/2)(2”+1)”j

w
M (n, k) = 2= — (6.9b)

where (X —7Y) is the spatial offset in x for the time-reversal-mirror at the

output port.

The results of the modal decomposition, applied at the time-reversal-
mirrors, using Eqns.6.9 for increasing percentage of odd modes stored, is
shown in Figure 6-13. As before, a separate time-reversal design simulation
1s performed for each level of modal amplitudes stored. In Figure 6-13 it is
seen, the convergence remains steady when approximately 70 % of the odd

modes were stored, a memory reduction of 4762 KB.
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Figure 6-13 - Modal decomposition applied at time-reversal-mirrors in
example of 90° waveguide bend. Iterations until convergence and return loss
of optimised solution with respect to percentage of odd modal amplitudes

stored. TLM parameters are as in Chapter five.

6.4.4 Directional Coupler

The directional coupler example requires four time-reversal-mirrors. This
doubles the memory required in comparison to the previous devices shown.
Due to the need to repeat the simulation at varying levels of interpolation,

the coarser model, with A/ =0.199 mm from Chapter five is used.

6.4.4.1 Temporal and Spatial Linear Interpolation

The time-reversal-mirrors of the coupler are treated individually for
application of the interpolation. For temporal interpolation, the coupling is
as shown in Figure 6-14a, while Figure 6-14b shows the directivity. The
coupling is seen to be largely unaffected by interpolation above 20 %;
however the directivity, which defines the isolation of port D, only remains

optimal when 90 % or more of the time-reversal-mirrors are stored.
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Figure 6-14 - Temporal interpolation applied at time-reversal-mirrors in
example of directional coupler, a) coupling, b) directivity. TLM parameters

are as in the coarser model of Chapter five.
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In Figure 6-15a the hole widths of the coupler with respect to the temporal
interpolation is shown. It is seen the hole widths reach the optimal solution

of Wy =Wyo =29A1 =5.76 mm when 90 % or more of the time-reversal-

mirrors are stored.

Similarly, spatial interpolation applied at the time-reversal-mirrors of ports
A through D, is shown for the hole widths in Figure 6-15b and the coupling
and directivity in Figure 6-16a,b, respectively. Again, the coupling appears
largely unaffected by the use of interpolation; however the directivity is

hindered considerably.

A directivity of 20dB at 90% interpolation, shows more power is lost to
the isolated port, than is coupled. A practical coupler would need a
directivity of at least 30 dB, and hence the spatial interpolation is ineffective

for this example.
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Figure 6-15 - Hole widths for: a) temporal interpolation applied at time-
reversal-mirrors in example of directional coupler, b) spatial interpolation.

TLM parameters are as in the coarser model of Chapter five.
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6.4.4.2 Modal Decomposition

The modal decomposition of Eqns.6.8 now read

patEe

70 y)sm((yAl + AZ/Z)(ZnV;D”J

k
M 4(nk)=2 , 6.10
M 4(n,k) /2 (6.10a)
- 2n+Dr
Z WV (X -1, y)sin[(yAl+Al/2)Wj
My hy=2=0 , 6.10b
Mp(n,k)= Y7o (6.10b)
Y-1
V(X =1Y +) sin[(yAl LAl 2)(2”;/1)”)
y=0"—_
Me(nk) =2 , 6.10
M (n,k) /2 (6.10c)
- Qn+)x
Z 4(0,Y + y)sin((yAl+Al/2)Wj
Mp(n, fy = 22" . (6.10d)

Y/2

Using Eqns.6.10, the modal decomposition method is applied upon the four
ports of the coupler, and results in Figure 6-17. The time-reversal design
iterations until convergence and the coupling with respect to the percentage
of odd modes stored is shown in Figure 6-17a. In comparison, the directivity
is given in Figure 6-17b. It is seen that providing approximately 60 % or
more of the odd modes are stored, the time-reversal iterations to
convergence are N,z =11 or N =12 and the optimal solution is found. It
is likely the fluctuation of the iterations can be removed by increasing the
spatial sampling of the model, as was seen in Chapter five, yet this would

greatly increase the computational demand of the repeated simulations.
This problem requires approximately 29184 KB to store the four time-

reversal-mirrors using standard modal time-reversal. Hence, a 40%

reduction (11674 KB) is a considerable memory saving.
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Figure 6-17 - Modal decomposition applied at time-reversal-mirrors of
directional coupler. a) Iterations until convergence, and coupling of optimised
solution with respect to percentage of odd modal amplitudes stored, b)

directivity. TLM parameters are as in the coarser model of Chapter five.

- 161 -



6. Interpolation and Modal Filtering

6.5 Conclusion

Time-reversal as a technique for microwave component design has notable
computational requirements. In this chapter a number of approaches have
been introduced to ameliorate this problem without compromising the

performance of the iterative optimisation process.

The two microwave band pass filters, waveguide bend, and directional
coupler examples designed using the standard time-reversal procedure of the
previous chapter, were redesigned with the application of the memory

reduction methods.

Linear interpolation, both in the spatial and temporal domains has been used
to reduce the memory required. The performance with the majority of
design models is acceptable above 90 % of the stored time-reversal-mirrors;
however the degree to which they are applied is largely problem specific,
erratic, and typically results in degradation of the final design. A direct
correlation between optimised solution and design iterations is seen, where

in general, fewer design steps results in a poor solution.

The modal decomposition method converged to the optimum solution in all
test designs, with at least a reduction of 15% of the odd modes stored,
although it is seen for the bend and coupler models 30—37% reductions

were possible.

6.6 References
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The most obvious disadvantage of the time-reversal design method is the
need for multiple time domain simulations which are inherently
computationally intensive and therefore it is critically important to
maximize the convergence rate of the iterations. In this chapter the
physically based time-reversal iterations are accelerated using both
stationary and non-stationary linear acceleration methods. Krylov subspace
methods which provide a valuable improvement in computational efficiency
are considered, and the design examples of the filters, waveguide bend and

coupler are demonstrated using the acceleration methods.

A number of symbols used previously in the thesis, are used here in the
context of the derivation of the acceleration methods and do not represent

the same quantities.

7.1 Time-Reversal and Iterative Acceleration

The need for solutions of large systems of linear equations has become
common place in modern engineering applications. Before the popularity of
iterative methods, direct solvers were common place. These were typically
designed for a single structure, and although fast, had limited application.
The use of numerical iterative solvers became more popular with the ease of
access to computing resources, and have been gaining popularity in many

areas of scientific computing [7.1].
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The idea examined here stems from the fact that each time-reversal
optimisation iteration is analogous to a steepest descent minimization step:
only the most recent state of the design is explicitly used to determine the
next search direction. Therefore, it is proposed that acceleration methods
classically employed to significantly improve the convergence rates of
algebraic minimisation problems will provide the same advantages if

adapted to time-reversal optimisation.
A typical application of an iterative linear solver will act upon the equation

Ax=b (7.1)

where 4 isa Nx N matrix, b isa N x1 vector of desired values and x is

the N x1 vector to be found.

In Figure 7-1 a block illustration of the iterative time-reversal design
process using acceleration is shown. The simulation begins with the input of
the constant primary excitation, a forward simulation is performed, and the

S parameters measured, the solution is subtracted from the desired solution,

to give the difference vector, G . The subscript x denotes the time-reversal
iteration. The reverse simulation proceeds and the scatterer dimensions are
measured as before. The distinction of the accelerated time-reversal is in
how the excitation for the reverse simulation is updated. The matrix operator

A is introduced, and can be thought of as the process of (a) performing the

reverse time simulation, (b) the extraction of the scatterer geometry, (c)
performing a forward simulation with this geometry excited by the primary

source and (d) measurement of the scattering parameters.
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Figure 7-1 - Schematic illustration of time-reversal design process using linear

acceleration.

It is clear that 4 is actually non-linear, however it is proposed that it can be

treated as sufficiently linear with respect to the small perturbations to x to

permit application of the established acceleration methods.

The perturbation applied to the time-reversal-mirror when S parameters are
optimised, can be expressed as a difference vector in the form Q . In terms

of iterative solver mathematics, the vector at the input (TLM port 4) and the

output (TLM port 2)

& _|Si =Sy, if withinbandwidth, )
“lo. .za

- 0, otherwise,

. _ |83 =Sy, if within bandwidth, 20

— 0, otherwise, .

is usually referred to as the residual, and is a measure of error. The residual

of Eqn.7.1 is expressed as
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r=b-Ax. (7.3)

The S parameters are calculated from the Fourier transform of the temporal
voltages incident and reflected upon the time-reversal-mirrors at the input

and the output, as defined in Chapter five

S(1,2)1 ()= I}’i f) . (7.4)

With this in mind it is straightforward to represent the time-reversal process

in the matrix form as
G=b-Ax, (7.5)

where b is a N x1 vector representing the desired S parameters, x is a

N x1 vector of reflected voltages on the time-reversal-mirrors and 4 is the

diagonal N x N matrix representing l/I}j, the incident voltages at the

input.

The matrix A is easily invertible. However, inversion of 4 directly to find

x is not useful for time-reversal, since x may not necessarily correspond to
a physical component structure when found in this manner. Instead x is

optimised iteratively, constraining to a given device.

It is widely known that the solution of large systems of linear equations can
be accelerated using either stationary point methods, such as successive over
relaxation (SOR) [7.1], or non-stationary or Krylov subspace methods [7.2]
such as conjugate gradients (CG) and generalized minimal residual

(GMRES).
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7.2 Successive Over Relaxation

The method of SOR is among the most commonly used stationary point
methods, and is assumed to originate from the early work of Southwell

[7.3]. In general, iterative methods that can be expressed in the form

cnX=M  x+c (7.6)

where M and c are independent of the time-reversal iteration x, and are

broadly classed as stationary point, since they optimise the vector x using

the same parameters at each time-reversal iteration, x. SOR accelerates
convergence by introducing the stationary point @ . The update equation for

the SOR method is [7.1]

i X=M, x+c, (7.7)

where @ in this context is used to denote the SOR point variable in the

range 0<w<2. M, and c, are defined as

M, =D-oL) " (1-o)D+aU) (7.8)

¢, =o(D-wLl)"'b (7.9)

where D, U, L are the diagonal, upper triangular and lower triangular

matrices of 4 respectively.

In the context of time-reversal, it can be seen from Eqns.7.8-7.9 that M,

and c,, are independent of the time-reversal iteration x as desired. Since 4

is a diagonal matrix U = L =0, this simplifies Eqns.7.8-7.9
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M, =D 1-w)D)=(1-w), (7.10)

¢, =wD"'b. (7.11)
Substitution of Eqns.7.10-7.11 into Eqn.7.7 gives
ca¥=(1-o) x+oD'b. (7.12)

Substitution of Eqn.7.12 into Eqn.7.2 with the use of Eqn.7.4 gives

e X(f)
. SY(f) -2 if within bandwidth,
« Gsor () =1— Vi(f) (7.13)
0, otherwise.

Eqn.7.13 is expanded and simplified to give

(1= @) X(f)+ @D (f, /)b(f)

A N _ _ ,
KGSOR ()= () V41 @2
0,
. S —|1-w)S+ws*?
«Gsor = {0_ (( S _), (7.14)
[a-w)(s? -s) if within bandwidth,
- 0, otherwise.

Eqn.7.14 is the final form of the SOR as applied to microwave time-

reversal, and it can be seen that the method results in the use of one extra
variable, @, applied to the difference vector, Q during the perturbation

phase of the time-reversal process. The resulting time-reversal-mirror

perturbation at time-reversal iteration k is
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VTRMI; (v,k)'= (a)VTRMi (y,k)+

(1= ) Vi s ()= 90O | Ga (K]

(7.15)

where G, is the inverse Fourier transform of GSOR from Eqn.7.14.

The choice for @ is selected within the range 0 < @ <2 [7.1], however due
to the application of SOR in Eqn.7.15, @ >1 is redundant. In general terms,
the optimum choice for @ is problem specific. The application of @ will
also result in a different field plot formed from the maximum of the
Poynting vector during reversal, and hence the optimum damping and
threshold values for a simulation will not necessarily match those used for
the classical time-reversal. In the examples of this thesis, the SOR variable,
w , was varied incrementally at each choice of time-reversal damping, «,

similarly to how the optimum thresholds are determined.

7.3  Conjugate Gradients

Stationary point methods can progress towards the optimum solution in
directions already explored by previous iterations and this behaviour creates

redundancy in the technique [7.4].

An alternative to the SOR approach is to ensure that the residual vectors _r

from successive iterations are orthogonal to one another. This is non-
stationary acceleration and is the basis of Krylov subspace linear solvers
such as the conjugate gradient (CG) method [7.2] [7.5]. Using the
orthogonal residual vectors to construct search directions, ensures the
iterative procedure does not take a step in the same direction as a previous

iteration. The CG method is used to orthogonalise the vector ,x for the

reverse time simulation.
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Krylov subspace methods in general, of which CG is an example, project

the solution, x, onto the set of vectors {b, Ab, ézl_y,...}, where b is the
solution being sought, and 4 is the matrix operation, in a manner so as to

minimize b— A4x.

A vector, ,d termed the search direction, is taken from the subspace [7.5]

r,éor,ézor,£3 r} (7.16)

The subspace shown in Eqn.7.16 is known as a Krylov subspace, and is
formed from the repeated application of the matrix A4 to the residual. This is
the foundation of the CG Krylov subspace method. Eqn.7.16 requires only
the previous search vector to determine the new search direction, and hence

storage of the full subspace D is not required.

The full derivation of CG is voluminous, and not necessary for this work,
details can be found in [7.1], [7.5] and [7.6]. The CG algorithm summarises

as

K+1x:1(_x+1(a;(_da (7173.)
K+1r_ K _Kaércd
o o (7.17b)
=b-4,x,
end = "= en Bi) d (7.17¢)
where
T
Kr K‘r
K O=—75 > (7.17d)
é d
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and

T

K 11’ K 17”
en B) = == (7.17¢)

" K’

At k=0, ,r and ,d are setto
d=gr=b-A4,x (7.171)

for initial estimate x .

For the purposes of time-reversal, the CG method of Eqns.7.17 is applied to

the vector . x, for the input and output ports at time-reversal iteration, x,

from the forward particular solution. The resulting vector , ,x is used for

computation of the inverse simulation, through the difference vector Q .

It can be seen the time-reversal process of forward and reverse simulations,
can be thought of as computations at times, x and x+1, respectively,
where the next forward and reverse simulations are iterations x+1 and
kK +2. Hence the first forward particular simulation (with scattering

elements in place) is computing ,x for use in Eqns.7.17 to orthogonalise

for the reverse simulation.

7.4 Generalised Minimal Residual

In section 7.3, the solution to the matrix equation Ax =b, was accelerated

using CG to determine orthogonal search directions, which is a form of
Gram-Schmidt conjugation [7.4]. An alternative approach is to minimise the

norm of the residual, r in the Krylov subspace [7.4]. This is the

methodology for the generalised minimal residual (GMRES) technique.
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In GMRES, a modification of the Gram-Schmidt process, termed the
Arnoldi Gram-Schmidt method [7.1] is used to derive the orthogonal basis
vectors for the search directions. The Arnoldi method forces Gram-Schmidt
orthgonalisation upon the search directions, by removing all components

that are not orthogonal to previous search directions, the vectors ,.d then

form a Krylov subspace. This can be thought of as an explicit algorithm, in

comparison to CG which is implicit.

In GMRES acceleration all previous search directions are needed to perform
the orthogonalisation. It is necessary to introduce further notation. The

subspace formed from the union of vectors ,.d , will be termed ,. D, where

the subscript is now used to denote the number of vectors stored in the

subspace D, of dimensions N x k.

Before GMRES is introduced, it is first necessary to define the upper

Hessenberg matrix H [7.7] [7.8], as an Nz —1x Nz, matrix with zeros

below the first sub diagonal. By use of the Arnoldi Gram-Schmidt
procedure the GMRES algorithm is given as [7.4]

od = O_r/HO_rHZ (7.182)
H(a,b)=0 for 0<a< N —1,0<b< N (7.18b)

for k =0,1,.. N —1

xw=Axd (7.18¢)
for a =0,12..x
H(x,a)= o' ,d (7.18d)
xW= W= H(x,a),d (7.18¢)
end for

-172 -



7. Convergence Acceleration

H(x,k+1) = _wﬂz (7.181)

if H(x,x+1)=0 end (7.18g)

wr1d = o w/ H(i,x +1) (7.18h)

find , y such that min( Hﬁ”z&— et H Y 2) (7.18m)

kX=Xt Dy y (7.18n)
end for

where p, I= {1,0,0,....0} and is of dimension x +1.

Eqns.7.18c-h are the Arnoldi Gram-Schmidt procedure. It is seen ,w is a
temporary vector, formed from the Arnoldi vector at x multiplied by 4,
orthogonalised to all previous Arnoldi vectors, and hence becomes ., d .

The Arnoldi method forces Gram-Schmidt orthgonalisation upon the unit

vectors ,d, by removing from ,w all components that are not orthogonal

to previous ,.d, hence  w/ KWHZ is orthogonal to all previous ,.d, and

the vectors ,.d, form a Krylov subspace.

The algorithm breaks down at Eqn.7.18g if

Kwﬂzbecomes zero, this will

only happen if the residual is zero, and hence is sometimes termed a lucky

breakdown [7.1].

In the case of time-reversal, .y from Eqn.7.18m is required to update , x

i
in Eqn.7.18n to perform the reverse simulation. The Hessenberg matrix has
zeros below the first sub diagonal; it is this property that allows efficient

computation of . y. A method known as QR decomposition [7.9] is first

performed to express the Hessenberg matrix as H =QR, where O is
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orthogonal of dimensions x+1xx, and R is upper triangular and of

dimensions kK x k.

The matrix Q is formed from the orthognalised column-wise vectors of H ,

h 1h h h
0-|* (7.19)
=7 Lol Lo, oA, e, |
where the ﬁ are column vectors of dimension x +1, calculated as
H(i,.), i=0,
= (7.20)

- ()i%{l%_h,wo.

o/

:

H(i,.) are the column vectors from H and <,> is the inner product defined
for two general vectors as <h1,h2> = (h2 *)T hy . Since QT 0=1 [17.9], the

matrix R is calculated as

R(a,b)=Q" H =( H(a,),7= (7.21)

where a =0..x and b=0...x.

The matrix R is upper triangular since the inner product is 0 for a <b

[7.9]. The problem of finding , y such that Eqn.7.18m is a minimum can
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now be re-expressed using the OR decomposition of A, hence Eqn.7.18m

becomes

wll 05
w20

Assigning, a new vector y = QT HO rHZ po the problem is reduced to finding

o, 00 0By
(7.22)

0"lorl, 0 ~R ey

the solution to Eqn.7.23.

X=Ryy. (7.23)

Reverse Gaussian elimination is then used to solve for . y.

x(@)
, i =K,
R(i,i)
K I() = 20~ ié(a,i),(_y(a) 729
a=i+l - , i=xk—-1,x-2,..0.
R(i,i)

It is important to note, the GMRES method requires storage of the full

Krylov subspace, D, a problem that is not encountered when using CG. In

practice this memory is negligible in comparison to the size of the time-
reversal-mirrors. If memory is a problem, a restarted version of GMRES can
be used, where the procedure is stopped at x, and restarted with step x
becoming step zero [7.4]. For the purposes of time-reversal, restarted
GMRES will not be needed since the optimum solution is generally found

before the dimensions of D become a problem. Further details of GMRES

can be found in [7.1].
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7.5 Case Studies

The case studies of the previous chapters are now demonstrated, with the
application of the three linear acceleration methods. The TLM parameters
and initial and desired optimisation criteria are the same as those used in

Chapter five.

7.5.1 2" Order Septa Filter

The microwave filter created by the cascaded network of two metal septa in
the WR90 waveguide was designed using the classical time-reversal design
process in Chapter five. In this section, the acceleration methods of SOR,
CG and GMRES are applied to the filter and compared with the classical

solution.

7.5.1.1 Stationary Point Acceleration

In section 7.2, the SOR method applied to the optimisation of S parameters
results in Eqn.7.15. In Figure 7-2 the figure of merit, FoM , against iteration
number for different values of @ is shown. Three selected values of @ are
given, where it is seen, optimal convergence is found for 0.54 < @ <0.58,
(within this range the results do not change). The SOR has converged to the
optimum solution with a reduction of 2 time-reversal design steps. This is
the maximum possible acceleration using SOR, as other values for @
produce slower convergence. It is intuitive the value of @ is dependant
upon the damping, «, and hence the threshold and damping values were,

7, =0.15, 7, =0.6 and o =0.82. These were found by incrementally
increasing the value of «, and varying 7,, 7, and @ until optimal

convergence was found, as described in Chapter five for the un-accelerated
case. In this case the optimal widths using Eqn.5.15 were found to be

We =1.99mm and Wy, =2.65mm.
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0.37 ! A4 1y s
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XAl =L
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Figure of Merit, FoM
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«:@-e+ SOR

0.1+

TR Iterations, k

Figure 7-2 - Convergence of the classical time-reversal design process of 2"
order band pass septa filter in comparison to SOR, A/ = 0.297mm, Af = 7e-13s,
X=67,Y=77,L=199mm, W = 22.86mm and N = 16384, optimised septa
widths for SOR were Wg; = 1.99mm and Wg = 2.65mm from initial

configuration of Wg; = Wg, = 0.89mm.

7.5.1.2 Non-Stationary Acceleration

Application of the CG and GMRES process for design of the septa filter
produces the convergence rate shown in Figure 7-3, in comparison to the
SOR and classical solutions. The simulation is stopped when FoM remains
a minimum. A maximum acceleration of 50% is observed for CG. The
optimum threshold and damping values were found to be 7; =0.71,
T, =0.61 and a =0.77. The threshold and damping values for GMRES
were found to be 7}, =0.65, 7, =0.63 and a =0.8. In this example, a

saving of 50 % is approximately an hour on the AMD Athlon 2 GHz single

threaded processor.
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The CG method when implemented upon a linear problem is known to
reach the optimum solution in exactly m steps [7.1], where m is the
dimensionality of the problem, and ignoring floating point rounding errors.
However, the time-reversal optimisation of the septa widths is non-linear, so
a true orthogonal path will not be seen. In Figure 7-4 the contour levels
indicate the figure of merit of the solution using the corresponding septa
widths. The path taken by CG, GMRES and SOR in comparison to the
classical time-reversal procedure is shown, were it is seen, CG reaches the
optimum septum dimensions in fewer steps. Optimised septa widths for CG

were Wy, =1.97mm and W, =2.5mm, and GMRES were W, =2.14mm
and W, =243mm. In comparison, the classical solution finds
Wg =196 mm and W, =2.55mm, and SOR optimises to W, =1.99 mm
and W, =2.65mm. These solutions are not in multiples of the TLM nodes,

since the initial septa width is iteratively optimised, based upon the
percentage difference in the perturbed time-reversal, to the control time-
reversal, as stated in Chapter five, Eqn.5.15. These widths are snapped to

the nearest TLM node in the simulation, of Wy =7Al=2.08mm and

We, =9Al =2.67 mm.
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Figure 7-3 - Convergence of classical time-reversal design process of 2"" order
band pass septa filter in comparison to SOR, CG and GMRES, A/ = 0.297mm,
At=7e-135, X=67,Y =77, L=19.9mm, W = 22.86mm and N = 16384.
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Figure 7-4 - Path to solution of GMRES and CG in comparison to the classical
time-reversal design process and SOR with ® = 0.54 of 2" order band pass
septa filter, A/ = 0.297mm, A7 = 7e-13s, X =67, Y =77, L = 19.9mm, W =
22.86mm and N = 16384, plot contains 101 contours.
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7.52 2™ Order Iris Filter

This section will compare the acceleration methods on the example of the
microwave band pass filter formed from two irises. Figure 7-5 shows the
convergence of all three methods and also shows the result obtained using

the classical time-reversal.

0.55% | T T 1 T
k :W_wI IWsz: l%
| — |
Lo MY S
0.5H -—
XAlI=L
045+
3
=
5 04
=
G
o
5
.20 0.35+
=
Classical
0.3+ «:@-= SOR
e CG
—©— GMRES
0257 ~ ‘-- CEET I NIE AL T I 2 ITTI N
OO OO U=~

2 4 6 8 10 12 14

TR Iterations, k

Figure 7-5 - Convergence of the classical time-reversal design process of 2"
order band pass iris filter in comparison to SOR, CG and GMRES, Al =
0.199mm, A7 = 4.69e-13s, X =100, Y = 115, L = 19.9mm, W = 22.86mm and N
= 16384. Optimised iris widths for SOR were W, = 9.6lmm and Wg, =
9.9mm, for CG were Wg; = 9.26mm and Ws; = 9.72mm and for GMRES were
Ws: = 8.45mm and Wg; = 9.72mm.

In classical time-reversal, convergence to the optimal solution of

We =9.2mm and Wy, =9.61mm was found in 9 iterations as shown in
Chapter five. The threshold and damping values for SOR are 7; =0.84,

T, =0.87 and o =0.89. Optimal convergence is found when the SOR

parameter is in the range 0.24 <@ <0.3. The parameters for CG are
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1,=0.71, T, =026, a=0.77 and GMRES parameters are 7; =0.69,
T,=026 and o =0.75. Optimised iris widths for SOR were
Wg =9.6lmm and W, =9.9mm, for CG were W, =926 mm and
W, =9.72mm and for GMRES were W, =8.45mm and W, =9.72 mm.
In this case, when snapped to the nearest TLM nodes, both the classical and
CGresultin Wy, =47A1=9.34mm and W, =49A/ =9.74mm. SOR results
in Wy =49A1=9.74mm and W, =49Al =9.74mm, while GMRES

results in W, =43Al =8.55mm and W, = 49A/ =9.74mm.

Figure 7-5 shows that the CG method is optimal, and converges within 6
iterations, a runtime reduction of 30 % or approximately 1.5 hours, using the

2 GHz processor.

GMRES converges in fewer iterations, but is sub-optimal. The optimised S
parameters of SOR, CG and GMRES are shown in Figure 7-6. Both SOR
and GMRES are non-optimal in comparison to those found by CG, which
are the same as those found by the classical time-reversal design of Chapter
five. The reason for this is due to the presence of higher order modes
between the waveguide wall and irises, creating noise in the recovered
Poynting vector of this design. The problem of noise in the Poynting vector

was also noted in [7.10].
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Figure 7-6 - S parameters of 2"! order microwave band pass iris filter
optimised using a) SOR, b) CG and ¢) GMRES. Al = 0.199mm, Az = 4.69e-13s,
X=100,Y=115,L =19.9mm, W =22.86mm and N = 16384.

7.5.3 90° Waveguide Bend

The waveguide bend designed in Chapter five, was shown to reduce the
return loss in a 90° bend by suitable placement of a tuning post. The three

acceleration methods of SOR, CG and GMRES are now demonstrated.

The threshold and damping values for SOR are 7; = 0.95 and o =0.85. For
CG and GMRES the threshold and damping values are 7; =0.95, a =0.91,
7, =0.95 and a =0.9, respectively. Figure 7-7 shows the convergence of

the accelerated schemes, using the optimal range for the @ parameter of
0.65 < w <0.66. All techniques reduce the number of iterations to converge
to the optimal solution in comparison to the classical time-reversal. The
three acceleration methods find identical optimal post displacement to the
classical time-reversal of Chapter five resulting in a diagonal displacement

calculated as D, =20.43 mm.
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Figure 7-7 - Convergence of the classical time-reversal design process of 90°
waveguide bend matching section in comparison to SOR, CG and GMRES, A/
= (0.18mm, Az = 4.31e-13s, X =220, Y = 125, L. = 40.23mm, W = 22.86mm and
N =16384.

The computational resources required, both in terms of run time and
memory, for most practical problems will be heavily dominated by the time
domain simulations. SOR introduces virtually no additional overhead
compared with the basic time-reversal and reduces the overall run time by
approximately 25 %. GMRES and CG provide a further reduction in run
times of up to 40 %, corresponding to up to 3 hours on the single threaded

2 GHz processor.

In Chapter five, it was seen the initial post displacement affects the
convergence of the time-reversal design process. The analysis is repeated in
Figure 7-8, with the inclusion of the linear acceleration methods. It is seen,
the acceleration is of more value when the initial post displacement is

further from the optimal solution.
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Figure 7-8 - Time-reversal design iterations with respect to initial post
displacement for the 90° waveguide bend matching section, comparison of
SOR, CG and GMRES acceleration methods. A/ =0.18mm, Az = 4.31e-13s, X =
220, Y =125, L =40.23mm, W = 22.86mm and N = 16384.

7.5.4 Directional Coupler

The design of the directional coupler using linear acceleration methods is

more involved. It was shown in Chapter five that

V,(f)
Ve())

C =20log,, (7.25a)

Ve ()
Vo(f))

D =20log,, (7.25b)

It is seen from Eqn.7.25b, that the directivity is not directly in the form
Ax =D, since both VC and I}D depend upon «, the time-reversal iteration,

and hence direct application of the linear solvers is not possible.
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For a directional coupler, it is possible to express a further quantity, the
isolation, as the leakage of current from the input port (port A) to the

isolated port (port D) [7.11], in this manner

Va(f)
1 =201 = (7.26)
Og]O[V_D(f)J
It is seen from Eqn.7.25a and Eqn.7.26 that
Vi) Vi)
1-C=201 ———|-201 = |=D (7.27)
OglO[V_D(f)] Oglo[&(f)]

and hence perturbation to the desired isolation at port D, will result in
convergence to the desired directivity of the coupler. Rearranging Eqn.7.25a

it is seen

logw[@ (f >J _c

Ve (f) 20
) ) () (7.28)
PaNPe()=10 20
4 x b=C"

where A4 is the diagonal matrix formed from the elements of V_A Similarly

for Eqn.7.26

. 1 i

v, < =10 2 . (7.29)
7,(f) 7.0
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From Eqns.7.28-7.29, the directional coupler parameters are now expressed
in the correct form. In this manner, the difference vector G used for the

time-reversal design process is expressed using the isolation as

. Cc? — ¢, if within bandwidth,
Go =" — . (7.30a)
— |0, otherwise,

. 19 — 1, if within bandwidth,

b= . (7.30b)
— |0, otherwise.
where
1 =p*+c?, (7.31)

and the desired coupling/isolation are as per the right hand side of

Eqns.7.28-7.29.

The threshold and damping values for SOR are 7; =0.05, 7, =04 and
a =0.93. The optimal convergence was found when 0.8 <@ <0.98. For
CG, T, =0.04, T, =0.42, a =0.98 and for GMRES, 7} =0.01, 7, = 0.47
and a =0.96. The convergence rate of all three methods, in comparison to
the classical time-reversal design process is shown in Figure 7-9a,b,c for the
coupling, directivity and isolation respectively. The isolation for the initial
design is good, since the holes are small. This gradually becomes worse as
the hole sizes increase and more power reaches ports C and D, until the
optimum solution is found, at which point the field superposition travelling

backwards cancels and the isolation improves.

The optimum solution depends on the method used, SOR finds

Wy =Wy, =5.37mm, snapped to TLM nodes this is 27A/, in comparison

the classical solution finds 29A/. CG finds W, =Wy, =5.56 mm, in TLM
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nodes this is 27A/, while GMRES finds W, =W, =6.16 mm, or 31A/.

The graphs have been truncated after the optimum solution is found for ease
of illustration. CG results in the best convergence, with a runtime reduction

of 27 %, or 4 hours on the 2 GHz processor.
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: Classical
70 i@ SOR
—p— CG

65 —O— GMRES
60 +

)

§ 55+

g

= 50

3
45+
40 +
35+

C) TR Iterations,

Figure 7-9 - Convergence of the classical time-reversal design of directional
coupler, in comparison to SOR, CG and GMRES, a) coupling, b) directivity
and c) isolation. A/ = 0.199mm, Az = 4.69¢-13s, Y = 115, W = 22.86mm and N =
16384.

7.6 Conclusion

The chapter has demonstrated the derivation and application of stationary
and non-stationary large matrix linear solvers to the time-reversal design
algorithm. The method of SOR was seen to reduce the iterative design steps
required to reach optimal convergence with virtually zero additional
overhead or complexity in the time-reversal process. Unfortunately the
optimum choice for the SOR point @ is problem dependant, and hence in
return for accelerated time-reversal convergence, the setup stage of the time-
reversal process increases in complexity. For the majority of the case studies
there was a single region within which the SOR variable optimised the

convergence.
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The Krylov subspace methods of CG and GMRES were then demonstrated,
and although slightly more complex, were seen to further accelerate the
convergence of the algorithm, in some examples reaching convergence
50% faster than the original time-reversal design algorithm. The results

from CG and GMRES are sufficiently close to not suggest a preference.

It was seen, reduction in overall runtime is primarily obtained from a more
rapid initial convergence, which is advantageous as in larger scale problems
available computing restrictions may only permit a few iterations to be
undertaken to fine tune a design. The next chapter looks at the problems of

time-reversal design when used for larger components.
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g. Internal Time-Reversal-Mirrors

The loss of modal content for source reconstruction was seen to impact the
spatial resolution of the reconstructed source in Chapter four. Loss of spatial
resolution due to evanescent mode decay in the presence of finite machine
precision restricts the scope for optimising large complex devices. In terms
of scatterer reconstruction, the loss in spatial resolution will hinder the
measurement of the device parameters, and hence introduce errors or
prevent the time-reversal process from converging to the optimum design.
This problem will worsen as the time-reversal-mirrors are placed further
from the scatterer(s) to be optimised, which will become necessary as more

complicated structures are designed.

If the full modal content of the structure is known, it is possible to capture
the higher order evanescent modes before they have decayed at the
bounding time-reversal-mirrors. The next section covers the basic theory
needed to express the field within a simple waveguide in terms of its modal
content; the following section will then develop a novel method to capture
the higher order modal content for time-reversal, which will be

demonstrated on two additional band pass filter sample designs.

8.1 Evanescent Fields and Time-Reversal

A single odd symmetric mode of an electric field propagating in a 2D metal

waveguide in x, see Figure 8-1, can be expressed through the Sine form as
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E.(x,y.n) = M(n)sin[(yAl v AL 2)%} exp(—y, xAl) (8.1)

where n=0,1,...N,,, =1, M 1is a vector of dimension N,,, of the modal
amplitudes, and N,,, is the total number of modes in the waveguide,

(Y —1)/2 assuming a symmetric excitation.

s/c

1 ] “ E

I ! I

i Ho> €9 i ﬁ
JTRM | T Ws, 1 ,TRM 3

| ! OO

: < > : g

: r/4 |

| J | v

A
v

Y s/c
x
XAl=L

z

Figure 8-1 - 2" order X-band microwave band pass filter formed from two

inductive septa in WR90 waveguide.

From Eqn.8.1, the total field at longitudinal length xA/ in the waveguide of

Figure 8-1 can be expressed as a summation of modes in the form

Ny—1
E.(x,y)= ) E.(x,y,n)
n=0
N/W]_l

= > M) sin((yAl+Al/2)

(8.2)

W} exp(—y,xAl).

M (n) at the time-reversal-mirrors is calculated from the voltage reflected

from the ports of the transmission-line model (TLM) nodes neighbouring

the time-reversal-mirrors, as
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Y-1
Zsin((yAz + AZ/z)@”V;l)’ZjV_’

_ =0
M(n) = 772 : (8.3)

The bounding time-reversal-mirrors in Figure 8-1 store N, modes.

However, the evanescent modes are known to be lost. The primary effect of
such modal loss is a reduction in the spatial resolution of the model which
leads to non-optimal designs and slow rates of convergence. Increasing the
number of significant digits in the simulation is not a practically viable

option.

Eqn.8.3 is also valid within the waveguide structure. To ensure that the
evanescent modes are captured before they have decayed below machine
precision, it is proposed that additional pairs of time-reversal-mirrors are
placed within the problem space, located in close proximity to each of the
scattering elements, these mirrors are termed internal-time-reversal-mirrors.

The development of internal-time-reversal-mirrors will now be shown.

8.1.1 Internal Time-Reversal-Mirrors

At the internal-time-reversal-mirrors, the amplitudes of the majority of the
evanescent modes are evaluated and stored. Moreover, these modes are then
removed from the field radiating into the remainder of the simulation space
which is necessary to ensure that they will not be recorded again by any of
the other time-reversal-mirrors. At the original outer time-reversal-mirrors

only the fundamental and remaining N,,, —1 lower order mode amplitudes

now need to be evaluated and stored. The rest are evanescent and are
captured at the internal-time-reversal-mirrors. This is analogous to the
distinction between local and accessible modes made in classical mode
matching analysis of waveguide problems [8.1]. This process is shown
visually in Figure 8-2. A 3D sketch is used to clarify the argument, but a 2D

model is used in the example results.
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I-TRM Scattering
element (e.g.
v Vi septum or iris)
—>

Figure 8-2 - Schematic presentation illustrating evanescent modes incident
upon internal-time-reversal-mirrors (I-TRM). The mirrors remove evanescent

modes stored.
Using Eqn.8.3 to measure the modal amplitude at port 2 of a node with an

internal-time-reversal-mirror capturing a field propagating in + x, the TLM

connection process [8.2] becomes

Vs (rLy) = 75 (2, 0) -

N - (8.4)
3 {Mz () sin((yAl + Al 2)MJ}
nzNM2 o T w
where the modes 2N, +1, ... 2(N,,; —1)+1 have been removed from the

field reflected from node (x,y) connecting to the neighbouring node,

(x+1Ly).

Eqn.8.4 is similarly derived for a field propagating in — x, by substituting

Vy(x=1,y) for Vj(x+1y), Vj(x,») for V;(x,y) and My(n) for
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8. Internal Time-Reversal-Mirrors

The internal-time-reversal-mirrors allow storage of the higher order field
components [8.3], which would have been lost before reaching the bounding
time-reversal-mirrors. It is intuitive the removal of evanescent modes when
stored within the internal-time-reversal-mirrors during the forward stage of
the design process has no effect on the measured S parameters, since by
definition the evanescent modes are outside the bandwidth the device is to
be designed within. This also means the internal-time-reversal-mirrors do
not require perturbation, and hence the reverse time-reversal-mirror for an

internal-time-reversal-mirror is simply

VITRMR (n,k) = VITRM? (n,k)— VITRMZ (n,k), (8.5)

where the index n=N,,,,...N,;; —1. The bounding time-reversal-mirrors

are hence

Vient - (155) = Vs o (0,5) =V s 1 (1K) (8.6)

where the index n=0,....N,,, —1, and the ' symbolises the perturbation

has been performed for these modes. In practice, with the case studies of

this thesis it is only necessary to perturb the dominant mode.

N,,, is chosen such that all evanescent modes that will have significantly

decayed at the bounding time-reversal-mirrors are now stored at the
internal-time-reversal-mirrors. The demonstration problem of Figure 8-1 is
shown in Figure 8-3 with two internal-time-reversal-mirrors surrounding
each septum. The distance at which each internal-time-reversal-mirror is
placed from its corresponding septum is determined by Eqn.8.7, for the
highest order mode excited using the odd symmetric excitation

2N, -D)+1=Y -2
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Lyyy =Tnf10" 7t ). (8.7)

7w, 1s the modal propagation constant defined as

_(en+pzY (22 ’
YNy = [—W J (z} (8.8)

where n=N,,, —1.

I-TRM

s/c
R T . AT
A A i
A | BN | R h
JTRM | | ] : Wy, |} TRM 3
L vl g N L2 %
o Y T g
R A v
Y s/c
X < >
XAl=1L

z

Figure 8-3 - 2" order X-band microwave band pass filter with internal-time-
reversal-mirrors (I-TRM) used to capture higher order evanescent modes

decaying from each septa.

Since,

1= , (8.9)

using Eqn.8.8 and Eqn.8.9
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2 2
o N w10

Substitution of Eqn.8.10 into Eqn.8.7, with the values, n = N,,; —1 (where
Ny, = -1)/2) giving the highest order mode supported by the
waveguide, f. =6.56GHz, f =12.5GHz, W =22.86 mm, m=-7 and

noting the V2 factor for 2D TLM, gives L,,; =1.5mm, which is short

enough to retain the highest order mode with 7 significant digits of
accuracy (single precision). The bounding time-reversal-mirrors hold the 12
lower order modes (6 as only odd modes are excited and stored), known to
propagate the distance L/2 with 7 significant digits of accuracy, while the

internal-time-reversal-mirrors store the remaining higher order modes.

In order to investigate the improved accuracy using internal-time-reversal-
mirrors, the maximum of the Poynting vector during time-reversal for a
single iterate of the time-reversal design process of the second order septa
filter 1s measured using classical time-reversal, and then with the internal-
time-reversal-mirrors in Figure 8-4a,b. The TLM parameters were the same

as Chapter five.
It is noticeable, the septa in Figure 8-4b with the internal-time-reversal-

mirrors have a much greater resolution than those in Figure 8-4a using only

the classical time-reversal-mirrors.
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Figure 8-4 - Maximum of Poynting vector during time-reversal of a) Figure
8-1 (without internal-mirrors) and b) Figure 8-3 (with internal-mirrors). A/ =
0.297mm, At = 7e-13s, X =67, Y =77, L = 19.89mm, W = 22.86mm, N = 16384

and Wg; = Wy, = 0.89mm. A total of 91 contours are shown.
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8.2 Case Studies

This section will analyse how the increased spatial resolution achieved
using internal-time-reversal-mirrors, affects the convergence rate of the
design process, and then introduce two further examples. The first, a higher
order filter, and the second, an example of a band pass filter, with an
optimum solution that is known to be able to be matched perfectly in the
TLM model. Both examples are then designed using the acceleration
methods of Chapter seven [8.4] and internal-time-reversal-mirrors, to
determine the acceleration when the full set of evanescent modes are

retained.

8.2.1 2" Order Filter

In Figure 8-4 it is seen the time-reversal recovery of a scatter surrounded by
two internal mirrors retains a significantly higher proportion of the
evanescent modes for reversal, and hence is able to reconstruct the scatterers
with a higher degree of spatial resolution than is possible using only the
classical mirrors. Hence the thresholds and damping that gave the best
convergence for the conventional time-reversal design process of the filter,
will not give the best convergence when internal-time-reversal-mirrors are

used. With internal-time-reversal-mirrors, 77 =0.34, 7, =0.6 and

a =0.93. It is seen, in comparison with the values from the classical time-
reversal using only external time-reversal-mirrors of Chapter five where

T7,=0.15, 7, =0.62 and a =0.93, the thresholds for both septa have

changed considerably. Observation of Figure 8-4 verifies this, since the

resolution around the septa has improved.

The extent to which the increase in modal information affects the
convergence rate of the time-reversal design process is shown in Figure 8-5.
For comparison, results using just the classical time-reversal-mirrors at the
ends of the filter are also shown. In this case, it is apparent that both curves

converge, but that the use of internal-time-reversal-mirrors require one less
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iteration. This small gain is not without value given that even one pair of
forward-reverse time domain simulations may actually involve a significant
calculation effort for large problems. Therefore for this example, the loss of
evanescent mode data reaching the external time-reversal-mirrors does not

seriously hamper the design process.

0.4
0.35
0.3

0.25

Figure of Merit, FoM

0.2

2nd Order with -TRM
—&O— 2% Order without -TRM

0.1

TR Iterations,

Figure 8-5 - Convergence of time-reversal design process of 2"! order band
pass septa filter with and without internal mirrors (I-TRM), A/ = 0.297mm, A¢
= Te-13s, X =67, Y =77, L = 19.89mm, W = 22.86mm, N = 16384, optimised
septa widths were Wg; = 1.96mm and Wg; = 2.55mm, in TLM nodes Wg; = 7Al
= 2.08mm and Wg; = 9A/ = 2.67mm from initial configuration of Wg5; = Wg, =
0.89mm.

8.2.2 3™ Order Filter

This case study will increase the complexity of the filter, by the inclusion of
additional metal septa, see Figure 8-6. Higher order filters are desirable
since the bandwidth selected is narrower, and the return loss (.S}, ) decreases
further in the pass band. The increased order of the filter makes the design

unsolvable using the conventional time-reversal process, since the middle
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septum is now too far from the external bounding time-reversal-mirrors to

be recovered with acceptable spatial resolution.

I-TRM Ly,
s/c
TR I R 4 5
NS IR ETTIN EN H
] NE N I N
RO | EE S | ] ]
Ve e 3
o T AL S S Y A
1 1 1 g 1 1 g 1 1 | v B
s/c

Y < >
! . XAI=1L

Figure 8-6 - 3" order X-band microwave band pass filter formed from three
inductive septa in WR90 waveguide. Internal-time-reversal-mirrors (I-TRM)

are placed around each septum to capture evanescent modes.

The extrapolation of the desired ABCD matrix from the second order to a

third order design following the procedure in Chapter five is [8.5]

AB) BP)| | cos(Bl)  jZgsin(fl) 1 0
L_?(ﬂ) Q(ﬂ)Hjsin(ﬂl)/zg cos(f3l) }L/(ja)Ll) J

[ cos(BAg 14 jZg sin(ﬂig/4)}{ 1 0
Jsin(fhg 14/ Zg  cos(Bhg/4) | 1(joly) 1
[ cos(BAg 14 jZ, sin(,b’/lg/4)}{ 1 0
_jsin(ﬂlg/4)/2g cos(flg /4) | 1/(joLs) 1
[ cos(B)  jZ, sin(ﬁl)}

jsin(B)/Zgy  cos(fl)

} (8.11)

where [ =(L—-2(4,/4))/2,and A,, Z, and S are as previously defined.
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Slal1 and S 511 are calculated using the ABCD to S matrix transform given in

Chapter five. Six internal-time-reversal-mirrors were spaced L, =1.5mm
from the septa, as shown in Figure 8-6. The bounding time-reversal-mirrors
successfully store the lower 4 odd symmetric order modes, known to
propagate the distance L/2 with 7 significant digits of accuracy, while the

internal-time-reversal-mirrors store the remaining higher order modes.

The values for the desired inductances in Eqn.8.11 were set at 1.95nH,
1.55nH and 1.7 nH respectively. These values were chosen to give the
desired pass band shown in Figure 8-7. For a practical application, many
more septa, typically five or more are required, to achieve a return loss of
around 40 —50dB in the pass band. This is not done here since the time-
reversal simulation will be heavily time and memory intensive, and the

analysis of the internal mirrors is the primary interest of this chapter.

The symmetric spatial sinusoid of period two times the waveguide width
excites the filter at the input port. The filter is optimised within the
frequency bandwidth 10-14GHz. The TLM parameters are
Al=0297mm, Atr=7e—-13s, X=101, Y=77, L =29.99mm,
W =2286mm and N =16384. The threshold and damping values for

classical time-reversal with internal-time-reversal-mirrors are 7; =0.06,
T, =031, T; =0.28 and a =0.97. The threshold and damping values for
classical time-reversal with only the external mirrors are 7; =0.02,
T,=02, T; =0.28 and a =0.97. The initial S parameters of the model,
for septa widths of Wy =3A/=0.89mm, W, =23Al=6.83mm, and

Wqy =23Al = 6.83mm are also shown in Figure 8-7.
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Figure 8-7 - S parameters in dB of 3" order microwave band pass septa filter,
desired with respect to initial. A/ = 0.297mm, Az = 7e-13s, X =101, Y=77,L =
29.99mm, W = 22.86mm and N = 16384, Wg; = 0.89mm, Wg, = 6.83mm, and
Ws; = 6.83mm.

In Figure 8-8 the convergence rate of the time-reversal design process is
shown. It is seen that with the standard time-reversal approach the algorithm
begins to converge, but since evanescent modes are lost, the time-reversal
subsequently diverges. The time-reversal with internal mirrors is seen to
converge after 24 iterations. The final optimised septa widths were,

W =4.82mm, Wy, =3.96mm and W, =4.75 mm.

In Figure 8-9 four iterations of the time-reversal design process of the third
order filter are shown after 6, 10, 15 and 24 iterations. An exact match to the
desired S parameters is not expected, due to the fluctuation of inductance
with frequency in the microwave model that is not accounted for in the

transmission-line equivalence [8.6].
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Figure 8-8 - Convergence of time-reversal design process of 3™ order band
pass filter with and without internal mirrors, A/ = 0.297mm, Az = 7e-13s, X =
101, Y =77, L = 29.99mm, W = 22.86mm and N = 16384. Optimised septa
widths for the internal-mirror (I-TRM) time-reversal were Wg; = 4.82mm,
Ws; = 3.96mm and Wg; = 4.75Smm, from initial configuration of Wg, =

0.89mm, Wg, = 6.83mm, and Wg; = 6.83mm.
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Figure 8-9 - S parameters of 3" order microwave band pass septa filter
optimised using time-reversal, a) x = 6, b) x = 10, ¢) x = 15, d) final
configuration at kx = 24. Al = 0.297mm, At = 7e-13s, X = 101, Y = 77, L
29.99mm, W = 22.86mm and N = 16384, optimised septa widths were Wg, =
4.82mm, Wg, = 3.96mm and Wg; = 4.75mm.

Figure 8-10 shows the convergence rate of all three acceleration methods
when applied to the perturbation of the external time-reversal-mirrors of the

third order filter. The minimum of the FoM was the stopping criteria. The
threshold and damping values for SOR were 7, =0.06, T, =0.31,

T, =028, a=097,with ®=0.2, for CG, 7, =0.05, 7, =0.8, 73 =0.11,
a =0.96 and for GMRES, 7, =0.05, 7, =0.27, 73 =0.29 and a =0.95.

It is seen the CG and GMRES achieve the best result, obtaining acceptable
convergence within 14-15 iterations. For SOR the optimised septa widths in

odd TLM nodes were Wy =4.76=17Almm, W, =4.62=15Al mm,
Wey =4.75=15Al mm, for CG, Wg =4.8=17Almm,
We, =429 =13Almm, Wg, =4.66=15A/mm and for GMRES,
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GMRES solution is the best, finding an optimal solution in 14 time-reversal
iterations or 42 % of the full runtime. For this model computed using an

AMD Athlon 2 GHz processor, the reduction in runtime is approximately
5.5 hours.
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XAI=L

Figure of Merit, FoM

Classical (I-TRM)

0.4 «s2:@+++ SOR (I-TRM)
—4— CG (I-TRM)
0.3 —O— GMRES (I-TRM)
G)=62) )=
0.2 ‘ R R N NN RE

TR Tterations,

Figure 8-10 - Convergence of time-reversal design process of 3™ order band
pass septa filter using internal mirrors (I-TRM), SOR, CG and GMRES are
compared with the classical time-reversal. A/ = 0.297mm, Az = 7e-13s, X = 101,
Y =77,L=29.99mm, W =22.86mm and N = 16384.

8.2.3 2™ Order Iris Filter with Known Solution

The example case studies for time-reversal design have been optimising
using best case solutions. This subsection will introduce a new model,

where known achievable S parameters are set as the desired solution.
The second order iris filter first used in Chapter five is known to be

equivalent to the transmission-line representation of the septa filter, used to

generate the desired S parameters. An alternative formation to generate a set
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of desired S parameters, is achieved through measuring S;; and Sp; from

a desired configuration of iris widths. The iris widths are then set to their
initial values, and the time-reversal optimisation applied to find the optimal
widths. This approach, while not very practical for true component design,
provides a known ‘zero error’ perfect solution for the time-reversal design

process to be evaluated with.

In Figure 8-11 the schematic for the iris filter is shown, where the lightly
shaded irises show the optimal widths of W& =47Al=934mm and
W =49Al=9.74mm (not to scale). The TLM parameters are
Al =0.199mm, Ar=4.69¢—13s, X =100, Y =115, L =19.88mm,
W=228mm and N =16384. The initial widths were
Wg =W, =61Al =12.13mm (shown as the dark irises) and generate the S
parameters shown in Figure 8-12, where the desired S parameters are shown
for comparison. A symmetric spatial sinusoid with period two times the
waveguide width excites the filter at the input port. The optimisation
bandwidth is 10—-14GHz. The internal-time-reversal-mirrors are placed
identically as for the second order septa filter, where L,,; =1.5mm, and the

external bounding time-reversal-mirrors store the 12 lower order modes (or
the 6 odd modes known to have been excited), while the internal-time-
reversal-mirrors store the remaining higher order odd modes. The threshold

and damping values for the classical time-reversal are 7; =0.85, T, = 0.83,
a =0.93 for SOR, 7, =0.85, 7, =0.83,  =0.8, with 0.58<®<0.6 for
CG, 7,=027, T, =023, a =0.98 and for GMRES, 7, =0.51, 7, =0.72
and o =0.89.

- 209 -



8. Internal Time-Reversal-Mirrors

s/c -
i X | X X | X ' A >
S 1 TR L TN & F “
: LR 4| ! N
JRM G W, I Ws*  Ws"i| |1 Ws 1 ,TRM S
1 1 1 1 1 1 0
: ly ! T % : g
: L] A4 ] : v
Y s/c
X < >
XAl=L
z

Figure 8-11 - 2" order X-band microwave band pass filter formed from two
inductive irises in WR90 waveguide. W5, = Wg, = 61Al/ at start, optimised
widths are Wg," = 47Al and Wg," = 49A/ allowing a perfect solution to be

found.

ISy,

Desired
Initial
O | | | | | | O

9 10 1" 12 13 14
Frequency, f(GHz)

Figure 8-12 - S parameters of 2" order microwave band pass iris filter, A/ =
0.199mm, Az = 4.69e-13s, X =100, Y = 115, L = 19.88mm, W = 22.86mm and N
=16384.
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The convergence rate of Figure 8-13 is observed, where the SOR, GMRES
and CG solutions are also shown. The potential of the Krylov subspace
solvers (CG and GMRES) with time-reversal is now seen, where a reduction
of over 30% of the runtime is observed, or around 3 hours on the 2 GHz

processor.

o
—

>

5

N
=
=

—

E
M =1VX

Figure of Merit, FoM

Classical (I-TRM)
2=+ SOR (I-TRM)
= CG (I-TRM)
—— GMRES (I-TRM)

TR Iterations, k

Figure 8-13 - Convergence of time-reversal design process of 2" order band
pass iris filter with known ‘perfect’ solution using internal mirrors (I-TRM),
SOR, CG and GMRES are compared. A/ = 0.199mm, Az = 4.69e-13s, X = 100,
Y =115, L =19.88mm, W =22.86mm and N = 16384.

8.3 Conclusion

The inherent mode filtering caused by finite machine precision seriously
undermines the fidelity of the time-reversal design. This chapter has
introduced internal-time-reversal-mirrors as a novel solution to this problem
to ensure that all physically significant modes are captured correctly. This
introduces a valuable degree of robustness into the design process. A third

order filter was then designed, which was previously not possible using only
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external time-reversal-mirrors. Finally, a filter with a known reachable
‘zero-error’ optimal solution was designed, and it was shown, the linear
acceleration methods of the previous chapter improve performance further
when a perfect design configuration exists. It was shown that the internal-
time-reversal-mirrors not only offer improvements to the convergence rate
but are imperative for achieving convergence for the more complex

structure.
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9. 3D Time-Reversal

For a number of physical components, modelling in 2D only is not suitable.
This chapter demonstrates the expansion of the 2D time-reversal algorithm
to 3D. The transmission-line modelling (TLM) symmetrical condensed node
(SCN), as covered in Chapter three, is used. A 3D microwave filter
analogous to the 2D band pass filter is demonstrated. A dipole antenna is
then introduced, and the development of the time-reversal algorithm is

shown.

9.1 Introduction to 3D Time-Reversal

In Chapter three, the derivation of the symmetrical condensed node (SCN)
for the numerical simulation of an electromagnetic field was given. In
comparison to the 2D shunt node, there is now the additional field

components E,, E , and H . To simulate the additional components, each

propagation direction in the node contains two voltages. The SCN is
repeated in Figure 9-1 for ease. In addition a time-reversal-mirror has been
placed upon ports 1 and 5. In Figure 9-1 it is seen, for full 3D time-reversal,

12 time-reversal-mirrors are required.

Throughout the chapter, the time-reversal-mirrors will use the same

numbering as the SCN, for example
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9. 3D Time-Reversal

Ve (6 3,6) = J (x,2,0), (9.1a)
2VTRMF(vaak) =V, (x,Y-12), (9.1b)
Viei" (,2,k) = V7 (0,,2), (9.1¢)
etc.

V.,

_______

r <

1
1

1

1

1

1

|

‘ =

=

<

X

Figure 9-1 - 3D transmission-line model symmetrical condensed node, with the

addition of a time-reversal-mirror upon ports 1 and 5.
In reverse, the time-reversal-mirrors become line sources as in the 2D case,

and hence the incident voltages upon the transmission-line modelling

(TLM) nodes bounding with the time-reversal-mirrors are
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9. 3D Time-Reversal

2,00 = Vi (2,0, (9-22)
V(Y =12) = Vg, (x.2.h), (9.2b)
Ji0.3.2) = V" (12,0, 9.2¢)
etc.

The general time-reversal algorithm for 2D component design is formed
identically for 3D, with the exception that the time-reversal-mirrors
perturbation, homogenous removal, and reverse equations are now 3D
matrices. For the example of port 1 of the SCN, the time-reversal-mirror

perturbation is

IVTRMi('xa v.k)'= (a)lVTRMi(xﬂ v.k)+

R (9.3)
(1= ) Vo b (7.0 - 9. 9@ G, (K )
and the reverse time-reversal-mirror is constructed as
IVTRMR (x,y,k)= 1VTRM£ (x,y,k)— 1VTRM1F1 (x, y,k). (9.4)

The next section introduces the thin wire formulation for the TLM SCN,

which will be used to model the dipole antenna.

9.2 Thin Wire in the SCN

The accurate modelling of a thin wire using TLM is possible in three ways.
The first is to define a short circuit boundary between two nodes. While
simple, this is of limited use at high frequencies, due to the need for
extremely fine meshing. The two remaining methods either place the wire
between the nodes [9.1], or within the node [9.2], using a combination of

empirical values and numerical analysis. For simplicity and accuracy, the
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9. 3D Time-Reversal

wire between nodes is the simplest to implement upon the SCN already

shown and will now be demonstrated.

In Figure 9-2 the thin wire is placed vertically between nodes (x—1,y,z)
and (x, y,z) using the form described in [9.1] [9.3] [9.4]. It is seen the wire
will couple to port 11 of node (x—1,y,z) and port 3 of node (x, y,z) of the

neighbouring SCN. This form allows coupling of the wire with the

orthogonal electric field component.

v, U,
Ay,
ZM/'
ZO Zo
v1->T -
U< >R
Zwst
ls/c
E—
Zw * *
Vs Us
—_
: ey v 6.2

Figure 9-2 - Two 3D TLM SCN with thin wire formulation between nodes.

The wire has impedance Z,, and stub impedance Z.

To simulate propagation with the wire, the connection between ports 3 and

11 of the neighbouring SCN is modified to allow the connected voltages to
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9. 3D Time-Reversal

scatter and connect to the wire. The scatter/connect process for the wire
embeds a 2D scattering within the 3D TLM connection routine. Using the

notation of Figure 9-2, the nodal scattering is defined as

@] [um@)]
v, (2) Uy (2)
v3(2) | = 8| us(2) 9.5)
v4(2) uy(2)
1vs(2) | [us(2)]

where u;,(z) and v;,(z) are the SCN incident and reflected voltages upon

ports 11 and 3 of nodes (x—1,y,z) and (x, y,z) respectively,

w(2) =V (x=1y,2), (9.6a)
Uy (2) = V5 (x.3.2), (9.6b)
Vi(e=1y,2) = (2), (9.6¢)
Vi (x%,3,2) = v, (2). (9.6d)

The scattering matrix is defined similarly to the 5-port TLM node, and can
be shown to be [9.3]

-Z, 2Z,,+22,) 2%, -2Z, 27,
2Z,,+2Z,) -Z 2Z, -2Z 27,
1 st 0 0 0 0 (9 . 7)
§ = 7 ZZW zzw ZO + ZZWSI 4Zw - 4Zw
“@l -2z, -27, 4z,  Zy+2Z,, 4z,
zzwst ZZWS[ - 4Zwst 4Zwst ZO - zzwst + 4Zw

A L A
where Z,; =Z¢+2Z,,; +4Z,,. Z,, =Et and Z =2(A—I—Etj and are

the wire impedance, and wire stub impedance respectively.
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It is seen from Eqn.9.7, the scattering matrix satisfies the property § =S -1

required for time-reversal. This may prove useful for designs with wires that

remain in place during reversal.

The values for the capacitance, C and the inductance, L per unit length of

the wire are defined as [9.2]

__ 2™ (9.82)
0.4A/
In
r
L= Mg 015400, (9.8b)
27 7

where 0.4 and 0.15 are empirical values based upon numerical

experimentation [9.2] and r is the radius of the wire.

The connection procedure for the wire is defined as

LQ(Z) =v,(z-1) (9.9a)
uy(z)=vs3(z+1) (9.9b)
us () = v (2) 9.90)

where u; 5 and vy, are connected through the SCN connection process.

This completes the coverage of the thin wire formulation between the SCN,

more details can be found in [9.2] and [9.4].

9.3 Case Studies

In this section, two components are demonstrated and designed using the 3D

time-reversal algorithm. The band pass waveguide filter of Chapter five and
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a linear dipole are designed using time-reversal in 3D. The dipole antenna
illustrates the time-reversal design process with free space radiating

components.

9.3.1 WR90 Waveguide Band Pass Filter

In Figure 9-3 the band pass filter formed through two inductive septa is
shown. The infinitely thin septa act as shunt inductances, just as in the 2D

version, and so the passive circuit equivalence of Chapter five is used.

TRM

Y XAI=L
Figure 9-3 - 2" order WR90 waveguide band pass filter in 3D.
The waveguide boundaries are short circuit, where the input and output

ports are defined as time-reversal-mirrors. The lowest order mode is the

TM;o mode (£, =0), giving a cut-off at

% n 2 m 2 %
fﬁ;J(Wj +(§j = (9.10)

The input port is excited for the dominant TM;p mode via a symmetric

spatial sinusoid of period 2V,
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oV3(0,y,2) = Sin((yAl +Al/ 2)%} COS((ZAI +Al/ 2)%)
o (9.11)
= sin((yAl + AI/Z)%} n=1lLm=0

where it is seen from the corresponding scattering matrix of the SCN in
Chapter three, only the field components for the TM;p mode are excited,
E,,H, and H,,.

Since only the TM ;¢ mode is excited, port 6 and 10 remain zero throughout
the simulation, hence only two 3D time-reversal-mirrors are required to

store the reflected voltages at ports 3 and 11.

The scattering parameters are now measured from the ports of the 3D

waveguide. The electric field can be expressed as the summation of modes

E.(0,y,2)=
Ny Ly . (nﬂ(yAl+AZ/2)j (m;z'(zAlJrAl/Z)) 9.12)
Z Z Anm Sm cos
n=1,3,5m=0,1,3 w H

where N,, and N,, take the values ¥ —2 and Z —2 respectively (assuming

odd symmetric modes).

Expressing E_(0,y,z) as E_(y,z) for simplicity, multiplying both sides of

Eqn.9.12 by sin("ﬂ(J’N + A1/2)jcos(m7r(zAl +Al/2)

j and summing over
w H

the spatial and modal domains gives
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Np Ny Y-1Z-1

E(y, z) sin(

n=l m=0y=0z=0—"_

Ny Ny Y-1Z-1
SYYSS Sinz(mz'(yAi;Al/2)jcosz(m7z(zAZrAl/2)j (9.13)

nr(yAl+Al/2) cos ma(zAl+Al/2)
w H

=0
_%NmA Ylsmz n(yAl+Al/2) gcosz m7(zAl+ Al ] 2)
W H '

z=0

Setting n=1, m=0 and expressing Eqn.9.13 for the single TM;y, mode

gives

Y-

1Z-1
Z E.(y,7) sin( T(yAl+Al/ 2)]
y=0z=0"__ w

= (YAl + Al /1 2) 4
=4,y Y sin [y 21
y=0

(9.14)

Rearranging and noting the summation of the square of the Sine over one

half period for the odd symmetric order modes is Y /2, yields

Y-1Z-1
2E( )(ﬁ(w;mj
Al() = y=0z=0"" | (915)
Y/2)Z

It is seen from Eqn.9.15, the S parameters for the dominant mode can be

calculated from the TLM simulation as

~<

-1 7Z-1
FFT( > VI(0,,2) sin[(yAl+Al/2)7z/W]J

k A)"
0 2 V.
&: y}:olz 1 - kl;i ’ (©.16a)
FFT[ Ji (0, y,z)sin[(yAl+Al/2)7r/W]] LS
y=0 z:0=
Y-127-1
FFT V(X =1, y,z)sin|(yAl + AL/ 2) | W] \,
S. - y=0z=0 = _ lel
21 —

L

=2 iz . 0160)
FFT Z g 20, y,z)sin[(yAl+Al/2)7r/W]J LS
y=

0z
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The values for the passive circuit equivalence were taken as L, = 2.8 nH and
L, =2.95nH, which are known to be achievable in the TLM model [9.5].
The transmission-line formulation given in Chapter five for the 2D case is
used to compute the desired S parameters which are then compared with the
TLM S parameters and the difference vector is derived. From Eqn.9.3, the
perturbed time-reversal-mirrors for the particular solution for ports 3 and 11

arc

3,11VTRM;FD (y,z,k)'= (a)s,lleMlF: (y,z,k)+

F s (9 1 7)
(1 - a( 3,11VTRM P (y,z,k)— Z(y, 2)®| G3’11 (k) |j
where the modal distribution of the dominant mode is
P(y,z) = Siﬂ((yAl +Al/ 2)%] cos((zAl +Al/ 2)%)
: (9.18)

= sin((yAl + AZ/Z)%), n=1,m=0.

Since the field is uniform in z, the Poynting vector can be measured on any

plane (x,y) in z, in which case z = 0 was chosen for simplicity. The reverse

time-reversal-mirror from Eqn.9.4 now reads

3,11VTRMR (v,z,k) = 3,11VTRM1; (v, z,k)— 3,11VTRMZ (,2,k) - (9.19)

The waveguide parameters are W =22.86mm, L =20.05mm and
H =10.16 mm. The TLM parameters are Y =57 giving Al =0.4mm,
At=6.69¢—13s. X =50, Z=25 and N =16384. The threshold and
damping values were 7, =0.87, 7, =0.7 and a=0.4. The filter is

optimised within the bandwidth 10 —14 GHz.
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The time-reversal design begins with initial septa widths of
We =Wg, =Al=0.4mm each, the convergence of the time-reversal
process using the scalar figure of merit is shown in Figure 9-4. In this case it
is seen that the convergence is found after 5 time-reversal iterations, and
results in septa widths of Wy, =2.4mm and Wy, =2.79mm. This design
takes 9.5 hours to optimise using a 2GHz AMD processor. The S

parameters from iterations 1, 4 and 5 of the time-reversal design process are

shown in Figure 9-5.

0.6

0.55

0.5

0.45

0.4

0.35

0.3

Figure of Merit, FoM

0.25

0.2

0.15

0.1

TR Iterations, k

Figure 9-4 - Convergence of time-reversal design process of 3D 2" order band
pass filter, Al = 0.4mm, Az = 6.69¢-13s, X =50, Y =57, Z =25, L = 20.05mm, W
= 22.86mm, H = 10.16mm and N = 16384. Optimised septa widths are Wg; =

2.4mm and Wg, = 2.79mm from initial configuration of Wg5; = W, = 0.4mm.
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b)
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0.4 rreeseeees Desired "\‘ 0.1

Optimum

0 1 L 1 L 1 1 L O
11 11.5 12 125 13 13.5 14

¢) Frequency, f (GHz)

Figure 9-5 - S parameters of 3D 2"* order microwave band pass filter
optimised using time-reversal, a) initial configuration, b) iteration 4, c) final
configuration found at iteration 5. A/ = 0.4mm, A7 = 6.69e-13s, X =50, Y =57,

Z=25,L =20.05mm, W =22.86mm, H = 10.16mm and N = 16384. Optimised
septa widths are Wg; = 2.4mm and Wg, = 2.79mm.

9.3.2 Linear Dipole Antenna

This example serves to illustrate the application of the time-reversal design
process to a radiating component in free-space, as apposed to the guided

components designed so far.

A finite length linear dipole antenna is one of the simplest radiating
structures in common use [9.6]. The radiating properties and design
characteristics are already widely documented [9.6] [9.7] [9.8] and for these
reasons, is an ideal candidate to investigate the use of the time-reversal

design process with a radiating free space component.
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A wire of length /, between nodes (X/2-1,Y/2,z) and (X/2,Y/2,z) is

illustrated in Figure 9-6. The dipole will be optimised in the near field

region,

kor <<1 (9.20)

where k, =27/A1 and r is the distance to the vertical time-reversal-

mirrors.

In practical scenarios antenna systems are usually designed for use in the far
field, however due to the need for eight time-reversal-mirrors in this case, it
is not practical to increase the problem dimensions to the size necessary to

reach the far field.

XAI=L ,TRM

7.12TRM <

R YAI= W

\ 4

ZAl=H

[
»

<«— ,,TRM

=

£\

wr
~

1
FEeSE e

z N

y sTRM 3 v\\

x 5, TRM

;TRM

Figure 9-6 - Linear dipole antenna in free space, surrounded by eight time-
reversal-mirrors, dark shading shows where two mirrors are needed. A

current, I, excites the dipole from nodes (X/2-1, Y/2, Z/2) and (X/2, Y/2, Z/2).
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To excite a current in the wire, it is necessary to excite the relevant ports of

the SCN bounding with the wire as,

' AlZ
Vi(X/2-1Y/2,Z/2)=— : 0

V;(X/z,Y/z,Z/z):AlzZO,

where the magnetic field in y between the nodes is given as [9.3]

V(X I2=1,Y/2,Z/2)+V{(X/2,Y2,Z/2)
Hy=—= = ~1.
g AlIZ,

Similarly to the 2D shunt node described in Chapter three

1,=H Al

(9.21a)

(9.21b)

(9.22)

(9.23)

and hence a current of amplitude A/ is excited in the wire. Since only the

E_ field component is excited, only eight time-reversal-mirrors are required

as shown in Figure 9-6, and are defined as

3VTRM£(y’Z’k) :ﬁ(anaZ)a

4VTRM1F>(vaak) :ﬁ(an_laZ) )

—_

11VTRM£(y=Zak) = X -1y,z),

8Vnwg(x,z,k) =L8’(x,0,z),

Vi p (6, 3,8) = V7 (6,2 =1),

12VTRM1Fa(x=yak) =, V5(x,y,Z-1),

1VTRM1F:(an’ak) = N (x,»,0),
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9. 3D Time-Reversal

SVTRMi(xa ya k) = kVSr (xa yao) . (924h)

For simplicity and since the time-reversal-mirrors are within the near field,

the beam pattern of the dipole is measured from 3VTRM£ as

Virarn (Y 12,2, f)?

Zy (9.25)

D(z,f)=FFT

= FFT\Vrpar (Y /2, z,f)z}

where the desired frequency the dipole is to be optimised at is 1.95 GHz,
and Z, =1 in the normalised TLM.

In this case, the time-reversal design process is of primary interest, and so
the desired beam pattern is first measured from a forward simulation with
[ =4, using Eqn.9.25. In a practical scenario the desired beam pattern
would be based upon some initial given criteria. The perturbation difference

vector is

([0

Ad _ A . . . .
_ {D=(z, 1) 2(z,f), if within bandwidth, (9.26)

0, otherwise.

Time-reversal at a single frequency does not always converge particularly
well [9.9], for this reason the dipole is optimised within the bandwidth
1-10GHz. This is a fairly large bandwidth, in comparison to the guided
components designed so far. The time-reversal-mirrors upon walls 3, 4, 8
and 11 of the bounding computation space are perturbed as in Eqns.9.27a,b

where G is determined from the inverse Fourier transform of Eqn.9.26.
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3,11VTRMI;(yazok)': (a)s,uVTRMI;(yaZ,k) +
F ) (9.27a)
(1 - a{leTRMP (y,z,k)—| Q(Z,k) |)

4,8VTRM£ (x,z,k)'= (0!)4,8VTRM1; (x,z,k)+

. (9.27b)
(1-a) P (520~ Gl

The homogenous solution is simulated with the wire removed and the time-
reversal-mirror perturbation of Eqn.9.27 is applied with the corresponding

Eqn.9.4 to determine the reverse mirrors.

The time-reversal-mirrors at the base and top of the simulation space remain
unperturbed. The reverse simulation proceeds, identically to the guided 2D

and 3D models, with the wire treated as the metal scatterer.

In the preceding chapters, the optimised scatterer enclosed one or more
TLM nodes. In the case of the wire, the scatterer is placed between nodes.
For this reason it is more accurate to measure the Poynting vector between

nodes. The field components £, and H , between nodes are [9.3]

V;il(x_layaz)_‘_V:}i(x’y’Z)

E. =- , 9.28a
: Al ( )
_Vlil(x_17y’z)+V3i(xayaZ)
g -4 = , (9.28b)
Y AlZ,
and
P=ExH
Ge dydzl (9.29)
=0 0 E|=-a.E.H,
0 H 0

- 229 -



9. 3D Time-Reversal

The length of the dipole after time-reversal is measured from the absolute of
the Poynting vector at (X/2-1Y/2,z). H=200mm and
L=W =8Al=6.13mm. The TLM parameters are Z =261, giving
Al=0.77Tmm and Ar=128e—-12s. X =8, Y =8, and N =16384. The
dipole is excited as in Eqn.9.21, with the z coordinate at (Z —1)/2. The

threshold and damping values are 7} = 0.025, and a =0.1. The wire radius

is 0.05mm. In Figure 9-7a, the convergence of the time-reversal design
process from an initial dipole length of / =151A/ =115.71mm to a desired
length of 154 mm is shown, where the 3dB beam width is measured using
Eqn.9.25 at 1.95GHz. Theoretical analysis states the optimum 3 dB beam
width for a full wavelength dipole is approximately 48° [9.6], which
verifies the time-reversal design result. In Figure 9-7b the initial beam
pattern, and desired beam pattern are shown. Figure 9-7c shows the time-
reversal convergence in terms of the wire length. This design takes

approximately 7 hours to optimise using a 2 GHz AMD processor.
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Q
)
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3
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Figure 9-7 - Convergence of 3D time-reversal design of linear dipole antenna
optimisation. a) 3dB beam width with respect to time-reversal iteration, b)
initial and desired beam patterns, c¢) wire length with respect to time-reversal
iteration. A/ = 0.77mm, Az = 1.28e-12s, X =8,Y=8,Z =261, L =6.13mm, W =
6.13mm, H =200mm and N = 16384. The wire radius was 0.05mm.
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9. 3D Time-Reversal

The example has served to illustrate time-reversal for microwave

component design is also applicable to radiating free space components.

94  Conclusion

This chapter has extended the time-reversal method to the optimisation of
both guided and radiating 3D components. In both cases the time-reversal
optimisation converges to the optimal solution. It is observed that fewer
iterations were needed for the guided component (filter) in comparison to
the dipole antenna design. 3D time-reversal may also benefit from internal-
mirrors and the acceleration algorithms; however, this was not implemented

due to time constraints. The following chapter concludes the thesis.
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10. Conclusions

Research of electromagnetic component design methods that rely upon
numerical simulation is of high importance due to the ever increasing need
for automated design of complex components. This thesis began with a
review of the time-reversal-cavity for time-reversal component design, and
investigated problems inherent in the numerical implementation of the time-
reversal algorithm. It was shown, using both analytical analysis and
numerical computation, that a perfect numerical time-reversal model is not
possible, due to the loss of evanescent information required for accurate
reversal and the finite machine precision in the numerical scheme.
Transmission-line modelling (TLM) was used, because of its inherent
stability and electrical circuit equivalence which allowed for a simple
derivation of the time-reversal-cavity, although it is expected that the same
finite limitations will occur in all numerical schemes. The primary objective
of this investigation was to prove the assumptions made for forward time
models, for instance ‘computation until steady state gives reasonable
accuracy’, do not necessarily hold for time-reversal due to the
aforementioned limitations and as such it is necessary to understand the

properties of time-reversal to successfully use the method.
The thesis demonstrated that it is necessary to ensure the field has been

sufficiently sampled at the time-reversal-mirror before the forward phase is

truncated. It was seen that, when the forward phase was heavily truncated,
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the resolution of the time-reversal algorithm is impacted, hindering the

characterisation of sources or scatterers.

Further, the effect of evanescent modal loss combined with the finite
machine precision in lossless materials was shown to significantly impact
the spatial resolution of the time-reversed source/scatterer. The successful
development of internal-time-reversal-mirrors was shown to greatly
improve the application of the time-reversal-cavity when used for
component design and optimisation. As a result of this work, a higher order
microwave band-pass filter, that was previously not possible to design using
the traditional time-reversal-cavity, was successfully optimised with the
addition of the internal-time-reversal-mirrors. The problem of conductive
loss was briefly examined and it was shown that the performance of lossy

materials with time-reversal is predictable.

The time-reversal-cavity approach to component design is heavily resource
and time intensive. The memory requirement of the method was also seen as
a limiting factor in the early work of Forest and Hoefer [10.1]. The thesis
proposed to limit the memory of the time-reversal-cavity, through a
selection of novel techniques. Linear interpolation, both spatial and
temporal, was shown to be suitable for low interpolation values, typically
saving around 10% of the memory, although the method is applicable to
any component structure. If the modal content of the component is known,
the memory requirements of the time-reversal-cavity can be reduced by only
storing those modes known to exist, and resulted in memory reductions of

15-37%.

The derivation of linear acceleration methods for use with time-reversal to
accelerate the convergence of the design procedure was demonstrated in
Chapter seven. Stationary point successive over relaxation was shown as the
simplest implementation, requiring only a single additional variable for

application to time-reversal. The method resulted in considerable
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computational reduction for all test cases of around 18 — 25 %. Further, non-
stationary or Krylov subspace linear solvers, in particular conjugate
gradients (CG) and generalised minimal residual (GMRES) were shown to
be suitable for time-reversal, and their application to the example case
studies resulted in convergence acceleration of around 27 —55 %. Overall it
was seen the CG method gave the most improved acceleration for the
simple 2D sample demonstrations, although with more complex
components, for example the third order filter, the GMRES solver performs
better as expected and achieves convergence with a reduction of 42 %, or

5.5 hours on the 2 GHz processor.

The research focused mainly upon the 2D time-reversal-cavity. The bend
was the easiest to design using time-reversal, since only a single variable,
the post displacement, was optimised. This also allowed the analysis of the
effect the starting position has on the convergence of the time-reversal

design process.

In Chapter five, the spatial sampling of the numerical scheme used for the
time-reversal implementation was shown to impact the design convergence.
For the example of the directional coupler, a coarser spatial sampling was
seen to cause oscillation at convergence. The oscillation was removed by

increasing the spatial sampling.

In Chapter nine the 3D form of the time-reversal-cavity for use with the
TLM method was derived, and its application to a waveguide filter, and
dipole antenna optimisation was shown. In particular, the application of the
time-reversal-cavity to the dipole antenna was shown to demonstrate the

design of a radiating component in free space using the time-reversal-cavity.

10.1 Future Research

The primary investigation of the thesis was the accurate analysis of time-

reversal methods when used at electromagnetic frequencies, and in
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particular, development of the method for use as a component design and
optimisation algorithm. In the process of achieving these goals, the case
studies selected used lossless, linear, isotropic materials, to minimise the
complexity and focus upon the properties of the time-reversal process.
However, many microwave applications incorporate dielectric materials. In
[10.2] imaging wusing time-reversal and dielectric materials was

demonstrated.

The design of components with dielectric scatterers is more complex. The
process of Chapter five is equally applied to determine the dimensions of a
scatterer, however further investigation should be completed as to accurately
calculate the dielectric permittivity of the material using time-reversal.
Similarly further investigation of lossy materials is needed to determine

their practicality for numerical time-reversal due to the instability created.

Scalability of the method from 2D to 3D was successfully demonstrated in
Chapter nine. The acceleration and internal mirrors for 2D components
should perform equally for 3D. A parallel implementation of the time-
reversal algorithm would greatly accelerate the runtime. This could be done

simply by parallelising the TLM nodes.

The time-reversal component design procedure is a valuable development
tool, often leading to non-intuitive component configurations. With the
improvements developed in the thesis, the method is more suited for use as

an automated design procedure for complex electromagnetic components.
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