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Abstract

Kristoffer A. Fedick. Adaptive Steady-State Analysis of Circuits Using Wavelets (Under the Su-

pervision of Dr. Carlos Christoffersen).

This thesis presents research into utilizing the sparse representations of waveforms that are possible
in the wavelet domain to increase the computational efficiency of the steady-state analysis of electric
circuits. The system of non-linear equations that represent the circuits are formulated in the wavelet
domain and solved using Newton-Raphson method. Factoring the Jacobian matrix each iteration is a
major contributor to the computational time required for solving the circuit equations with Newton-
Raphson method. This research aims to reduce the computational time of factoring the Jacobian matrix

and has led to the following contributions:

1. A study on the effect of wavelet selection on the sparsity of the Jacobian matrix and nodal variable
vectors: Results show that there is no one wavelet that provides the sparsest Jacobian matrices
in every case but the Haar wavelet tends to be a good choice if Jacobian matrix sparsity is a
concern. However, the time domain provides sparser Jacobian matrices than all of the wavelets
tested. Selection of a wavelet to provide the sparsest nodal variable vectors is much more difficult

and no one wavelet stood out as providing sparser vectors than the others.

2. A method for increasing the sparsity of the Jacobian matrix via removal of low amplitude en-
tries: The threshold to determine which elements to remove is adaptively controlled during the
simulation. Results show that there can be a significant decrease in Jacobian matrix density with
adaptive thresholding but the Haar wavelet tends to provide the sparsest matrices with the test
cases. The results show that adaptive Jacobian matrix thresholding can lead to a speedup over the
non-thresholded wavelet domain steady-state analysis. In some cases, this speedup was enough to
lead to a speedup over the time domain when the non-thresholded simulations ran slower than the

time domain.
3. Two new methods that reduce the problem size by taking advantage of the sparse representations

ii



that are possible with the nodal variable vectors in the wavelet domain: A unique feature of one
of these methods is that it allows for the automatic selection of a wavelet for each nodal variable.
Results show a speedup over wavelet domain steady-state analysis for some test cases. There were
some test cases where there was a slowdown compared to wavelet domain steady-state analysis
which was caused by the computational overhead associated with these methods. With one circuit,
the number of columns in the Jacobian matrix was not reduced for most iterations. More work is
required to determine if this is due to the method used to select columns from the Jacobian matrix,
the method used to control the error introduced into the update vectors by the column reduction

method, or if there are some problems that cannot benefit from the column reduction method.
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J(¥7) - The time domain Jacobian matrix at iteration j.
J(®) - The wavelet domain Jacobian matrix at iteration j.
J(®)gs - The entry in J(#7) located at column [ of row k.
Ja - A Jacobian matrix made up of columns selected from J(#’) that are indexed by Sa.
Joan - A Jacobian matrix made up of columns from J(#7) that are not indexed by Sa.
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Wavelet domain Jacobian matrix with all elements with amplitudes below h set to
0.

The maximum number of translations possible at the j** scale of a wavelet
transform.

A coefficient row vector of dimension 2+ + 1 using the Chebyshev polynomial
wavelet basis.

A matrix of coefficient vectors with each row composed of KZT forall 0 <7 < N.
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A space of functions with absolute values that are square integrable.

Inductance in Henrys.

The lower triangular (for n, = n.) or lower trapezoidal (for n, > n.) factor matrix
found during LU factorization.

An M x M matrix that represents the inductances of an inductor at each of the M
time samples.

An NM x m lower trapezoidal matrix which results from the LU decomposition of
an NM x m matrix with m < NM.

The upper portion of the partitioned L. This is an m x m lower triangular matrix.
The lower portion of the partitioned L. This is an (NM — m) X m matrix.

The number of non-zero elements in A%+,

The aliasing integer used with the spectral differentiation method.

Number of samples (time domain) or coefficients (wavelet domain) per nodal
variable in a given circuit.

The number of wavelet coefficients used with the spline wavelets for the
Petrov-Galerkin formulation.

Number of columns.
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A selected numerical noise tolerance.

Number of nodal variables in a given circuit.

A multiplier representing the difference between number of rows and number of

Ny

columns in matrix A. p = >
c

A permutation matrix used to sort the rows of a matrix..
The approximation of f(t) that using ¢(t);.
The approximation of f(t) that using 1 (t);.
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The scaling function of the Haar wavelet.

The j*" scaled function of ¢(t).

The deconstruction wavelet scaling function (biorthogonal wavelets).

The k' translation at the j** scale of ¢(t).

The n'® sample of ¢(t);,  once it is discretized into M samples.

The reconstruction wavelet scaling function (biorthogonal wavelets).

Wavelet domain circuit function used with Newton method when solving for ;.
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wavelet formulation.
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The transformed derivative matrix. This is used with the Chebyshev wavelet
formulation.
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A vector of nodal voltage dependent time domain sample charges for each node.
A vector of nodal voltage dependent time domain sample charges for each node for
iteration j.

An M x M matrix that performs the integration operation on a vector with M
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Qg,l - An M x M matrix that performs the differentiation operation on a vector with M

samples.

Qs - A column permutation matrix used to sort the columns in a matrix.

Qp - Wavelet domain version of Qp using the Haar wavelet.

;11 - Wavelet domain version of Q]_Bl using the Haar wavelet.

romp - A residual that is minimized during orthogonal matching pursuit when determining

TOMP-

rio1 - Relative tolerance.

Ry, - An M x M matrix that represents the resistances of a resistor at each of the M

time samples.

Rps - Error that results from using the 2 point forward differences derivative estimate.
Rpy - Error that results from using the 4 point forward differences derivative estimate.
Rpo - Error that results from using the 2 point backward differences derivative estimate.
Rps - Error that results from using the 4 point backward differences derivative estimate.
Rco - Error that results from using the 2 point central differences derivative estimate.
Rcys - Error that results from using the 4 point central differences derivative estimate.
s(t) - A vector of nodal source currents.

Ss - A vector of independent sources arranged so all nodal variables for a given sample

are grouped together (nodal variables per sample).

s - A vector of time domain sample nodal source currents.
51 - A column vector with (2”1 + 1) N entries all equal to zero.
S9 - The lower portion of the wavelet domain source vector s(t) using the Chebyshev

wavelet formulation.
Sg - Also known as the support of A#/T!. This is a list of the positions of all non-zero
entries in A9/t
SZ - Also known as the support of /. This is a list of the positions of all non-zero
entries in 9.
SItE ~ Also known as the support of %711, This is a list of the positions of all non-zero
entries in &/,
T - The period of z(t).
T. - SSWA calculation time.

Til_) - The time taken to calculate Aw/t! each iteration.

Tiﬁ - The time taken to calculate A971! each iteration.
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HRCSSWA calculation time.
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RCSSWA calculation time.

RCSSWA overhead time.

The automatically calculated tolerance used with € to adjust threshold h.
The time taken to calculate A'f)jAﬂ each iteration with the reduced column
Jacobian.

The time taken to calculate Aﬁj:l each iteration with the reduced column
Jacobian.

The frequency domain representation of x(t).

The frequency domain coefficients of z.

The p*™" frequency domain coefficient of .

The upper triangular factor matrix found during LU factorization.

A vector with NM elements all set to 1.

A vector with NM elements all set to 1.

An m x m upper triangular matrix which results from the LU decomposition of an
NM x m matrix with m < NM.

A vector of nodal voltages.

An approximation of v(t) using a spline wavelet.

The nodal voltage waveform for node .

The sample voltages of the discretized nodal variable voltage waveforms for node k
(time domain).

The sample voltage for sample [ of node k (time domain).

An NM element vector of nodal variables (nodal voltages, branch currents,
inductor fluxes, capacitor charges, etc.) arranged so that all nodal variables for a
given sample are grouped together (nodal variables per sample).

Scaling coefficient k of .

Wavelet coefficient k for resolution j of ©.

Wavelet domain resistor current.

Wavelet domain inductor current.

Wavelet domain initial capacitor voltage.

Wavelet domain capacitor voltage.
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The discretized time domain nodal variable voltage waveforms arranged as sample
voltages for each node.

The discretized time domain nodal variable voltage waveforms arranged as sample
voltages for each node for iteration j.

The wavelet domain nodal variable vector at iteration j.

Element [ in 9.

Element [ in 71!,

Wavelet domain scaling subspace j.

A matrix that performs a wavelet transform on a vector.

A matrix that performs an inverse wavelet transform on a vector.

The reconstruction matrix used with biorthogonal wavelets.

An NM x NM matrix that performs the wavelet transform on 7. This matrix
assumes that the vector is arranged so that all nodal variables for a given sample
are grouped together (nodal variables per sample).

An NM x NM matrix that performs the inverse wavelet transform on a vector.
This matrix assumes that the vector is arranged so that all nodal variables for a
given sample are grouped together (nodal variables per sample).

Iy ® W. The Kronecker product of Iy and W.

In @ WL, The Kronecker product of Iy and W1,

A matrix formed using columns from W ™! that are indexed by set Sfl.

A matrix formed using columns from W ™! that are not indexed by set SKFI.

A matrix copy of W1 with all entries in the columns that are not indexed by Si“
set to zero.

A matrix copy of W~! with all entries in the columns that are indexed by SKFI set
to zero.

Wavelet domain wavelet subspace j.

Vector of unknowns in an equation of the form Ax = d.

The sparse representation of foasp which is determined with orthogonal matching
pursuit.

Generic function in time (¢) used to describe the derivative methods.

Derivative of the generic function in time (¢) used to describe the derivative
methods.

The first order derivative of z(t) with respect to ;.
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Chapter 1

Introduction

For many years, numerical simulation has provided an important tool for the design and testing of
circuits. The ability to project the most likely behaviour of a circuit can save much of the time spent
in the design stage by allowing designers to not only determine if but also how well their circuits will
work before constructing a physical device. Many of the early circuit simulators were proprietary and
developed by companies with government contracts. As a result, these simulations were required to
have the ability to evaluate the radiation hardness of any given circuit [1]. Then, in 1971, a circuit
simulator that utilized a sparse matrix solver was developed. This simulator; called Computer Analysis
of Nonlinear Circuits, Excluding Radiation (CANCER)[2]; was capable of simulating circuits that were
much larger than previous programs could handle[1, 2]. This program was redeveloped by Nagel during
his doctoral studies under Don Pederson and re-named Simulation Program with Integrated Circuit
Emphasis (SPICE) [1]. SPICE, unlike its predecessor, is an open source program distributed under the
BSD (Berkeley Source Distribution) license [1, 3] and has become widely used and has spawned many
more programs, both proprietary (e.g. Multisim and LTSpice) and free to use (e.g. Ngspice distributed
under the modified BSD license)'!.

Circuit simulators often are designed to provide multiple types of analysis methods to meet designers
needs. The selection of the analysis type is dependent on what characteristics the designer wants to
test as well as how quickly and accurately the solution should be found [4, 5]. If the DC operating
point for the circuit is desired then a DC analysis could be run or if the response of a circuit to a given
input or change in input is desired then a transient analysis is run. Transient analysis is a very accurate
simulation method. It can be used to estimate a circuits behavioural characteristics (such as slew rate or

cutoff frequency) as well as its response to a given set of inputs. However, transient analysis is inefficient

I'The BSD license and modified BSD license allow the use of the code with extremely limited restrictions. For more

information, see: https://www.freebsd.org/doc/en_US.ISO8859-1/articles/bsdl-gpl/article.html



for the steady-state simulation of circuits that have very long transient responses compared to the period
of the input waveforms [4-7].

Circuit simulator performance has been an issue since the first days of simulators. Early computers had
limited computational and storage resources which imposed restrictions on both the size and complexity
of the circuits that could be simulated. As computer technology advanced, the size and complexity
restrictions relaxed, however, these restrictions remained, and likely will remain, important factors when
designing circuit simulators. Large and more complex circuits can be simulated by modern computers
but, the larger and more complex the circuit, the more time it will take to simulate and the higher
the resource drain on the simulating system. Therefore, it is necessary to keep efficiency in mind when
designing simulators.

One method of performing steady-state analysis involves dividing the time period of interest into
discrete samples, forming a system of circuit equations that allows for all of the samples to be calculated
simultaneously, and solving the system of equations using Newton-Raphson method. Each iteration
of Newton-Raphson method requires the formation of a Jacobian matrix which represents a system of
equations that has to be solved every iteration. The size of the Jacobian matrix increases significantly as
the number of elements in the circuit or the number of samples in the time period of interest is increased!.
If the Jacobian matrix is sparse, taking advantage of sparse matrix storage formats and sparse algorithms
can significantly reduce the memory and computational requirements of storage and processing of the
Jacobian matrix. This makes Jacobian sparsity an important factor to consider when preparing a circuit

simulation.

1.1 Motivation

In recent years, wavelets have been proposed as a possible way to reduce the memory and computa-
tional requirements of storage and processing of the Jacobian matrix. This is achieved by taking advantage
of the ability of wavelets to sparsely represent a given waveform. These methods work by either reducing
the size of the problem (and Jacobian matrix) [8-15] or reducing the number of non-zero elements in the
Jacobian matrix [16, 17].

Studies that focused on reducing the size of the Jacobian matrix utilized wavelets that were specifically
designed to allow for the circuit equations to be formulated to reduce the number of unknowns to calculate.
These methods were successful in reducing the size of the problem but they relied on properties of the

wavelets they were designed to use and, as such, cannot be used with other wavelets. Since there are

IThe Jacobian matrix has (#nodes x 5éésamples)2 elements. Adding elements will not necessarily increase the number of
nodes by a large factor but increasing the resolution of the nodal variable waveforms could have a significant effect on the

number of samples and, therefore, the number of elements in the Jacobian matrix.



many possible wavelets to choose from, a method that can take advantage of any wavelet basis would
be beneficial since it allows for any wavelet basis that exists, or may be developed in the future, to be
utilized.

Studies focused on reducing the non-zero elements in the Jacobian matrix operate by setting low
amplitude elements from the Jacobian matrix to zero (i.e. thresholding the Jacobian matrix). The
threshold is selected before the simulation begins and is performed on the matrix that is used for handling
frequency defined components. This method is successful in reducing Jacobian matrix density because
the matrix used for handling frequency defined components is a major contributor to the density of the
Jacobian matrix. However, this method can lead to an error between the results of the thresholded

simulation and a simulation without thresholding if the threshold is too high.

The goal of this research is to develop methods that increase the efficiency of wavelet domain steady-
state analysis of electrical circuits with Newton-Raphson method by reducing the number of non-zero
elements in the Jacobian matrix and/or reducing the size of the Jacobian matrix which can be used with

any wavelet basis.

1.2 Contribution

The purpose of this research is to develop and explore methods for using wavelets to increase the
efficiency of calculating the Newton-Raphson update vector when performing steady-state analysis that

can be utilized with any wavelet basis. Achieving this purpose resulted in the following developments:

1. A study was performed utilizing many wavelets selected from common wavelet families to determine
the effect these wavelets have on the sparisty of the Jacobian matrix and nodal variable waveforms.
This study was published in [18] and is further expanded in Chapter 4 by allowing for the sparse
matrix pre-ordering determined on the first iteration of the simulation to be re-used every subsequent

iteration.

2. A method for thresholding the Jacobian matrix at each iteration of Newton-Raphson method was
developed and tested. This method utilizes an automatically controlled threshold that was based

on minimizing the error introduced into the Newton-Raphson updates.

3. Methods for reducing the number of columns from the Jacobian matrix that are utilized in calcu-
lating the Newton-Raphson updates each iteration were developed and tested. One method utilizes
a single selected wavelet basis during simulation while the other adaptively selects wavelets each

iteration for each nodal variable waveform.



1.3 Methodology and Technical Challenges

Since there are many potential wavelets to choose from, it is natural to ask: Which wavelet should
be used? It is useful to be able to utilize any desired wavelet for an analysis but, when Jacobian matrix
and nodal variable vector sparsity is a requirement, it would be counter intuitive to utilize a wavelet that
does not provide sparse vectors/Jacobian matrices. Studies to determine the wavelet that provides the
sparsest representations of waveforms have been performed for many tasks [19-23]. However, a study
comparing many different wavelets to determine the sparsest wavelet for steady-state analysis was not
found in the literature. For this reason, a study on wavelets selected from common wavelet families was
necessary to determine which wavelet, if any, provides the greatest sparsity Jacobian matrices and nodal
waveform vectors. The study, which was published in [18], also explores the effect of thresholding on

wavelet domain Jacobian matrix sparsity. This thresholding method was developed to address two issues:

1. How to threshold the Jacobian matrix without introducing error into the final result: This problem
was solved by thresholding the Jacobian matrix each iteration of Newton-Raphson method. Any
error introduced into the Newton-Raphson update vector is corrected for at a later iteration and

there is negligible error introduced into the final result of the simulation.

2. The optimal threshold for one circuit may not be optimum for any other circuit. Additionally,
the optimum threshold may change as Newton-Raphson method converges: To address this issue,
the threshold is automatically adjusted based on the amount of error introduced into the Newton-

Raphson update vector.

The results show the wavelets that provided the highest reduction in Jacobian density with thresholding
were wavelets with a higher number of vanishing moments. The Haar wavelet provided the sparsest
Jacobian matrices for most cases both with and without thresholding. However, the time domain Jacobian
matrices tend to be sparser than the wavelet domain, even when adaptive thresholding is applied. The
simulations in this study did not re-use the sparse matrix pre-ordering and this ordering was re-calculated
each iteration. To explore the case where the sparse matrix pre-ordering is re-used, the results presented
in Chapter 4 were produced by re-using the sparse matrix pre-ordering from the first iteration for the
entire simulation.

One of the useful features of wavelets is that they provide sparser representations of waveforms than
the time domain. Therefore, a method that takes advantage of the sparsity of the nodal variable vectors
was developed and explored. This new method, by design, can be used with any wavelet basis and operates
by reducing the columns in the Jacobian matrix used to calculate an estimate of the Newton-Raphson

update vectors. This required the development of a method for selecting the columns to be utilized in the



calculation of the update vectors each iteration. Simulation results with the column reduction method
show that, although it is possible to achieve a reduction in the number of Jacobian matrix columns each
iteration, there is no one wavelet that provides the greatest reduction in Jacobian matrix columns for all
cases. Additionally, the optimum wavelet for the column reduction is not easy to select in advance. This
made it necessary to develop a method to automatically select an appropriate wavelet. This led to the

following developments:

1. The equations were re-formulated in a way that enabled the selection of the Jacobian matrix columns
for any selected wavelet without first forming the wavelet domain Jacobian matrix. This makes it
possible to select the wavelet that will be expected to provide the sparsest nodal variable vectors

without forming multiple wavelet domain Jacobian matrices.

2. Another useful feature of the re-formulated equations is that it is possible to form the Jacobian
matrix with far fewer operations. The Jacobian matrix is normally formed in the time domain and
then converted to the wavelet domain with pre-multiplication by a forward wavelet transform matrix
and post multiplication by an inverse wavelet transform matrix. With the re-formulated equations,
the pre-multiplication with the forward wavelet transform matrix is removed and only the selected
columns of the inverse wavelet transform matrix are used. The result is a significant reduction in

number of operations required to form the wavelet domain Jacobian matrix.

3. Since a wavelet that provides the sparsest nodal variable vector for one node may not necessarily
provide the sparsest nodal variable vector for another, a method that can select a wavelet for each
node was developed. This is possible because it is not necessary to form the wavelet domain Jacobian
matrix until after wavelet selection. To this researchers knowledge, adaptive selection of wavelets
for each nodal variable has not been done anywhere in the literature as of the time of the writing

of this thesis.

Simulation results show that the column reduction algorithms lead to a slowdown in simulation times over
wavelet domain steady-state analysis with the wavelets that led to the fastest simulation times in some
cases. However, the simulation times of the method that adaptively selects wavelets for each nodal variable
exhibited times that were faster than wavelet domain steady-state analysis simulations with some of the
selected test wavelets. Additionally, results with the wavelet domain steady-state analysis simulations
show that it is difficult to determine in advance which wavelet will provide the greatest simulation speeds.
Thus, the adaptive wavelet selection method can be utilized in cases where the optimum wavelet choice
is not known at the cost of a small slowdown in simulation speed compared to wavelet domain steady-

state analysis with the optimum choice of wavelet. There is one test circuit where the column reduction



methods do not cause a reduction in columns in some of the tests. This problem, which is one focus of
ongoing research, could potentially be overcome by improving the method for selection of columns from
the Jacobian matrix and/or improving the method used to control the error introduced into the update
vectors when the reduced column Jacobian matrix is used.

The rest of this thesis is organized as follows: Chapter 2 presents a discussion on how the circuit
equations are formulated for various components along with a brief description of the time domain steady-
state analysis and wavelet domain steady-state analysis methods used in this thesis; Chapter 3 presents
a literature review on topics pertaining to the research for this thesis; Chapter 4 presents the results of
simulations with the adaptive Jacobian matrix thresholding method and the study on the effect of wavelet
selection on Jacobian matrix and nodal variable vector sparsity; Chapter 5 presents the two methods for
reducing the average number of columns in the Jacobian matrix along with the results of experimentation
with five electrical circuits with some selected wavelets; Chapter 6 concludes this thesis with a summary
of the the results of the Jacobian thresholding and column reduction methods along with a discussion
of some future avenues for continuing this research. Also included is an Appendix that provides extra

details on the derivative estimation methods used in the two studies.



Chapter 2

Background Concepts

This chapter begins with a discussion of the formulation of the circuit equations using nodal analysis and
how they are used for time domain periodic steady-state analysis with Newton-Raphson method. Next, a
brief introduction to wavelets, how the wavelet transform matrix is included in the circuit equations , and
how the time domain periodic steady-state analysis is extended to be performed in the wavelet domain.
The chapter ends with a brief introduction to dense and sparse LU factorization and the UMFPack
algorithm used in this research for LU factorization. By the end of this chapter, the reader will have
an understanding of the periodic steady-state formulation used in this research, what wavelets are and
how to include them in the steady-state formulation, and a general idea of how the LU factorization is

performed on dense and sparse matrices.

2.1 Nodal Formulation

In order to simulate a circuit, it is necessary to model that circuit mathematically. The circuits in this
thesis are modelled using nodal analysis [24-26]. There are many ways that the nodal analysis can be
formulated. For example, one could create a vector of all voltages and currents in the circuit and create
a matrix, known as a tableau matrix, that represents the nodal equations of the circuit [24]. However,
including both voltages and currents in the formulation will lead to a very large matrix and it is often
more convenient to select either current or voltages.

The equations in this document are formulated for lumped linear/non-linear and distributed circuit
elements using the nodal voltages. This is done by using Kirchoff’s current law (KCL), where all the
currents entering a node are equal to all the currents leaving the node (ipy: = iip), to form a matrix of
nodal admittances for each element connected to each node and a vector of nodal voltages which are used
to calculate a vector of currents flowing into each node. For example, consider the circuit in Figure 2.1a.

The circuit equation can be written as:

Gu(t) = s(t), (2.1)
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Figure 2.1: Simple resistive network (a) and simple RC network (b)

where G is known as the nodal admittance matrix, v(t) is a vector of nodal voltages, and s(t) is the vector
of nodal source currents.

However, circuits are usually much more complex than the simple resistive network of Figure 2.1a.
Circuits with capacitors, inductors, voltage sources, and voltage controlled elements such as diodes and
transistors are often simulated and increase the complexity of the system of equations.

. . . . . . . . dou(t
Capacitors are included by simply applying KCL with the capacitor current equation: icqp(t) = ¢ z& ),

where ¢ is the capacitance in Farads. For example, if we change the resistor connected between node B
and ground in Figure 2.1a to a capacitor (Figure 2.1b) the circuit equation becomes:

Gult) + C%v(t} . (2.2)

where C' is a matrix of nodal capacitances.

Many elements, such as inductors and voltage sources can be modelled using special elements called
gyrators [24, 27, 28]. A gyrator is made up of two current sources (Figure 2.2a), each related to the
voltage at the opposite side of the device with a gyrator constant g which can have any non-negative
value. Replacing the voltage source in Figure 2.3a with the ideal voltage source shown in Figure 2.2b
converts a voltage source into a current source. The new circuit would look like Figure 2.3b and a new set
of terms will be included in the G matrix and s(t) vector. The value of g is selected to keep the gyrator
current on a similar order of magnitude as the other branch currents.

An inductor can be built from a gyrator and a capacitor (Figure 2.2c) [24, 27, 28]. This is made
possible by relating the inductor voltage (v1(t) on the left hand side) with the capacitor current (gv;(t)
on the right hand side)

o = gvl(t):C'dU;t(t), (2.3)
_,din(?)
vy, = L dt (2.4)
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Figure 2.2: Gyrator and gyrator devices. (a) A simple gyrator, (b) an ideal voltage source, and (c) an

inductor made from a gyrator and a capacitor. Note: v;,(t) is the voltage of the ideal voltage source.

Substituting vy, = v1(t) and ir(t) = gva(t) into Equation (2.4) results in:

u() = o220,
d’l)g(t) o vl(t)
d gL’ (25)

where L is the inductance in Henrys of the inductor. Combining Equation (2.3) with Equation (2.5)
provides the relation between the inductance of the original inductor and the capacitance of the substituted

capacitor in Figure 2.2c:

()
gvl(t) - gLv
C = Lg* (2.6)

The value for g that is utilized for the conversion of source voltages into source currents is utilized for
the inductor gyrators.

Diodes and transistors can be modelled by combining resistors, capacitors, and current sources. Diodes
and transistors also require a voltage dependent set of equations. These equations can be substituted into
the models by replacing the elements with functions that describe the characteristics of the device [26].
For example, consider the diode circuit model from Figure 2.4.

The current source i1(v;,(t)) and the charge over the capacitor are dependent on the input voltage. The

circuit equation is given by:

, d
Go(t) +i(v(t)) + a(v(t) = (), (2.7)
which, when considering circuits with RLC elements as well as diodes and transistors, results in:
d d
Gu(t) + C%v(t) +i(v(t)) + iq(v(t)) = s(t). (2.8)

9
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Figure 2.3: Simple resistive circuit with a voltage source. (a) Symbolic representation and (b) Gyrator

T

ideal source.

Where i(v(t)) is a vector of voltage dependent nodal currents and ¢(v(t)) is a vector of voltage dependent
nodal charges.

Equation (2.8) is sufficient for describing most circuits. However, there are some cases where the
characteristics of a device are only known from its measured linear frequency domain response’. In this
thesis, admittance or Y-parameters are utilized to describe the linear frequency-defined components!! and

are included in the circuit equations with a convolution operation:

Gu(t) + C%v(t) +i(v(t)) + %q(v(t)) + /OO Y(t —1)v(r)dr = s(t), (2.9)

where [* T (t —7)v(7)dr is the convolution of the time domain impulse response of the linear frequency
defined components, Y'(t), measured as Y-parameters and the time domain voltage vectors for each node.
The above approach is a basic introduction to the formulation used by the Cardoon simulator [29]. This
design approach was utilized for the simulator so the analysis code only has to deal with three types of
elementary devices: voltage-controlled current sources, voltage-controlled charge sources, and independent
current sources. Since the Cardoon simulator is used in this thesis to test the proposed wavelet domain
steady-state analysis methods, the circuit equations in this thesis are formulated using the same approach.
The proposed analysis methods in this thesis operate on the Jacobian matrix after the circuit equations

are formulated and, as such, will work with other approaches to formulating the circuit equations.

"For example, scattering or S-parameters can be used for transmission lines [25]

Measured S-parameters are converted into Y-parameters.
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Figure 2.4: Simple Diode circuit model with a voltage controlled current source and a voltage dependent

capacitor.

2.2 Periodic Steady-State Time Domain (SSTD)

The periodic steady-state solution is obtained by finding a solution for Equation (2.9) that also satisfies

the two-point boundary constraint:

v(T) —v(0) = 0. (2.10)

In other words, v(t) should be a solution that satisfies Equation (2.9) and the value of v(¢) at the end of
the time period (time ¢ = T') should be the same as the value of v(¢) at the beginning of the time period
(t = 0). The most commonly used method for finding v(¢) is the Newton-Raphson method [4], or Newton
method, which is used as the solver for this thesis.

The v(t) vector represents the voltages at each node in the circuit which are the variables being
calculated by the simulator. When working with time domain steady-state analysis, the nodal voltages
are discretized into time samples that each need to be calculated!. This requires Equation (2.9) to be
modified to account for each of the time samples and can be done by simply including each sample
voltage at each node in the voltage vector which leads to two methods of organization: Nodal voltages
per sample, and sample voltages per node. For this thesis, sample voltages per node is used and the
vectors are structured as shown in Equation (2.11) where N is the number of nodal variables, M is the
number of samples for each nodal variable!!, the bar indicates a vector that is in the time domain, a

bold symbol indicates a vector of samples for all nodal variables, a single subscript indicates a vector of

"For the wavelet domain, the waveform is discretized into its wavelet coefficients.

UFor this thesis, M and T are known and selected in advance. T is determined by the period of the external sources in
this thesis and M is selected as the minimum number of samples required to fully describe the output waveforms with no

noticeable sampling error.
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samples for a single nodal variable, and the second subscript indicates an individual sample for the nodal
variable indicated by the first subscript. A single subscript on a bold symbol (e.g. ©;), unless otherwise

stated, indicates a specific element within the entire vector.

U1,1

V1,2
U1,M
U1 (t) 1

u(t) = U2.(t) — = 1_{2 = (2.11)

V2,2

Vo, M

UN(t) UN

UN,1

UN,2

UN,M
The matrices in Equation (2.9) can be extended to support this organization by using Kronecker
products [4] with an identity matrix:

(I ®G)o + (Iny @ O) %m&(ﬁ) + %q(ﬁ) +IN®@F Y [IN®F]5—-5=0, (2.12)

where G is the N x N nodal admittance matrix, C is the N x N nodal capacitance matrix, F and F
are M x M matrices that perform the forward and reverse Fourier transform respectively, Y represents
the contributions of linear frequency-defined devices and has a dense! M x M block for each node of the
circuit that is connected to a frequency-defined device [17], 4(%) is an N M vector of samples of non-linear
voltage dependent currents, (o) is an NM vector of samples of non-linear voltage dependent charges,
5 is an NM vector of independent current sources, Iy is an N x N identity matrix, Ips is an M x M
identity matrix, and 0 is an NM vector with all entries set to 0.

Since convolution is equivalent to multiplication in the frequency domain, the voltage vector v is
converted into the frequency domain so Y can be applied via multiplication and the result is converted

back into the time domain. For simplicity, Equation (2.12) can also be written as:

Go + CD®% +i(0) + Dg(v) + F'YF5—5=0, (2.13)

INon-sparse.
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where G =1, G, C =1y QC, F=InRF, Fl= In ® F~!, and D = Iy ® D where D is a matrix
that performs the derivative operation % (see Appendix A).

The number of time samples has a significant effect on the size of the system of equations given
in Equation (2.13). The number of time samples depends on the efficiency of the technique used to
solve the problem as well as the nature of the signals that are exciting the circuit. For example, if a
high frequency and low frequency signal are being simulated, such as the high frequency carrier and low
frequency envelope of an amplitude modulated signal, then the time between samples must be very small
to accurately describe the high frequency carrier which results in the need for many time samples to show
the low frequency envelope [30-34].

The SSTD method is a simple approach in that it solves Equation (2.13) directly in the time domain.

Each iteration of Newton method begins with the calculation of :

f(@) = Gv’' + CD¥ +i(v’) + Dq(¥’) + F 'Y Fo' — 5, (2.14)

where #/ is the estimate of ¥ at iteration j, 4(9/) is i(¥) evaluated at ©/, and g(9’) is q(¥) evaluated at

©7. The Jacobian matrix is then found by taking the derivative of Equation (2.14) with respect to ¥7:

Fo(v) = J(@) = G+CD+Jr+DJg (2.15)
J - [82(3) ) 68@;)} (2.16)
= 0q(v7)  Og(v? o0g(v’

Jo - [ a0 uE) gigv)}’ (2.17)

and the Newton update equation for iteration j is:
J@) AT = — f(&7), (2.18)

2.3 Wavelet Domain (WD)

Wavelets are specially designed functions that are useful for signal and image processing [35-38]. Like
sinusoidal functions with the Fourier transform, these functions are used to represent functions in what
is known as the wavelet domain. However, unlike sinusoidal functions (Fourier basis), wavelets represent
information at different resolutions which are matched to their scale. The result is a tool that allows for
information to be broken down, analyzed, and/or processed at different scales or resolutions with a choice
of many different basis functions (unlike the Fourier basis which only has one). The ability to represent
the signals at different resolutions is known as multiresolution analysis and is an important feature of
wavelets.

This section will provide a brief introduction to wavelets. Since the focus of this research is with
discrete periodic waveforms, the discussion on the wavelet transform will focus on utilizing wavelets for

discrete periodic functions.Multiresolution representations of a function
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There are potentially an infinite number of possible basis functions that could be used (including
the Fourier basis), however, most of them do not have the special property of being localized in both
frequency and time [39]. These basis functions are also designed such that they can be used to form a
multiresolution analysis of other functions [35, 40].

Multiresolution analysis is used to represent a given function, f(t), at various levels of resolution

[35, 40]. This is achieved by expanding the function in terms of scaling functions,

1 t— 27k
o(t)jn = V€y¢>( 5 >, (2.19)

which are scaled (dilated) by adjusting j and translated by adjusting k to provide approximations of the

original function at different levels of detail (i.e. different resolutions). The function, f(t), is approximated
in the wavelet domain by orthogonal projections onto different embedded subspaces {V;} jeZI, each of
which are formed by translations of the scaling functions at the same scale, 2/. Scaling ¢(t) by a factor of
27 allows the corresponding subspace, V;, to represent signal features at the resolution 277, Thus, scaling
up ¢(t);x by increasing j will increase the subspace level of V; while decreasing the resolution. In the rest
of this thesis, scale 27 is referred to as scale j (or transform level j). Each V; has the following properties

35, 40):

1. There exists a scaling function, ¢(t)ox, such that {¢(t — k)}, ., is a Riesz basis of Vy: This allows
for the formation of all other subspaces by scaling ¢(t);x. If {¢(t —k)},c, forms a Riesz basis of

Vo then {%gf) (%) }keZ forms a Riesz basis of Vy, {%gf) (#) forms a Riesz basis of Vs, and

kEZ

t—27k
27

so on. Therefore, we can say that {i.qb ( )} forms a Riesz basis of V; with parameter j
Vai keZ
being referred to as the scale of the subspace V;. In order to form a Riesz basis, the translations of

@(t);r for all k, have to be linearly independent, therefore:

(6(t)jrs O(t)j1) = Ok V(4 k) €Z, (2.20)
1 k=1
where 05, = and (p(t)jk, d(t);,) is the inner product between ¢(t); ) and ¢(t);, .
0 otherwise
2. V(j,k) € Z, f(t) € Vj <= f(t —27k) € V;: This property means that V; is invariant by any

translation proportional to the scale 27.

3. Vj e, Vit C ij: This property means an approximation at a resolution, 277, contains all

INote: Z is a set containing all integers between —co and oo. For the purposes of this discussion, j € Z can be taken to

mean “for all valid integer values of j5”.

0
o (on=ksd (5L ) =0 (t — k)
Note: If ¢(t);x is real (i.e. contains no complex numbers), then (¢(t);x, d(t) ;1) = ¢(t);k - ¢(t);1. The scaling functions

of the wavelets used in this thesis contain only real numbers.
VY;11 C V; means that V;41 is a subset of V;.
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necessary information required to compute an approximation at a coarser resolution 2-U+1) . Thus,
we can express any function in V; in terms of basis functions in V;_; and [35]:

e}

¢(t); = > ard(t)j—1k (2.21)

k=—o00

where a; € Z are known as the filter coefficients and are a square summable sequence.

4. f(t) € Vj <= f(%) € V;41: Dilating a function in V; by a factor of 2 will enlarge the details by 2

and V41 will define an approximation at a courser resolution.

5. limV; = A V; = {0}: This property indicates that all details of f are lost as the resolution,
j=—00

Jj—00
277 approaches zero.

6. UjeZVjH is dense in L?(R): This property forces the signal approximation to converge to the original

signal as the resolution approaches oco.

If the above properties are met for ¢(t);r, then an approximation of a function, f(t), for any scale j can

be obtained by projecting f(t) over ¢(t); [35, 40]:

Py f(t) =Y ¢jxd(t)jn: (2:22)
k=—00
Cjk = <f(t)7 ¢(t)j,k’> ) (223)

where the inner products, ¢;, provide a discrete approximation at scale j and each of the k elements in
c;k are known as scaling coefficients for scaling subspace j or just scaling coefficients.

An interesting property of the scaling coefficients is that, as the scale is increased, the number of
coefficients required to approximate the signal is decreased. This property is easily illustrated with an
example. The Haar wavelet is the simplest and oldest wavelet [37]. The scaling function is a simple box

function:

1 0<t<1
¢haar (t)O = (224)

0 otherwise.

Figure 2.5 shows the scaling coefficients for an example function which is approximated with the Haar

wavelet with three different scales. With each increase in scale, the number of coefficients describing the

r A V; indicates the intersection of subspaces that are nested within V;. As the scale increases, the number of higher
j=—o0

scale subspaces nested within V; decreases. The intersection of subspaces indicates where details are retained as the scale is
increased. As the set that represents the intersection between subspaces decreases, the number of details that are retained

decreases as well. If an increase in scale causes the intersection to become {0} then there are no details retained with the

new scale.

j.e. The union of all subspaces V;.
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Figure 2.5: Scaling coefficients of a function, f(¢), with the Haar wavelet at three scales. The resolution
becomes coarser with each increase in scale. The wavelet transform for this example was performed with

the discrete wavelet transform described in Section 2.3.4 with an f(¢) discretized into 512 samples.

signal is divided by 2. However, this sparsity comes at the cost of a loss of details in the time domain
representation of the signal, shown in Figure 2.6.
2.3.1 Orthogonal wavelets

Adjusting the scale of the transform is useful for representing a function at different resolutions and
allowing for a sparser representation of a function. However, what if we are interested in the details
between scaling subspaces? Indeed, the wavelet transform would not be as useful if it was impossible to
recover the original function. If a new subspace, Wj;, that represents the details that are lost between
scaling subspaces is introduced, it is possible to express V; as a combination of the scaling subspace at
the next higher scale (lower resolution), V;;1, and the wavelet subspace at the next higher scale (lower
resolution), W, 1 [35, 40]:

Vi=Vin ®@Wji1; Vi LWy, (2.25)

To describe W;, we introduce another function, (), known as the wavelet function:

1 t—2k
Yt = =¥ ( 5 > . (2.26)

This function has the same 6 properties as ¢(t), discussed in Section 2.3, which leads to:

P f(t) =Y diptp(t)jk, (2.27)

k=—o00
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Figure 2.6: Approximation of a function, f(¢), with the Haar wavelet at three scales. The resolution
becomes coarser with each increase in scale. The wavelet transform for this example was performed with

the discrete wavelet transform described in Section 2.3.4 with an f(¢) discretized into 512 samples.

djk = (f(t), %)) (2.28)
where the inner products, d; j, provide the details at scale 27 with each of the k coefficients in d; 1, being

known as the wavelet coefficients of subspace j. Combining Py, f(t) and Py, f(t) at one scale (resolution)

will result in an an approximation of the function at the next lower scale (higher resolution):

Py, £(£) = Py, £(5) + Py, £(D). (2.29)

Combining Py, ,, f(t) and Py, , f(t) in this way means that any details that are lost by the approximation
of f(t) with Py, f(t), instead of P, f(t), are preserved in Py, f(¢). This process can be repeated until

any scale, k, has been reached:
PV]f(t) = PVj-‘rlf(t) + PWj+1f(t)
= PVj+2f(t) + PWj+2f(t) + PWj+1 f(t)
= PVj+3f(t) + PWj+3f(t) + PWj+2f(t) + PWj+1f<t)

= Pka(t) + ZPsz(t)ﬂ (2'30)

<k
From property 6 in Section 2.3, we know that as the scale approaches —oo, Py, f(t) — f(t) and f(t) can

be expressed as a combination of P, f(t) at any choice of j and all wavelet subspaces at and below j:

ft) = Puf(t)+ > Pwf(t). (2.31)

I<j
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Figure 2.7: Approximation of a function, f(t), with the Haar wavelet with both the scaling and wavelet
functions at scale 7 = 3. On the left are the scaling and wavelet coefficients for V3, W5, W, and W;. On
the right are the time domain estimates with V3 as the scaling subspace and the effect of the inclusion of
each wavelet subspace. The wavelet transform for this example was performed with the discrete wavelet

transform described in Section 2.3.4 with an f(¢) discretized into 512 samples.

This leads to:

o0

FO =" (F),00)m) d)jat D > (F), (k) ¥t (2.32)

k=—00 1<j k=—00

Figure 2.7 shows an example of the signal from Figure 2.6 with the wavelet subspaces included in the
approximation. The scaling subspace, V3, provides a rough approximation that is improved with the

addition of each higher resolution wavelet subspace.

Determination of ¢ (t) is achieved by taking advantage of the properties of V; and W;. Since W; is
contained in V;_1, W; describes the higher resolution details that are missing from V; that are required
to form V;_y. This means that the wavelet function at one resolution can be expressed in terms of the

scaling function at the next higher resolution [35, 40]:

()= bed(t)j—1k, (2.33)

k=—oc0
where by, is a set of filter coefficients for the wavelet function. The wavelet function is, by design, orthogonal
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to the scaling function! and can be expressed as [35]:
Na—1

P(t); =Y (—DFan,—1-xd(t)j-1; (2.34)

k=0

where N, represents the number of filter coefficients and by, = (—1)*a No—1—k-
2.3.2 Construction of wavelet systems

Constructing the wavelet system is achieved by selecting a function, ¢(¢), and calculating values for
ar and by, in Equations (2.21) and (2.33). This process is best illustrated with an example. Consider the
Haar wavelet which has the scaling function described in Equation (2.24). From property 3 described in
Section 2.3, ¢paar(t) at one resolution can be described by the combination of all translations of ¢pqqr (%)
at the next higher resolution. The filter coeflicients for the scaling function are calculated by first dilating

Ghaar(t)o and finding its translations':

V2 0<t<05
(z)haar(t)—l,() - (235)

0 otherwise,

V2 05<t<1
d’haar(t)—l,l = (236)

0 otherwise.

1

From Equation (221)a ¢haar(t)0 = Z ak¢haar(t)0—l,k = aogbhaar(t)fl,o + althaar(t)fl,l and:
k=0

a2 0<t<05

¢haar(t)0 = a1\/§ 0.5<t<1 (237>

0 otherwise.

Substitution of ap = a1 = % into Equation (2.37) results in Equation (2.24).

The wavelet function, ¥pqq,(t), is found by substituting 7 = 0 and ¢paer(t)o into Equation (2.34):

1

Vhaar (1) =Y (=1)*an, 1 1Onaar o1k = @1 0haar(t)—1.0 — G0Phaar(t)—1.1- (2.38)
k=0
1

Substituting ag = a1 = 75 Equation (2.35), and Equation (2.36) into Equation (2.38) results in the
wavelet function for the Haar wavelet:
1 0<t<0.5
Yhaar(t) =4 —1 05<t<1 (2.39)

0 otherwise.

"From the requirement in Equation (2.25): V41 L W1
By setting j = —1 in Equation (2.19).
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Figure 2.8: Commonly used orthogonal wavelets. Scaling function in blue and wavelet functions in green.
(a) Haar, (b) 2 vanishing moment Daubechies, (c) 8 vanishing moment Daubechies, (d) 2 vanishing
moment Symlet, (e) 8 vanishing moment Symlet, (f) 2 vanishing moment Coiflet, (g) 8 vanishing moment

Coiflet, and (h) discrete Meyer.

The filter coefficients are: ag = a1 = \%, by = %, b = —\%. The scaling and wavelet functions for the
Haar wavelet, along with selected wavelets from other orthogonal families, are shown in Figure 2.8.

Many families of wavelets have been developed. These families use specially designed ¢(t) functions
and/or impose special properties on ¢(t). Some of the common families, which are used in this thesis,
are the Daubechies, Coiflets, Symlets, and discrete Mayer. The following paragraphs contain a short
description of these wavelet families. For more information on the design of these wavelets, along with
their filter coefficients, see [40].

The Daubechies wavelet families are designed to have a compact support (i.e. a limited number of
non-zero elements exist in ¢(t)) for any given number of vanishing moments. A wavelet function ¢ (¢) has
p vanishing moments if [40]:

/ tfptydt =0 for 0 <k < p, (2.40)

—0o0

which means that v (t) is orthogonal to any polynomial of degree p — 1. This means that a wavelet with
p vanishing moments will be able to reproduce a polynomial of degree p — 1 using only scaling functions.
Indeed, the filter coefficients of the Daubechies wavelets can be derived by imposing the requirement that
a polynomial of degree p— 1 can be represented by translations of the scaling function [35]. Two examples
of this wavelet are shown in Figure 2.8b and c.

The Symlet families are similar to the Daubechies wavelet (they are a modified version of the Daubechies
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wavelet) but have been designed to be more symmetrical than the Daubechies wavelets [20, 38]. Two ex-
amples of this wavelet are shown in Figure 2.8d and e. The Coiflet family, like the Daubechies and Symlet
families, is designed to provide p vanishing moments and a minimum support. However, the support of
the Coiflet family tends to be larger than the Daubechies and Symlet families and the Coiflet wavelet also
requires [38, 40]:
/ T st)dt = 1. (2.41)
—o0

Two examples of the Coiflet wavelet are shown in Figure 2.8f and g.

The Dmey family (Discrete Meyer family) is a discrete approximation to the Meyer wavelet used
with the discrete wavelet transform. This approximation is necessary because the Meyer wavelet is not
compactly supported [20]. The Meyer wavelet was designed to be frequency band-limited and have a
Fourier transform that is smooth. The Meyer wavelet has infinite support (it does not decay in time)
while its Fourier transform has compact support. For this reason, its transform is normally performed
in the Fourier domain. It is also the reason that it is necessary to use a discrete approximation when
utilizing the discrete wavelet transform. An example of this wavelet is shown in Figure 2.8h.

2.3.3 Biorthogonal wavelets

Biorthogonal wavelets are a family of wavelets that is comprised of two sets of wavelet functions. One
set, called the deconstruction functions, are used to transform a time domain function into the wavelet
domain while the other set, called the reconstruction functions, are used to rebuild the time domain
function from its wavelet domain representation. This means that the scaling and wavelet function sets

are designed to be orthogonal to each other [40, 41]:
(Pacc(t)jis brec(t)jn) = 0ka Y (5, k) € Z, (2.42)

<wdec(t>j,k; 77b7’ec(t)j,l> = 6k,l v (.7; k) € L. (243)

The same condition in Equation (2.21) applies to the scaling function sets:

o0 o0

¢dec(t)j = Z adec,k¢dec(t)j+1,ka ¢T€C(t)j = Z arec,kd)rec(t)j—i-l,ka (244)

k=—o00 k=—00
where age r and a,e. . are the k" deconstruction and reconstruction filter coefficients, respectively. How-
ever, the deconstruction wavelet functions depend on the filter coefficients of the reconstruction scaling

functions and vice versa [41].

Ng—1 Ny—1
wdec(t)j = Z (_1)karec,Naflfk(ﬁdec(t)jJrl,k7 'L/}rec<t)j = Z (_1)kadec,Na717k¢rec(t)j+1,k- (245)
k=0 k=0

A function, f(t), is expressed in the wavelet domain with biorthogonal wavelets as:

o0

f(t) = Z <f(t)7 ¢dec(t)j,k> ¢rec(t)j,k+ Z Z <f(t)7 wdec(t)l,k> ¢rec(t)l,k- (246)

k=—o0 1<j k=—c0
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Figure 2.9: Commonly used biorthogonal wavelets. Scaling function in blue and wavelet functions in
green. The first number indicates the number of vanishing moments in the deconstruction wavelet and
the second number indicates the number of vanishing moments in the reconstruction wavelet. (a) Biorl.1
deconstruction (equivalent to Haar), (b) Biorl.1 reconstruction (equivalent to Haar), (c) Bior 1.3 decon-

struction, (d) Bior 1.3 reconstruction, (e) Bior 2.6 deconstruction, and (f) Bior 2.6 reconstruction.

An interesting property of biorthogonal wavelets is that the deconstruction and reconstruction wavelets
can be swapped. This means that each biorthogonal wavelet set can provide two wavelet deconstruc-

tion/construction operations and [41]:

o0

FO =" (FO) brec()in) Gacc®int D D (FE) ree)in) Ve (2.47)

k=—o0 1<j k=—o0
An example of some biorthogonal wavelets are shown in Figure 2.9.
2.3.4 Discrete Wavelet Transform
When represented in the wavelet domain, a discretized waveform, v, will have two sets of coefficients:
A set of scaling coefficients for the selected resolution and multiple sets of wavelet coefficients for the
selected resolution and all possible higher resolutions. A scaling coefficient at a selected resolution is

determined by:

M-1
Vgl = Z @3 ke;nn, (2.48)

n=0
where ¢; . , is the nt™ sample of ®(t);.5 once it is discretized into M samples, and 74 1, is scaling coefficient
k of the wavelet domain representation of .
A wavelet coefficient at a selected resolution is determined by:

M—-1

Oy jk = Z Vj ke Vn, (2.49)

n=0
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where 9; 1. ,, is the ntt sample of 1) (t) j.k once it is discretized into M samples and ¥y, ; » is wavelet coefficient

k for resolution j. If the wavelet domain representation of v is arranged so that the scaling coefficients

are first, Equations (2.48) and (2.49) can be represented in matrix form with j,, indicating the selected
M

scale, or resolution, of the transform; k,, = 57 indicating the maximum number of translations possible

at the j™ scale; and W is an M x M matrix that performs the wavelet transform.

Um0 P ,0,0 Pjin,0,1 e P ,0,M 1
O jm 1 B 1,0 B 1,1 e P, 1,M—1
0y o —1 Pjrnem—1,0  Pjmkm—11 " P k—1,M—1
Vgm0 Vi ,0,0 Vjim 0,1 e Vjo,0,M—1
Vg, 1 V1,0 V1,1 i Vjpm,1,M—1
)
Vg form —1 Vjmkim—=10  Cjkm—11  Vjpk—1,M—1 G
Vi i —1,0 = Y5, —1,0,0 Yjm—1,01 0 Vi —10M-1 U2 ; (2.50)
Vg jm—1,1 Vi —1,1,0 Vjm—1,11 0 Yj—11,M-1
. /IjMil -
Vab i — 1o —1 Vim—1km=-1,0 Cjm—1km—-1,1 " Cjp—1 kpm—1,M—1
Uy.1,0 11,00 ¥1,01 e P1,0,M—1
V1,1 P1,1,0 P1,1,1 e V1,1,M-1
U1 kn—1 | L Vkn—10 Vlkm—11  ° Vlkn—1,M-1
b =Wn, (2.51)

The inverse wavelet transform is performed differently depending on the type of wavelet being used.

For orthogonal wavelets, each time domain coefficient is calculated as:

km—1 Jm—1km—1
T)n = Z ¢]m7k7n@¢’k+ Z Z w]”k7n@¢mj7k ’ (2'52)
k=0 =1 k=0

which, due to the orthogonal property of ¢(t) and (t), is equivalent to:
o=Wtlo=wTy, (2.53)
where W1 is an M x M matrix that performs the inverse wavelet transform.
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With biorthogonal wavelets, the forward transform matrix W, is formed in the same manner as
Equation(2.50) but using the @ge(t) and ¥ge.(t) functions. The inverse wavelet transform matrix is
formed by creating a matrix Wj in the same way as Equation (2.50) but using the ¢rec(t) and rec(t) to

form the matrix Wj:

o =W o =wls. (2.54)

An interesting property of biorthogonal wavelets is that, by swapping the rolls of the deconstruction
and reconstruction functions, it is possible to get a completely different wavelet representation (i.e. you get
two wavelet representations in 1). Reversing the deconstruction and reconstruction wavelets is sometimes
called the reverse biorthogonal wavelet. With reverse biorthogonal wavelets, & = Wyv and © = Wo.
All equations with wavelets in this thesis, can be extended to biorthogonal wavelets by substituting
w1l = W’g and to reverse biorthogonal wavelets by substituting W, = W.

With some wavelets, some of the coefficients in some of the translations of ¢(t), ¥(t), ddec(t), Vdec(t),
¢rec(t) and Prec(t) can fall outside of the time range of the sampled waveform. When using periodic
waveforms, coefficients from past the end of a row (require elements from the next time period) are
wrapped around to the beginning of the same row (or wrapped around to the end of the same row if

elements from the previous time period are required) in the transform matrix.

2.4 Steady-State Wavelet Analysis (SSWA)

The SSWA method is a periodic steady-state analysis method that is derived by transforming Equation

(2.14) to the wavelet domain:

f@) =WFfW %) =WF@)=WeW %) + WCDW ' + Wi(W o)

+WDGW 18 + WF 'Y FW 147 — W, (2.55)

where the hat is used to denote variables in the wavelet domain, / = Wo/, W = Iy ® W, and
W1 = In ® WL, Frequency defined components can be included via the convolution operation which
is still performed in the frequency domain. This requires the forward and reverse Fourier transform to be
included at the cost of extra matrix operations. However, the matrix WF 'Y FW lonly needs to be
formed once and the majority of the extra computational overhead of this method is found in the forward
and reverse wavelet transforms.

In this thesis, the partial derivative of Equation (2.55) with respect to ©’ is performed in the time

domain and the Newton update for iteration j is given by:
W Fo(59) AT = W F(&). (2.56)
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Substituting AzIT! = W1A#7*! into Equation (2.56) results in:
WI(@\W 1At = —f(87), (2.57)
J(@H)AGTE = — (), (2.58)
where fg(37) = J(#),! and J(#7) = W J(5/)W " is the Jacobian matrix for the SSWA method. An
interesting property of this formulation is that, assuming calculations are exact, the calculated correction

vectors for each Newton iteration are equivalent. The only difference is the domain the vectors are

represented in.

2.5 LU Decomposition of the Jacobian Matrix

The majority of time required for Newton method to converge is spent solving Equations (2.18) and
(2.58). Solution of Equations (2.18) and (2.58) is achieved by using LU decomposition in this research.

LU decomposition involves decomposing a matrix, A, into a set of factors of the form [42-44]:
LiU; = PAQ, (2.59)

where L is a lower triangular matrix (or lower trapezoidal for a tall rectangular A) with a unitary diagonal,
Uy is an upper triangular matrix, P is a row permutation matrix, and @ is a column permutation matrix.
Each row and column in P and Q contain a single non-zero entry that is equal to 1 and: PPT = QQT =1

where I is an identity matrix. These factors, once substituted into a system of equations of the form

Ax = d, yield:

(PAQ)QTz = Pd

L;U;(QTz) = Pd, (2.60)
The solution to the unknown vector z can then be found with forward substitution to solve for y; in
Lsyr = Pd, (2.61)
and backward substitution to solve for = with!!:
Us(Qz) = yy. (2.62)

Solving Equations (2.61) and (2.62) has a computational complexity of order O(n2) when A is dense

where n, is equal to the number of columns in L ¢[44]'!. The factorization of A is O(n2) when A is dense

"From Equation (2.15): f(W 197) = f(ﬁj) = J(¥)
Note: This is achieved by solving for QT z with backward substitution and then applying Q to the result to get .
Mgolving for the i*" element in y; in Equation (2.61) requires 1 division, :—1 multiplication operations, and :—1 subtraction

T e Ne
operations for a total of 21 1+ 2(2 — 1). Using the relation ) 1 =n.and ) i= M,thﬁ total number of operations
i=

i=1 i=1
e Mg
required for forward substitution is: } > 14+2(: —1)=>" 2t — 1= w — ne = n2 = O(n?). The number of operations
i=1 i=1

for backward substitution is the same.

25



[43, 44].

The calculation of the LU factors, which is known as numerical factorization, is performed by starting
at the first row and column of the matrix and using Gauss elimination to eliminate all elements in the
first column (active column) below the first row (active row). Then the process continues with the second
row of the second column as the active row and column, then the third row of the third column as the
active row and column, and so on for all columns. There are three operations that can be performed

when eliminating the elements below the active row:

1. Two rows can be swapped. These swaps are recorded in the P matrix.

2. Two columns can be swapped. These swaps are recorded in the () matrix.

3. A row can be multiplied by a constant and then subtracted from another row.

When working with sparse matrices, the columns are normally swapped before performing LU decomposition[44]
so only rows are swapped during the elimination process. Calculating the LU factors with only row swap-
ping, or row pivoting, is known as factorization with partial pivoting!. Row pivoting is performed to
maintain numerical stability [43, 45]. One method for selection of a row to perform pivoting is to look
at all elements in the active column and selecting the row with the maximum amplitude element (in the
active column) to swap with the active row. Once the pivoting, if required, is performed the elimination
is performed on each of the rows below the active row. A simple LU factorization algorithm with row

pivoting is shown in Algorithm 2.1.

Performing elimination on the " row on the F' matrix in Algorithm 2.1 requires 1 division, n. — i

multiplications, and n. — ¢ subtractions over n, — ¢ rows for a total of

= 1 1
> (e =) [1+2(ne—i)] = 3 (—nfj' + 3n,n? — gnQ - 2nc> (2.63)
=1

operations while the pivot step requires n, — i compare operations, n. element swap operations for the F'

matrix, and n. element swap operations for the P matrix for a total of

1
“ne (2.64)

Ne 3
an—i—i—an: fng—l—nrnc— 5
i=1

2

operations.

TFactorization with full pivoting is when both row and column swapping is performed.
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Algorithm 2.1 Simple LU factorization algorithm for an n, x n, matrix.

F' < copy of original n, x n. matrix to be factored. Ly and Uy factors are stored in this matrix as they
are found.
P + is the row permutation matrix. Initial value is an n, x n, identity matrix.
141
while ¢ <= n. do
Jmaz < index of row in column ¢ of F' that has maximum amplitude element.
if ¢ # gmas then
Swap row 7 with row ¢4, in the P matrix.
Swap row ¢ with row ¢4, in the F' matrix.
end if
j—i+1
while j <=n, do
Fji=F;;/F; // Store elements for in L matrix portion of F.
kE+—i+1
while k <= n. do
Fin=Fjr—Fj; x Fy,
k<k+1
end while
j+—J+1
end while
14 1+1
end while
To obtain the Ly and Uy matrices from F:
- All elements at and above the diagonal in the first n. rows of F' become the upper triangular
portion of Uy.
- All elements below the diagonal in the first n. rows of F' become the lower triangular (n, = n.)
or trapezoidal (n, > n.) portion of Ly and all diagonal elements in first n. rows of Ly are equal

to 1.

3,2 1

When n, = n., Equation (2.63) simplifies to 2n3 — $n? — in, which is of order O(n?) and Equation

(2.64) simplifies to 2n? — In, which is of order O(n?). If F is a tall rectangular matrix with n, > n.

1

and n, = pn. where 1 < p, then Equation (2.63) simplifies to 3 (—n3 4 3pn3 — 2n2 — in.) which, since
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p ==, is of order O(n,n?)l. Equation (2.64) simplifies to 3n2 + pn? — n. and is of order O(n2). Thus,
with a tall rectangular matrix, the number of columns is the determining factor for the computational
complexity of LU factorization of a dense matrix.

When performing SSTD and SSWA on electric circuits, the Jacobian matrices are normally sparse.
Since the LU decomposition in Algorithm 2.1 will operate on all elements, regardless of if they are non-
zero or not, it is an inefficient method of finding the L and U factors of a sparse matrix. Therefore, it is
necessary to utilize a method that operates only on the non-zero entries of the Jacobian matrix. Methods
that perform LU factorization on sparse matrices operate by partitioning the matrix into smaller, sparse

sub-matrices based on the positions of the non-zero elements in the original sparse matrix [44-48]. These

methods typically include the following phases[44-48]:

e Matrix ordering to reduce fill-in: During this phase, the matrix columns are re-ordered in a way that
is expected to provide the sparsest Ly and Uy matrices (the @ matrix is selected during this phase)
and provide an upper bound on fill-in. Fill-in occurs when new non-zero entries are introduced
into the Ly and Uy matrices that were not present in the original A matrix. These fill-ins increase
the amount of computational time required for factorization since they will require extra time to

compute their values as well as require more allocated memory to store.

e Symbolic factorization: During this stage, the upper bound to the fill-in associated with the LU
decomposition of the matrix and the memory used for the factorization step is estimated and

allocated for use with the numerical factorization.

e Search for dense sub-matrices and numerical factorization: This is the step where the work is
performed. The matrix is sub-divided into multiple dense blocks which are factorized to generate

the Ly and Uy matrices. The row order, provided by the P matrix, is also refined in this step.

This research utilizes the UMFPack routines in SuiteSparse [48, 49]. UMFPack performs numerical
factorization by forming smaller, dense, matrices known as frontal matrices out of columns and rows
in the original matrix and performing the factorization on the frontal matrices. The size of the frontal
matrices varies and is dependant on the number of non-zero elements in the rows and columns used to
create the frontal matrix at each stage of factorization[48, 49]. The number of iterations required in the
factorization depends on how many columns are utilized in the frontal matrices. At worst, one column is

added to each frontal matrix each iteration. This would mean that elimination would be performed one

ISince p is always greater than 1 (more rows than columns), 3pn? is the dominant term regardless of the value of p so the

complexity is of order O(pn?2). Substitution of p = Z—Z provides the result in terms of n, and n. which results in O(n,n?2).
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column at a time just like Algorithm 2.1. However, more than one column can be added at a time and,
therefore, it is possible for UMFPack to finish factorization in fewer than n. iterations.

One of the contributions of this thesis is a method that reduces the columns in the Jacobian matrix
at each iteration. Reducing the columns could lead to a potential speedup by reducing the number
of iterations required for UMFPack to finish by reducing n.. Another contribution of this thesis is a
method that reduces the number of non-zero entries in the Jacobian matrix. Since the pre-ordering is
selected to minimize fill-in, a matrix with fewer non-zero entries could require less memory resources and
computational time to factorize. However, the method utilized to reduce the number of non-zero entries
in the Jacobian matrix can lead to potential problems with respect to fill-in since the sparsity pattern

(the positions of the non-zero elements in the Jacobian matrix) can be altered.

2.6 Chapter Summary

In this chapter, the reader was introduced to the nodal analysis used in this work to form the system
of circuit equations, how these equations are used for periodic steady-state analysis, as well as a brief
introduction to wavelets and how they are used for wavelet domain periodic steady-state analysis. Also
included was a brief introduction to dense and sparse LU factorization and the UMFPack algorithm that is
utilized for LU factorization in this research. The next chapter will discuss other work that has been done
in the area of utilizing wavelets to increase the efficiency of steady-state analysis. These methods operate
by either reducing the size of the problem to be solved using Newton method or by reducing the number
of non-zero elements in the Jacobian matrix. Also included in the chapter summary is a comparison of

the benefits and drawbacks of these methods compared with the contributions of this thesis.
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Chapter 3

Literature Review

Wavelet domain analysis is not a new idea in circuit simulation. Some proposed applications are: transient,
steady-state, and sensitivity analysis [9, 11, 16, 17, 50-53]. Wavelets have been utilized to improve the

efficiency of steady-state analysis by:

1. Reduction of problem size by taking advantage of the sparse representation of signals in the wavelet

domain. [8-11]

2. Reduction in the size of the system of equations by selecting the level of wavelet transform to be

used during the circuit simulation. [12-15]
3. Increasing the sparsity of the Jacobian matrix. [16, 17]

This section will discuss some of the research performed in each of these three methods of improving
efficiency. Note that, where possible, the same notation and symbols used in Chapter 2 were used in this

chapter and, as a result, some of the formula symbols differ from the original sources.

3.1 Reduction of Problem Size

One way of taking advantage of the ability of wavelets to sparsely represent signals is proposed by
the authors of [8, 10, 11, 54]. The method is applicable to both transient analysis [9] and periodic
steady-state analysis (PSSA) [8]. This method utilizes a specifically designed spline wavelet that has
an explicit formulation and allows for derivatives and integrals to be performed directly in the wavelet
domain [10, 54].

The circuit equations are formulated using nodal analysis to obtain[8, 10]:

2 4(o(t)) +iw() — s(t) =0, (31)
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where v(t) : R — RY denotes the unknown voltages and currents, i(v(t)) describes the static contributions
from resistors, diodes, transistors, etc., g(v(t)) contains charges and fluxes from capacitors and inductors,
and s(t) contains the independent sources. The solution to Equation (3.1) is found using a Petrov-Galerkin
approach. The unknown solution is discretized in terms of the wavelet basis functions. That is, the spline

wavelet is used to discretized v(t) in Equation (2.8) into n + 1 coefficients|8, 10, 54]:

n

o(t) =Y orTk(t), (3:2)

k=0
where 0, € RV and Wy (t) is the k" periodic basis function for the spline wavelet. Equation (3.1) is then
integrated over a chosen set of n sub intervals [r_1, Tl]I to define:

fi(D0, 01, ..., 0n) = q(v(m)) — q(v(T—1)) + /Tl i(v(t)) + s(t)dt, (3.3)

TI—1
for I =1,...,n and solved using Newton method.

This method begins with a set of equally spaced knots. Each iteration, Equation (3.3) is solved using
Newton method. Then each interval is checked and equally spaced knots are added to regions where
sharp changes are detected by using a tunable refinement rate parameter and removed from smooth
regions by thresholding knots with corresponding wavelet coefficients that are below a selected threshold.
The new representation with the adjusted knots is then used as the initial guess for Newton method to
solve Equation (3.3) again until the square norm of the difference between the result for Equation (3.3)
on the current iteration and the result for Equation (3.3) on the previous iteration is sufficiently small.
This method was extended to handle multirate circuit simulations as well.

The study in [10] was performed using transient simulations. The wavelet transient algorithm achieved
results that agreed with a time domain transient analysis. Although the wavelet method had a lower
number of spline knots than the time domain transient analysis had time steps, the computation time
was nearly always higher with the wavelet transient algorithm. In [11], the method was extended to find
the periodic steady-state solution to multirate circuit problems. The results show that the wavelet PSSA
algorithm is much faster than utilizing time domain transient analysis to find the steady-state solution
for the test cases. The results of [8] show the operation of the algorithm simulating a diode rectifier and
several multirate circuit problems for PSSA.

The algorithm is successful in managing the number of knots used to describe the nodal variable
waveforms. Early iterations of the multirate simulations tended to require more knots to describe the
waveforms and required less as the simulation converged. For the diode rectifier, the number of knots
increased as the simulation converged and then was decreased for the final iterations where no new knots

were added but many were removed for the last round of Newton method.

IThese sub-intervals are determined by the knots in the splines.
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An advantage of this method is that, since the previous iterations nodal variable vector is used as the
initial guess for the internal Newton iterations, the Newton method tends to converge very quickly since

it starts close to its final solution.

3.2 Reduction in Size of the System of Equations

It is possible to utilize wavelets to reduce the size of the system of equations by selecting the level of
transform used during the simulation. These methods operate by starting with a low resolution wavelet
transform and only calculating the scaling coefficients for that resolution. Leaving all the wavelet subspace
coefficients at zero allows for a low resolution estimate of the solution to be calculated. This estimate
can then be improved by adding elements from the higher level wavelet subspaces to fill in the missing
details and refine the rough estimate.This approach has been proposed for both transient [12, 13] and
steady-state analysis [14, 15].

Transient analysis was used in [12] with the Haar wavelet to develop a method that takes advantage
of the properties of the block pulse function to derive derivative and integral operators. These operations

are used to form matrices that perform the integrals and derivatives:

Qu = WQpW™, (3.4)
Qy'

WQz W, (3.5)

where Qp and le are M x M matrices that perform the integration and differentiation operations,
respectively, on a vector with M samples and are defined in [12, 13]. This method does not use nodal
analysis but instead uses Kirchhoff’s Current Law and Kirchhoff’s Voltage Law to directly find the voltage

or current in a component. The voltages and currents are derived for resistors, inductors, and capacitors:

~

U = Rytr, (3.6)
b = Qy Luwlii— i), (3.7)
i = 10+ Ly Quy, (3.8)
b = oo+ Cp'Quic, (3.9)
ie = CuwQpy (e —eo), (3.10)

where 9, and i, are the wavelet domain resistor voltage and current respectively, 0; and i; are the wavelet
domain inductor voltage and current respectively, ¥, and i. are the wavelet domain capacitor voltage
and current respectively, and 9., and %l,o are the wavelet domain initial capacitor voltage and inductor
current respectively. Ry, L, and C, are M x M matrices that represent the resistance, inductance,

and capacitances of a given resistor, inductor, or capacitor and are defined in [12, 13]. This derivation
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is extended to handle coupled inductors and non-linear time variant circuit elements as well. For more
details on these elements, the reader is encouraged to review [12, 13].

A simulation with this method begins by selecting an element. Kirchhoft’s Voltage Law and Kirchhoff’s
Current Law is then used to solve for either the current or voltage of the selected component. The derived
equation is then solved at a low resolution. The simulation time period is divided into smaller sub-intervals
and each is analyzed either manually [12], or automatically [13] and the local resolution of the solution
in sub-intervals where singular points are detected is then increased while the other sub-intervals are left
at the original resolution and the derived equation is solved again. The results show that there is an
advantage to using the mixed resolution method as opposed to using the higher resolution for the entire
time period. However, this method calculates one voltage or current variable at a time and, if more are
required, a new analysis has to be prepared and run for each.

Another approach, proposed in [14], utilizes Chebyshev polynomials that are defined on the interval
[—1,1] to create an orthogonal wavelet basis for the steady-state analysis of power electronics circuits.
This method then approximates the solution to the circuit equations by selecting a desired resolution
which is achieved by varying the level of the wavelet transform. In this method, power electronic circuits
are represented by:

d
Zo(t) = A(bu(t) + s(t), (3.11)

where A(t) is an N x N time varying matrix that represents the circuit. Utilizing the developed Chebyshev

polynomial wavelet, v(¢) can be expressed with[14]:
v(t); = Kl We(t), fori=1,...,N (3.12)

where W, (t) is a wavelet basis of level [ of dimension 2+ 4- 1 constructed with Chebyshev polynomials
and K = [kio, ki1, -, kjg+1] is an unknown coefficient vector of dimension 2+1 + 1. Equation (3.11)

can be expressed as:

KDU (1) = A Ko (t) + s(t), (3.13)

where D is a matrix that represents the derivative operation and

K{
K3
K=1| 7. (3.14)
| KN
Re-arranging K into a vector as K, = [KlT, KT ..., K}\F,]T allows Equation (3.12) to be re-written as:
F(t)K, = s(t), (3.15)



anWh,(t) - aUL) - anPh(t)
F(t) = ail\:[]z;l(t) aiiquh(t) aiNq]Zh(t>
an1 05, () - aniVh () - ann¥l (1)
vl (t)DT
U, D = oL (t)DT
i v, () DT |

— U.,D, (3.16)

(3.17)

Unknown vector K, requires (27! + 1)N equations to solve!. The periodic boundary condition, which

requires z(1) = x(—1), provides N of the equations [14]. The other 2!*! N equations are provided by the

interpolation points of the Chebyshev wavelets.

where F} and $; have N rows and (2”‘1 + 1) N columns and are given by
\chhr

~ \I]chr

\I/chr

\I]chr ]

Yepr = [\Pch(l)_q}ch(_l)]T‘

Due to the periodic boundary condition, [¥,;(1) — ¥ (—1)]7 K; = 0 and

'K, has (2" + 1)N elements.

34

(3.18)
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Fy and &, have 271N rows and (2“1 + 1) N columns and are given by

By = ' : (3.22)

So = . y (3.23)

| —s(&anr1) |

where &; are the interpolation points of the wavelets...

With the formulation in [14, 15], increasing the level of transform will increase the resolution of
the wavelet domain representation by including more wavelet coefficients!. Thus, increasing the level
of wavelet transform will increase the size of Fg and $o by including more wavelet coefficients in the
calculations and lower level transforms will lead to smaller systems of equations. The interpolation points
can be selected to be anywhere in the interval [—1, 1]H but, a poor choice can lead to numerical instability
and the authors of [14] recommend using the interpolation points of the wavelets.

It is noted in [14] that higher level wavelets are only required at times where there are high variations,
such as switching instants, in the waveforms. Thus, by using higher level wavelets for parts of the solution
waveform that show high variability and lower level wavelets for the parts of the solution waveform that
show low variability, it is possible to represent the solution with an over all lower number of wavelet
coefficients. This is achieved by partitioning W, () into two parts: W, which represents the wavelets
that are selected for use in the approximation of the solution and W.,s which represents the un-chosen

wavelets. This partitioning results in:

.
U, =PUyt)=| |, (3.24)

Veho

where P is a permutation matrix which sorts the chosen and un-chosen wavelets. The differentiation

matrix must also be sorted to accommodate this new partitioned scheme:

D
D=pPpPt=| " |. (3.25)

Dy

TRemember, for the formulation in this thesis, increasing the level will lower the resolution of the scaling subspace

representation.

IThis interval was selected because the Chebyshev polynomials were defined on this interval.

35



The partitioning described above results in an Fl and $7 which each have N rows and an Fg and
S9 which each have (M — 1)N rows where M is the number of wavelets that have been chosen for the
approximation (i.e. the number of elements in W.,;). For a more detailed description of the derivation
and resulting Fl, Fg, 51, and §y see [14]. Low level wavelets are automatically included in W.,; for
waveforms that contain a substantial amount of low-frequency components while higher level transforms
are only included for waveforms that have high-frequency components. The higher frequency wavelets are
selected based on distance from a switching point with an empirical rule of % to % of the interval being

a recommended range.

The results presented in [14] show that it is possible to obtain approximations of the solution waveforms
using fewer coefficients than a Fourier series approximation would require to achieve the same level
approximation error. However, in cases where there are few high-frequency details around switching
instants, the Fourier approximation requires significantly more coefficients to reduce the average error to
a level that is below that of the wavelets. Even with extra coefficients, the maximum error was much
higher when using the Fourier approximation. With both the wavelet approximation method and the
improved method, the accuracy of the approximation is determined by how many low level wavelets are
included in W.,; at the beginning of the simulation and also the selected distance threshold used to
determine which wavelets to add to W, while the simulation is run. The selection of how many low level
wavelets to include at the beginning of the simulation, as well as the selected distance threshold, can have

a significant effect on the error and are left up to the designer to select prior to running a simulation.

In [15], the method is further improved by adding a convolution of Fy and 3, with the wavelet basis
functions. This makes the exact locations of the data points unimportant in the computations and provides
a more robust and accurate solution to Equation (3.18). However, this method still requires a selection of
wavelet levels to use in the simulations. Simulations were run for the same circuits as used in [14] in order
to provide a comparison between the proposed and original, un-partitioned, methods. The partitioned
method presented in [14] is not compared and errors are calculated using SPICE simulation results as the
baseline. The results show that the convolution method does provide greater accuracy than the original
method for any given selected set of wavelet levels. This error can be significant around switching points if
the number of wavelet levels utilized is too low. This could be problematic since it is left to the designer to
select how many levels to include prior to the start of the simulation. Simulation times were also explored
in this paper with simulation speeds being faster with the improved method. Interestingly, based on
the results presented, the partitioned method in [14] appears to attain lower measured errors than the
improved method in [15]. However, since there is no direct comparison with the partitioned method it is

unclear how the computational speed of the two methods compare.
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3.3 Increasing the Sparsity of the Jacobian Matrix
Wavelet domain Jacobian matrix sparsity can be increased by either thresholding (setting to zero) low
amplitude entries in the Jacobian matrix itself or in one of the matrices that the Jacobian is composed of.
For example, the authors in [17] presented a method that used a pre-selected threshold for thresholding
low amplitude entries in the wavelet domain version of the convolution matrix used for frequency defined
components. The behaviour of non-linear circuits with frequency defined components can be described
with:
(G ® Ing) 0 + (C ® Ing) Dyts + f5(0s) + Ts0s — 85 = 0, (3.26)

where f,(7) is the discretized NM element vector representing nonlinear components arranged so all
nodal variables for a given sample are grouped together!, D, is an NM x N M matrix that represents the
derivative operation and is defined in [53], 7 is an NM x NM convolution matrix used for frequency
defined components and is defined in [17], U5 is an NM element vector of nodal variables (node voltages,
branch currents, inductor fluxes, capacitor charges, etc.) arranged so all nodal variables for a given sample
are grouped together, §; is a vector of independent sources arranged so all nodal variables for a given
sample are grouped together.

Transforming the equations into the wavelet domain results in:
O(W,yts) = (G + CD + =) Wits + W, fs(0s) — Wiss = 0, (3.27)

where W, and W, ! are NM x NM matrices that perform the forward and reverse wavelet transforms
as defined in [17] and 2 = W T W, 1. The Jacobian matrix associated with Equation (3.27) is defined in
[17] as:

J(Wsts) = (G+ CD + ) + Wy [gw] w;l=0. (3.28)
l

Representation of = tends to be dense and this increase in density increases the computational cost of
factoring the Jacobian matrix when applying Newton method to Equation (3.27). Thus, the authors of
[17] proposed thresholding the low amplitude elements from = to decrease the Jacobian matrix density.
This was achieved by checking each of the N x N blocks that make up J(Wsts) and thresholding all

elements that are below the threshold (i.e. setting them to zero) which is calculated as:
hs =~ -maz|Z; ], (3.29)

where 0 < v < 1 is a thresholding parameter used to set the threshold and Z; ; is the (i, 4)t block of
Z. Since = is thresholded before the simulation begins, there is a trade off between the sparsity and

accuracy of the thresholded convolution operation and there is a risk of causing an error in the final result

TAll variables for sample 1 are grouped together followed by the variables for sample 2, etc.
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of the simulation if the threshold, which has to be selected by the designer running the simulation, is too
aggressive. Additionally, since thresholding is performed at the beginning of the simulation, 7 has to be
invariant of vs [17].

The results of this paper show that the sparsity of the wavelet domain Jacobian matrices are much
greater, once thresholding is applied, than the Jacobian matrices of an equivalent frequency domain
analysis'. However, since = is used in the formulation of the system of equations, thresholding elements
from it leads the introduction of a small error into the final result of the thresholded simulations compared

to the non-thresholded simulations.

3.4 Review of Wavelet Selection Methods

There are many ways of measuring the performance of a wavelet and usually the performance metrics
are problem dependent. For example, in [19], it was shown that 8 coefficient Daubechies wavelets provided
the best performance, out of the wavelets being compared, for compression and denoising of electrocar-
diogram (ECG) signals. Denoising of the signal was achieved by thresholding low amplitude coefficients
from the noisy signal. The determination of best performance was based on how sparsely the signal was
represented by the wavelets being compared, how much Root Mean Squared (RMS) error was introduced
when low amplitude coefficients were thresholded, and how well the peaks of the denoised signal were
preserved.

In [20] several wavelet families were analyzed and compared for use with measurement of steady-state
harmonic distortion of power systems. Since the authors were interested in the third and fifth harmonic
components of the signal, they selected a five level transform. The scaling coefficients at this level would
contain the fundamental component while the fifth and fourth detail levels would contain the third and
fifth harmonic components of the original waveforms. The energy of the wavelet coefficients at each level
was compared with the calculated energy of each harmonic component of the waveforms studied and the
one with the least deviation between energy at each level and energy of each harmonic component was
considered the best. In this case, the Coiflet family of wavelets was found to be most suitable.

In [21] a study was performed on using wavelets with partial discharge (PD) detection. The authors
discussed a method for automatically selecting an appropriate mother wavelet by maximizing the correla-
tion coefficient between the signal being represented and the mother wavelet (this method was developed
by authors in [22]). This indicates that the sparsest wavelet domain representations of a signal occur with
Mother wavelets that exhibit similar behaviour to the signal. The paper also tests automatic thresholding

methods that are commonly used for removing noise. Since the mother wavelet is highly correlated with

IThe frequency domain analysis was performed by substituting matrices that perform the forward and reverse Fourier

transform operations for W, and W L.
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the PD pulse signal being detected, most of the energy of the PD pulse signals in the wavelet domain will
be concentrated on a few wavelet subspaces (i.e. the signal is sparse) while the uncorrelated noise will be
spread out over all subspaces (i.e. is not sparse) and the noise can be removed by thresholding off the low
amplitude wavelet coefficients which leaves only the high amplitude wavelet coefficients that correspond
to the PD pulse signal being detected.

In [23], a comparison analysis of the sparsity of the Jacobian and derivative matrices between the
biorthogonal cubic spline wavelet in [55] and the Daubechies wavelet is presented. The authors [23] used
a formulation that was similar to that used in [17] but did not consider frequency defined components in
their circuit equation formulation. It is shown that the biorthogonal cubic spline wavelet led to higher
sparsity Jacobian and derivative matrices in their analysis. However, it is unclear what effect the inclusion

of frequency defined components would have on the Jacobian and derivative matrices.

3.5 Chapter Summary

In this chapter is a review of previous work performed on taking advantage of the sparse representations
that are possible with wavelets to increase the efficiency of periodic steady-state analysis. One topic of
research focused on utilizing wavelets to reduce the density of the Jacobian matrices by thresholding the
convolution matrix used with frequency defined components. The convolution matrix is represented in
the wavelet domain by including the forward and reverse transform matrices when the convolution matrix
is formed. Other works focused on utilizing the properties of a specific wavelet to reduce the size of the
system of equations by re-formulating the problem to calculate a sparse estimate of the solution to the
system of equations. The volume of work in this area is very limited. Based on the results of the reviewed
works as well as the results of this research, there is an advantage to SSWA in some cases. However, wither
or not wavelet domain steady-state analysis provides a computational advantage, as well as the selection
of the most suitable wavelet, is largely problem dependent. Therefore it is difficult to create a one size
fits all method which makes progress in this area of research slow. However, there is still much room for
further developments and research on this interesting topic. The following two chapters will discuss the
contributions of this thesis into ways to increase the efficiency of calculating the Newton update vectors
during each iteration of Newton method.

Presented in Chapter 4 is a study on the effect wavelet selection has on Jacobian matrix and nodal
variable vector sparsity. This study is an important requirement for further work since there were no
previous studies to determine which wavelet, if any, tends to provide the sparsest Jacobian matrix and
nodal variable vectors. Also presented and tested is an adaptive Jacobian matrix thresholding algorithm.
This algorithm was developed to address the issue of selection of an appropriate threshold by automatically

adjusting it each iteration of Newton method. The threshold is dependant on error introduced into the
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Newton update vectors each iteration and, unlike the method described in Section 3.3, will not introduce
an error into the final result of the simulation.

Presented in Chapter 5 is a method that reduces the number of columns in the Jacobian matrix that
are used in the calculation of the Newton update vectors. This method was developed to allow for the
use of any wavelet basis. This method is modified to allow for the wavelets to be adaptively selected each

iteration. Utilization of a different wavelet basis for every nodal variable is also explored.
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Chapter 4

Effect of Wavelet Selection on Periodic

Steady-State Analysis

An important consideration when selecting a wavelet is its effect on SSWA. Since the SSTD and SSWA
formulations in this thesis are equivalent (see Section 2.4), the wavelet choice has no effect on the con-
vergence of Newton method. The main effect of the wavelet choice is in the density of the nodal variable
vectors and the structure, and sparsity, of the Jacobian matrix. However, selection of an optimum wavelet
basis function for circuit simulation is not a straight forward task. The nodal variable waveforms for circuit
simulations can potentially have completely different shapes. This applies to nodal waveforms of differing
circuits as well as the waveforms for each node within the same circuit. Most of the nodal waveforms are
also unknown until they are calculated. A designer could select a wavelet based on the shape of the input
and expected output waveforms but this does not guarantee the selected wavelet will provide the sparsest
representations of the other nodes in the circuit. For this reason, a study on the effect that wavelets
selected from several families have on the sparsity of the nodal variable vectors and Jacobian matrices

was performed to determine which wavelet, if any, provides the sparsest vectors and matrices.

4.1 Adaptive Jacobian Thresholding

The study presented in this section, and published in [18], explores the effect that wavelets selected
from several families have on the sparsity of the nodal variable vectors and Jacobian matrices with five
test circuits. A method that performs adaptive thresholding, with an automatically selected threshold,
on the entire Jacobian matrix each iteration is also presented and tested. Unlike the method in [53],
this method does not run the risk of causing a deviation between the un-thresholded and thresholded
simulations since any error caused by thresholding the Jacobian matrix will be corrected during a later

Newton iteration. Additionally, since the Jacobian matrix is thresholded at each iteration, the convolution
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matrix can vary with o. Another advantage of the automatic thresholding method is that a designer does
not have to determine an ideal threshold for use with each circuit problem. However, this method has

three disadvantages:
1. Extra computational overhead every iteration to perform the thresholding.

2. An error, which is dependent on how aggressive a threshold is used, is introduced to the calculation

of ApITT.

3. Overaggressive thresholding can lead to additional iterations to converge or even a failure to con-

verge.

In order to overcome the first disadvantage, the thresholding algorithm has to be efficient enough for
the overhead of thresholding the Jacobian matrix to be lower than the computational speedup of solving
the sparser, thresholded, Jacobian matrix. The adaptive method used in this study is computationally
simple. All elements in the Jacobian matrix that have amplitudes below the adaptive threshold (h) are
set to zero and control of the threshold is achieved via simple vector and matrix/vector operations.

To overcome the second and third disadvantages, the adaptive method used in this study adapts the
threshold to control and minimize the error introduced into the computation of A&+, This is achieved
by adjusting the value of h based on the error introduced in the computations due to thresholding the

Jacobian matrix. After selecting a small initial value for h, an approximate Newton update (Af)ffl) is

obtained by using the thresholded Jacobian (Jp) to express Equation (2.58) as:
Jnaol ™ = — f(#9). (4.1)

The Newton update is given by:
ADTL = AT 1§, (4.2)

where 8 is a vector that represents the difference between A#/*! and Aﬁﬁl. Substituting Equation (4.2)

into Equation (2.58) yields:
J (@) (A0]™ +8) = — f(2),
J(@)6 = —f(#7) — J(&))Av) .
The introduced error, €, is then given by:
e =|J(®7)8] = |F(®) + () A6, (4.3)

where the vertical bars denote the absolute value of all elements in a vector. The values of the individual

elements of € should be comparable to the tolerance used to evaluate convergence of the Newton algorithm.
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If an element is too large, then A must be reduced, conversely if all elements in € are very small, this
indicates that h may be increased. If € is in an acceptable range, h is left unchanged. Each element in €

is controlled by comparison with an automatically calculated tolerance:
t = rygminimum{| £(97) |, | F(8) A5, |} + agarts, (4.4)

where @ € RVM is a vector with all elements set to 1 and 7, and aqy are selected relative and absolute
. .. . . 2/ ad 2N A ajtl
tolerances. Operation minimum{} performs an element wise comparison between f(%’) and J(97)Ad;
with the result being a vector containing the minimum between the elements of f(%7) and J (&7 )A'ﬁffl.
The relative tolerance ensures that each element in € will have amplitudes that are much lower than the

corresponding minimum element between J (4 )Aﬁiﬂ and f(97).

Algorithm 4.1 Jacobian matrix adaptive threshold algorithm.
j<0

// Initial Newton iteration uses full Jacobian
A —J(99) 7 f(89)
T o7 + ApTT
// Main loop for Newton iterations
repeat
j—i+1
J, < Threshold(J(97), h)

ael n,

ADIT o T, f()
& o+ AT
€ |f(07) + (@) Aw] |
t « rminimum{| £(87)], |J(87) A%, |} + arrte
k(1€ 0 #|oo
if k < 0.1 then
h< hxa
else if £ > 1 then
h < h/b
end if
A < 1 min{|[7], |97} + i
until A} < @;,Vie {1,2,...,NM} and

1F (@)oo < aror

The proposed method for adaptive Jacobian thresholding is given in Algorithm 4.1. In this algorithm,
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a and b are the threshold increase and decrease factors, A'f){fil represents element ¢ of A'f){bﬂ, and the
" @’ symbol denotes element-by-element division of two vectors (Hadamard division). The decision to

raise or lower the threshold is controlled by element-wise division of € by # and then calculating:
k=€ #s0. (4.5)

For this thesis, if k£ is less than 0.1 then the threshold is increased and if k is greater than 1 then
the threshold is decreased. The selection of this range will effect how often the threshold is changed.
For example, in this thesis the range is 0.1 < k < 1. If the lower range is decreased (for example,
0.00001 < k£ < 1) then the threshold will not be increased as often as it would for the range used in this
thesis. If the upper range is increased (for example, 0.1 < k& < 100), the threshold will be decreased less
often than it would for the range used in this thesis. Increasing the upper range will cause more error
to be allowed in the Newton updates before the threshold is lowered and could lead to an increase in
number of iterations required to converge. Therefore, it is not recommended to set this to a high number.
Setting the lower range to a lower number is safer but results in lower thresholds than could otherwise be
utilized. The threshold increase and decrease factors are used to control how the threshold changes. In
this study we have selected a = 2 and b = 10 so that the threshold will always decrease at a higher rate
than it increases. Although a and b have to be selected by a designer when the simulation is run, they
only affect the speed that the threshold is adjusted. Therefore, there is no risk of a user selected property

leading to an over aggressive threshold provided reasonable values for a and b are selected.

4.2 Simulation Studies

Simulations were run on an HP Envy 17-J170ca using the Cardoon circuit simulator. The operating
system is Ubuntu 18.04.3 LTS and the computer has 16GB DDR3 SDRAM and an 2.2GHz Intel Core
i7-4702MQ Processor with Turbo Boost Technology (feature is enabled and can overclock the processors
up to 3.2GHz). Simulations and thresholding were performed with the following parameters for each case
study and mother wavelet: a;; = 1077, 7o = 10™%, and an initial h = 10~7. The UMFPack algorithm
operates by performing a symbolic factorization step followed by a numeric factorization step. During
the symbolic factorization step, sparse matrix column pre-ordering is performed to reduce fill-in' before
the symbolic factorization is performed to estimate the structures of the L and U matrices. During each
simulation in this study, the matrix column pre-ordering is calculated during the first iteration only. This
pre-ordering is then re-used for each subsequent iteration. Thus, the sparse matrix pre-ordering is only
performed once per simulation. The numerical factorization step performs the LU factorization of the

Jacobian matrix to obtain the L and U factors.

'Fill-in refers to the number of elements in the L and U matrix that begin with values of zero and are changed to non-zero

values by the end of factorization.
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The results of simulations run with non-thresholded Jacobian matrices and adaptively thresholded
Jacobian matrices (Algorithm 4.1) are presented in this section. Three types of derivative estimates
were used for the time derivatives: The two point central differences method (D¢2), four point central
differences method (D¢y), and the Fourier derivative method (Fourier). For more information on these
methods, see Appendix A. Mother wavelets were selected from commonly used wavelet families to de-
termine the effect of both the wavelet shape and number of vanishing moments on each of the circuits
and, to maximize the sparsities of the vectors, the maximum level of transform allowed by each wavelet
was used. The maximum level of transform is reached when the scaling function has been dilated to a
scale where any further increase in scale would result in the scaling function being larger than the signal
being transformed. For example, the Haar wavelet scaling function at level 1, once discretized, has two
samples. Increasing the level of the transform will result in a scaling function with twice as many samples
as the previous levels scaling function. Increasing the level again will result in 4 samples, then 8, then
16, and so on until the scaling function has 512 samples (this occurs at level 9 since 2° = 512. Once
level 9 is reached there will be 1 coefficient in the scaling subspace and 9 wavelet subspaces. The Db2
wavelet, once discretized, has 4 samples at level 1. The maximum level transform for this wavelet would
be 7.1 Since the scaling function is translated by a factor of 2 at each level of transform, the scaling and
wavelet subspaces at each level will have half as many coefficients as the previous level. With the Db2
wavelet, this would result in a scaling subspace with 52%2 = 4 coeflicients at the maximum possible level
of transform. The number of scaling coefficients and wavelet subspaces for 512 time samples with the
mother wavelets used in this study are shown in Table 4.1. The number of time samples was manually
selected for this study and was determined experimentally as the minimum required number of samples
for the nodal variable vectors to have no significant error in them with every test circuit (compared to

simulations with a higher number of time samples).

Since the number of vanishing moments in the mother wavelet affects the maximum level of transform
that is possible, the number of scaling coefficients is not the same for every wavelet. Wavelets with a
higher number of vanishing moments will have a higher number of scaling coefficients. Since the scaling
coefficients are not thresholded, wavelets with a higher number of vanishing moments will tend to lead to

higher density vectors.

ISince 22 = 4 and each increase in level increases the number of samples in the scaling function by a factor of 2, it would

require 7 additional increases in level of transform for the scaling function to have 512 samples.
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Table 4.1: Number of scaling coefficients and wavelet subspaces for 512 time samples with selected mother

wavelets.
Number of Number of Number of Number of
Wavelet scaling coefficients | wavelet subspaces Wavelet scaling coefficients | wavelet subspaces

Haar 1 9 Coifl12 128 2
Db2 4 7 Coifl6 128 2
Db3 8 6 Sym2 4 7
Db4 8 6 Sym3 8 6
Db8 16 5 Sym4 8 6
Db12 32 4 Sym8 16 5
Db16 32 4 Sym12 32 4
Dmey 64 3 Sym16 32 4
Coif2 16 5 Biorl.1 1 9
Coif3 32 4 Bior4.4 16 5
Coifd 32 4 Bior6.8 32 4
Coif8 64 3

Presented in this section are:

1. Input and output nodal waveforms.
2. Number of iterations.

3. Average ¥ density.

4. Average Jacobian density.

5. Variation of h per iteration.

6. Simulation times for SSTD and SSWA (with no thresholding, with adaptive thresholding, and with

a static threshold) with some selected wavelets using the Dgo derivative.
7. Change in average number of non-zero elements in the L and U matrices.

The input and output nodal waveforms are presented to show that there is no difference between the final
result of the thresholded and non-thresholded simulations. The number of iterations is presented to show
that there is no large change in number of iterations, if any, when applying the Jacobian thresholding. The
average density of © for all iterations with the different mother wavelets is shown for each simulation. This
is important to estimate the potential savings that could be obtained by methods that take advantage of
low density nodal vectors [10].

For this

Many of the wavelet coefficients in the nodal variables will have negligible amplitudes.

reason, the nodal waveforms are thresholded to remove the low amplitude coefficients. Since each nodal
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variable has its own waveform, the wavelet coefficients for each node are thresholded independently with

a threshold that is selected using the following formula:
ty = rtolH’ﬁkHOO + gol; (46)

where ¥}, is a vector of wavelet domain nodal voltages for node k. All wavelet coefficients for node k that
have an amplitude that is below ¢, are then set to zero (the scaling coefficients are not thresholded). The
average Jacobian density and variation of h are presented to show how much A affects Jacobian sparsity.

To illustrate the potential trade off between computational savings and overhead of the thresholding
method, the simulation time for SSTD is also presented and compared with the simulation times of the
wavelets that provided the sparsest Jacobian matrices and © vectors with the Dgo derivative. The Haar
wavelet provided the lowest average Jacobian densities for all circuits except for the ultrasound transducer
driver with Jacobian matrix thresholding where the Db4 wavelet provided the lowest average Jacobian
density. The sparsest wavelet for the inverter chain circuit was the Sym3 wavelet. The Db2 and Sym?2
wavelets were tied for the Gilbert cell, ultrasound transducer driver, and transmission line circuits. The
Db4 wavelet provided the sparsest © vectors for the stepped impedance filter circuit. When applying
the adaptive threshold, the Jacobian matrix pre-ordering from the first iteration is re-used for every
subsequent iteration.! This could potentially affect the fill-ins that occur when factorizing the thresholded
Jacobian matrices at each subsequent iteration. For this reason, the change in average number of non-zero
elements in the L and U matrices between the thresholded and un-thresholded simulations is compared.
Since there can be a small effect on matrix and vector densities when applying the adaptive thresholding
method to SSTD, the number of iterations, © densities, Jacobian matrix densities, simulation times,
numerical factorization times, symbolic factorization times, and difference in L and U matrix densities
are included for thresholded SSTD for comparison.
4.2.1 Inverter Chain

The first case study is the CMOS inverter chain circuit shown in Figure 4.1. The ALD1103 IC used
in these simulations is made up of 2 matched pairs of MOSFETSs. They were modelled using the intrinsic
portion of the EKV 2.6 model [56].!! The model parameters were extracted from measurements from
an ALD1103 chip. There are 7 nodal variables with 512 time samples for this circuit which results in
3584 unknowns. The non-thresholded (solid line) and thresholded (dashed line) input and output voltage
waveforms are shown in Figure 4.2. The vector thresholding method has an insignificant effect on the

time domain representation of the signals.

IThe first iteration Jacobian matrix is not thresholded and, therefore, the thresholding method will not affect the calculated

pre-ordering.

"For more information see the ekv_i model at: https://vision.lakeheadu.ca/cardoon/device_library.html#ekv-i-intrinsic-

epfl-ekv-2-6-mosfet
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Figure 4.1: Inverter chain schematic.

Inverter Chain Input Waveform

5_
0- /\/
—54

Inverter Chain Outputl Waveform

5.0+
2.5 1 J’ Non-Thresholded
0.0+ Vectors

Voltage (V) Voltage (V) Voltage (V) Voltage (V)

Ir'werter Chéin Output'2 Waveforr'n Thresholded
5.0 ~77 Vectors
2.5+
0.0- .—j ; . . P i

Inverter Chain Output3 Waveform
5.0 —
2.5
0.0, ; ; , T T

0 2 4 6 8 10
Time (us)

Figure 4.2: Input and output waveforms for the inverter chain. Dashed line represents the signals after

they are thresholded.

Figure 4.3 shows the Jacobian density for all simulations and Table 4.2 shows a detail for the lowest
un-thresholded and thresholded densities, with the thresholded densities denoted between parentheses.

The time domain simulation provided the lowest Jacobian densities for Dgo and Dey.
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Figure 4.3: Average Jacobian densities for the inverter chain.

Table 4.2: Inverter chain lowest Jacobian densities in %. Densities for the adaptive Jacobian threshold

simulations are shown in parentheses.

Domain time Haar Biorl.1
D¢ (thresholded) | 0.22 (0.21) | 1.62 (1.36) | 1.59 (1.36)
D¢y (thresholded) | 0.37 (0.35) | 1.69 (1.33) | 1.69 (1.33)
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Figure 4.4: Average ¥ densities for the inverter chain.

For wavelet simulations there are no significant density differences between the Do and D¢y derivative
methods. The Haar wavelet and the Biorthogonal 1.1 wavelet, which is an Biorthogonal equivalent to the
Haar wavelet, performed best in terms of Jacobian densities. As expected, the Fourier derivative produces

the highest Jacobian densities and it is clear that this kind of derivative approximation can not compete
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with finite differences.

The average density of © with the non-thresholded and thresholded Jacobian matrices, is shown in
Figure 4.4. The Daubechies and Symlet wavelets have similar densities and there is a slight increase in
density as the number of vanishing moments increases. The Haar, Biorl.1, Coif12, Coifl6, and Dmey
wavelets had the highest densities. This is due to how the wavelets represent the nodal waveforms. The
smooth waveforms of the Input and Outputl nodes, along with any smooth waveforms for nodes that are
not shown, will not be sparsely represented by the Haar wavelet and cannot be thresholded much before a
large amount of time domain error is introduced. Similarly, the Output2 and Output3 nodal waveforms,
along with any sharply changing waveforms that are not shown, will not be represented sparsely by the
Dmey and Coiflet wavelets. The other wavelets represent a middle ground between the aforementioned
wavelets and are sparser as a result. For some simulations, the effect of thresholding the Jacobian matrix
results in a small variation of the density of © at some iterations. The error introduced by using ’f)i“
can change the waveforms enough to alter the density of © and a small change in density can be expected

with the adaptive thresholding method.
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Figure 4.5: Variation of A and Jacobian density at each iteration for the inverter chain using the Haar

wavelet.

The variation of A and the Jacobian density using the Haar wavelet, which led to the lowest average
Jacobian matrix density when thresholding was applied, at each iteration are shown in Figure 4.5. The
threshold value has relatively large variations that, with the exception of the Fourier derivatives, do not
have a large effect on Jacobian density.

The number of iterations necessary for convergence is shown in Figure 4.6. The difference in the

number of iterations seen with some wavelet/derivative combinations is due to the error introduced by
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using Aﬁfl instead of A%/t when the thresholded Jacobian matrix is used. The difference represents
an extra error that has to be accounted for and can lead to extra iterations. It is also possible for this
error to be a ‘lucky guess’ and cause the number of iterations to be lower. We can see from Figure 4.5
that a single threshold does not perform optimally, in terms of error, for all iterations and h must be
adapted as the simulation runs to keep the error at a minimum. The thresholding method is effectively
adapting this threshold and keeping the error low enough to only cause a small alteration in the number
of iterations required for the simulation to converge for most cases.

Thresholded

Ww Fourier ~ WEM Dc; WM Dcys ZZ jacopian

Number of Iteration
[e)]ee] N N B
OO OOOO0OO OO0

Sym8 Sym12 Sym16 Biorl.1 Biord.4 Bior6.8
Mother Wavelet

Figure 4.6: Number of iterations for the inverter chain.

There are some mother wavelets, even when no Jacobian thresholding is used, that required a different
number iterations to converge on a solution than the time domain simulation. This is likely due to
rounding errors introduced into the vectors during the forward and backward wavelet transforms. Given
the observed disadvantages of using the Fourier derivative in the considered simulations (i.e. when the
error function is not defined in the frequency domain), this derivative is not included for the remaining

examples.

The simulation run times for the Inverter chain for the time domain and Haar and Sym2 wavelets are
shown in Table 4.3. The static threshold selected for this circuit was 107 and is, roughly, the average
threshold used by the adaptive thresholding method (see Figure 4.5). All wavelets exhibit a speedup
when adaptive Jacobian matrix thresholding is applied and, due to a reduction in number of iterations,
the speedup in one case was enough for the adaptively thresholded simulation to be faster than SSTD.
Based on the per-iteration times, the adaptively thresholded simulations would still exhibit a speedup
over un-thresholded SSWA if the number of iterations was unchanged. The static threshold tended to

be slower than the adaptive threshold method. The static threshold matched the per-iteration numeric
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factorization time of the adaptive thresholding method with the Haar simulation with the D¢y derivative
and exhibited lower per-iteration numerical factorization times than the adaptive thresholding method

with both Sym3 simulations.

Table 4.3: Total simulation, symbolic factorization, and numeric factorization timing data, in seconds,
for the inverter chain circuit with the Haar and Sym3 wavelets. The per-iteration times are shown
in brackets. The static threshold value was 1072, Creen font indicates the cases where the adaptive
thresholding method is faster than the non-thresholded method while blue font indicates the cases where

the static thresholding method is faster than the adaptive thresholding method.

Dco Dcy
No Thresh | Adaptive | Static | No Thresh | Adaptive | Static
30.66 36.04 | 39.23 | 35.83 36.27 | 35.41
Total [0.989] 0.974] | [1.060] | [0.995] 0.980] | [1.041]
o , 0.162 0.167 | 0.169 | 0.175 0179 | 0.177
5 Symbolic |19 go5) 0.005] | [0.005] | [0.005] 0.005 | [0.005]
‘ 0.437 0458 | 0.456 | 0.463 0471 | 0.476
Numeric [0.014] (0.012] | [0.012] | [0.013] (0.013] | [0.014]
Tterations 31 37 37 36 37 37
13.35 1000 | 4179 | 43.82 3553 | 38.33
Total [1.204] 1018 | [1161] | [1.123] 1.110] | [1.128]
s | oo | 0295 0076 | 0.291 | 0.281 0061 | 0.274
A [0.008] 0.008] | [0.008] | [0.007] 0.008] | [0.008]
‘ 0.026 0552 | 0.898 | 0.082 0720 | 0.831
Numeric |1 gog) 0.023] | [0.025] | [0.025] 0.024] | [0.024]
Iterations 36 37 36 39 32 34
60.98 1070 | 4092 | 85.30 5130 | 47.07
Total [1.418] 1.381] | [1.240] | [1.551] 11.350] | [1.272]
o _ 0.528 0160 | 0.362 | 0.730 0070 | 0.391
C% Symbolic |10 019) | j0.013 | [0.011] | [0.013] | [0.0124] | [0.011]
‘ 3.020 5110 | 1.675 | 5.670 3017 | 1.808
Numeric | 19.091] | [0.0s6] | [0.051] | [0.103] | [0.085] | [0.049]
Iterations 43 36 33 55 38 37

4.2.2 Gilbert Cell

The second case study is the Gilbert cell circuit shown in Figure 4.7. There are 15 nodal variables in
this circuit with 512 time samples which results in 7680 variables. The non-thresholded (solid line) and
thresholded (dashed line) input and output voltage waveforms are shown in Figure 4.8. This circuit has

waveforms with shapes that are a mixture of sharply changing pulses and smoothly changing curves.
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Figure 4.7: Gilbert cell schematic.
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Figure 4.8: Input and output waveforms for the Gilbert cell. Dashed line represents the signals after they

are thresholded.

The Jacobian densities are given in Figure 4.9 and Table 4.4. The wavelets that have the lowest number
of vanishing moments lead to the sparsest Jacobian matrices and the greatest reduction in density, when

thresholding is applied, occurred with wavelets with the highest number of vanishing moments. The time

40

60 80

Time (us)

domain led to the sparsest Jacobian matrices.

Haar wavelet at each iteration is shown in Figure 4.10. Only small variations in the density occur as the

The variation of h and the Jacobian density using the
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Jacobian matrix threshold varies.
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Figure 4.9: Average Jacobian densities for the Gilbert cell.

Table 4.4: Gilbert cell lowest Jacobian densities in %. Densities for the adaptive Jacobian threshold

simulations are shown in parentheses.

Domain time Haar Biorl.1
D¢y (thresholded) | 0.13 (0.11) | 0.78 (0.58) | 0.78 (0.58)
D¢y (thresholded) | 0.21 (0.17) | 0.87 (0.59) | 0.87 (0.59)
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Figure 4.10: Variation of h and Jacobian density at each iteration for the Gilbert cell using the Haar

wavelet.
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Figure 4.12: Number of iterations for the Gilbert cell.

The average density of © with and without adaptive Jacobian thresholding is shown in Figure 4.11.
The lowest density representations of © occur with the wavelets with the lowest number of vanishing
moments. The number of iterations for each of the simulations is shown in Figure 4.12. The time domain
simulations required 8 iterations to converge while the wavelet domain simulations required 7 and the
number of iterations remains unchanged when Jacobian thresholding is used which indicates that the
thresholding algorithm successfully keeps the error introduced by Jacobian thresholding at a minimum
with this test case.

The simulation run times for the Gilbert cell for the time domain and Haar, Db2, and Sym2 wavelets
are shown in Table 4.5. The static threshold used for this circuit was 10~® which represents a rough
average of the threshold values used by the adaptive thresholding method (see Figure 4.10). All the

adaptive threshold simulations exhibited a small speedup over the non-thresholded case and the per-
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iteration numeric factorization times are all lower with the adaptively thresholded simulations. None of
the wavelet simulations were faster than SSTD. The adaptive thresholding method exhibited lower per-
iteration numeric factorization times than the static threshold for all but the Haar wavelet simulations

and the time domain simulation with the D¢y derivative.

Table 4.5: Total simulation, symbolic factorization, and numeric factorization timing data, in seconds,
for the Gilbert cell circuit with the Haar, Db2, and Sym2 wavelets. The per-iteration times are shown
in brackets. The static threshold value was 1078, Green font indicates the cases where the adaptive
thresholding method is faster than the non-thresholded method while blue font indicates the cases where

the static thresholding method is faster than the adaptive thresholding method.

Dco D¢y
No Thresh | Adaptive | Static | No Thresh | Adaptive | Static
13.50 14.25 | 16.62 13.84 14.61 | 16.18
Total 1.687] 1.782] | [2.078] | [1.730] 1.826] | [2.023]
o , 0.6799 0.6955 | 0.7287 | 0.6855 0.6989 | 0.793
£ | Symbolic | jo085) | [0.087] | [0.001] | [0.086] | [0.087] | [0.099]
, 3.839 4.051 | 4.189 3.903 4.036 | 3.919
Numeric [0.480] (0.506] | [0.524] | [0.488] (0.505] | [0.490]
Iterations 8 8 8 8 8 8
17.60 1619 | 16.52 17.40 1667 | 17.01
Total 2.514] 2.356] | [2.360] | [2.485] 2.381] | [2.431]
% | svmbotic 0.797 0766 ] 0.769 0.777 0.784 | 0.762
s Y (0.114] 0.109] | [0.110] | [0.111] (0.112] | [0.109]
, 5.021 1565 | 4514 1.892 1510 | 4.346
Numeric [0.717] 0.652] | [0.645] |  [0.699] 0.646] | [0.621]
Iterations 7 7 7 7 7 7
25.06 23.02 | 24.67 25.31 23.61 25.00
Total 3.581) | [3.28%] | [3.525] | [3.616] | [3.372] | [3.572]
~ , 0.870 0.949 | 0.944 0.870 0.969 | 0.930
£ | Symbolic | g 19 0.136] | [0.135] | [0.124] 0.138] | [0.133]
_ 9.690 8126 | 9.258 9.855 R113 | 9.504
Numeric [1.384] 1.204] | [1.323] | [1.408] 1.159] | [1.358)
Iterations 7 7 7 7 7 7
24.744 22002 [23.909 | 25.242 22764 | 24.909
Total [3.535] 3072 | [3.416] | [3.606] | [3.252] | [3.559]
~ . 0.853 0.960 | 0.928 0.855 0.961 | 0.936
U% Symbolic |15 1991 0.137] | [0.133] | [0.122] 0.137] | [0.134]
_ 9.834 83794 | 9.074 9.733 7025 | 9.507
Numeric [1.405] 1.197] | [1.296] | [1.390] 1.132] | [1.358]
Iterations 7 7 7 7 7 7

4.2.3 Ultrasound Transducer Driver

The third case study is the ultrasound transducer driver circuit, shown in Figure 4.13, which is similar

to the one discussed in [57]. There are 8 nodal variables in this circuit with 512 time samples which
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results in 4096 unknowns. The transducer in this circuit is modelled in the frequency domain, using the

measured S-parameters in a frequency range from 800kHz to 10MHz. Outside of this range, the transducer

is modelled as a capacitor.
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Figure 4.13: Ultrasound transducer driver schematic.
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Figure 4.14: Input and output waveforms for the ultrasound transducer driver. Dashed line represents

the signals after they are thresholded.

The MOSFETSs are modelled using the ACM model [58].! Figure 4.14 shows the input, output, and

transducer current waveforms. The vector thresholding method causes no significant change in the time

1 . . .
For more information see the acms_i model at:

simplified-acm-intrinsic-mosfet

o7
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Figure 4.15: Measured vs Simulated output waveform of the ultrasound transducer driver.

domain representation of the nodal waveforms. Figure 4.15 shows the simulated SSWA output waveform
vs data measured from a constructed circuit (data from [57]). The simulated results closely resemble the

measured output.
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Figure 4.16: Average Jacobian densities for the ultrasound transducer driver.

The Jacobian density for each simulation is given in Figure 4.16. Densities tend to be higher with
some wavelets due to the presence of the frequency-domain transducer model. As seen in Equation
(2.14), the dense blocks contributed by that model are independent of the method used to approximate

time derivatives.
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Figure 4.17: Average © densities for the ultrasound transducer driver.

The wavelets with the lowest number of vanishing moments lead to the sparsest Jacobian matrices
while the wavelets with the highest number of vanishing moments lead to the greatest decrease in Jacobian
density when thresholding is applied. The time domain leads to the sparsest Jacobian matrices when no
thresholding is applied but, with thresholding, some wavelets lead to slightly sparser Jacobian matrices

than the time domain.
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Figure 4.18: Variation of h and Jacobian density at each iteration for the ultrasound transducer driver

using the Db4 wavelet.

Figure 4.17 shows the density of ©. The wavelets with the lowest number of vanishing moments tend
to lead to the lowest density representations of © with the exception of the Haar wavelet which, due to the
presence of very smooth waveforms, leads to higher density representations of © than other wavelets with

a similar number of vanishing moments. The Db4 wavelet leads to the lowest average © vector densities.
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This suggests the Db4 wavelet has a higher correlation to © on average than the other wavelets.
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Figure 4.19: Variation of h and Jacobian density at each iteration for the ultrasound transducer driver

using the Haar wavelet.

The variation of h and the Jacobian density are shown in Figure 4.18 for the Db4 wavelet, which
led to the sparsest Jacobian matrices when thresholding was applied. There are no large variations in
Jacobian density observed as the threshold changes. The variation of h and the Jacobian density with
the Haar wavelet are shown in Figure 4.19. There are no large variations in Jacobian density observed as
the threshold changes. The range of values h took during the simulation is roughly similar to the range
of values of h seen with the Db4 wavelet but the effect of thresholding on the Db4 Jacobian density is
more significant.
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Figure 4.20: Number of iterations for the ultrasound transducer driver.
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Table 4.6: Total simulation, symbolic factorization, and numeric factorization timing data, in seconds, for
the ultrasound transducer driver circuit with the Haar, Db2, Db4, and Sym2 wavelets. The per-iteration
times are shown in brackets. The static threshold value was 5 x 1079, Green font indicates the cases where
the adaptive thresholding method is faster than the non-thresholded method while blue font indicates the

cases where the static thresholding method is faster than the adaptive thresholding method.

Dco D¢y
No Thresh | Adaptive | Static | No Thresh | Adaptive | Static
11.71 20.65 | 27.20 35.07 26.78 | 35.90
Total [1.065] 2.581] | [2.472] | [3.188] 3.347] | [3.264]
@ _ 0.305 0.273 | 0.361 0.296 0.273 | 0.337
5 Symbolic |1 gog 0.034] | [0.033] | [0.027] 0.034] | [0.031]
, 6.703 16.67 | 21.79 30.06 2275 | 30.29
Numeric [0.609] 2.083] | [1.981] | [2.733] [2.844] | [2.753]
Tterations 11 8 11 11 8 11
21.38 1851 | 19.56 22.10 2019 | 20.74
Total 2.138] 1.851] | [1.956] | [2.210] 2.019] | [2.074]
% | gombolic 0.329 0.297 | 0.319 0.342 0.296 | 0.301
i [0.033] 0.030] | [0.032] | [0.034] 0.030] | [0.030]
, 16.04 [3.10 | 14.16 16.53 1177 | 15.38
Numeric |1y goy) 1310 | [1.416] | [1.653] 1.477) | [1.538]
Iterations 10 10 10 10 10 10
17.59 1254 | 13.66 17.16 12.33 | 13.43
Total [1.955) | [1.303] | [L518] | [1.907] | [1.370] | [1.492]
~ _ 0.415 0271 | 0.289 0.398 0271 | 0.282
£ | Symbolic |1 046) | 0.030] | 0.032) | [0.044] | [0.030] | [0.031]
, 11.56 7103 | 8.194 11.27 6015 | 8.109
Numeric [1.284] 0.789] | [0.910] | [1.252] 0.768] | [0.901]
Iterations 9 9 9 9 9 9
24.56 1271 | 13.83 23.58 1201 | 13.86
Total 2.729] 1412 | [1.537] | [2.620] 11.435] | [1.541]
- _ 0.530 0270 | 0.285 0.520 0278 | 0.298
A | Symbolic |19 059) | 0.030] | [0.032) | [0.058] | [0.031] | [0.033]
. 17.66 7070 | 7.908 16.630 7200 | 7.940
Numeric |1y gg9) 0.786] | [0.879] | [1.848] 0.800] | [0.882]
Iterations 9 9 9 9 9 9
16.76 1225 | 14.27 17.04 1215 | 13.37
Total [1.862] 1.361] | [1.586] | [1.893] 11.350] | [1.485]
~ _ 0.406 0270 | 0.299 0.390 0273 | 0.281
£ | Symbolic | g 0451 | 0.030] | [0.033] | [0.043] | [0.030] | [8.112]
i . 10.89 6.020 | 8.712 11.11 6753 | 8.112
Numeric [1.211] 0.770] | [0.968] | [1.235] 0.754] | [0.901]
Iterations 9 9 9 9 9 9

The number of iterations for each of the simulations is shown in Figure 4.20. Thresholding caused
no change in the number of iterations required for convergence for the wavelets but did alter the number

of iterations for the time domain. Since the number of iterations remains unchanged when Jacobian
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thresholding is applied with the wavelet domain simulations, the error is kept low enough to not increase
the number of iterations necessary to achieve convergence when Jacobian thresholding is applied. The
time domain simulations have less coefficients in the Jacobian matrix that can be removed via thresholding
without introducing a large amount of error. The error in the time domain simulations with thresholding,
in this case, was a ’lucky guess’ and led to a reduction in number of iterations.

The simulation run times for the transducer driver for the time domain and Haar, Db4, and Sym2
wavelets are shown in Table 4.6. The static threshold used for this circuit was 5 x 10~ which represents
a rough average of the threshold values used by the adaptive thresholding method (see Figures 4.18 and
4.19). There are significant speedups with all but one of the wavelets when adaptive Jacobian matrix
thresholding is applied. The average Jacobian matrix density is not significantly reduced by adaptive
Jacobian matrix thresholding with the Haar wavelet and, therefore, the speedup is also small. The
Db4 wavelet did not lead to the lowest numeric factorization times even though the Jacobian matrix
density was lower than the Sym2 wavelet when adaptive thresholding was applied. Additionally, there
is no significant reduction in Jacobian density with the Haar wavelet but a speedup is still observed.
All of the non-thresholded and adaptively thresholded simulations with the D¢y derivative ran faster
than the time domain. The adaptive threshold led to lower per-iteration numeric factorization times
than the static threshold for all but the time domain simulations. For the Db2 and Sym?2, the per-
iteration numeric factorization times are significantly higher with the static threshold than the adaptive

thresholding method.
4.2.4 Transmission Line Circuit

The fourth case study is the transmission line circuit shown in Figure 4.21, which is based on an
example circuit in [59] with an added inverter stage at the output. There are 18 nodal variables in this
circuit with 512 time samples which results in 9216 variables. The transmission line is modelled in the
frequency domain by its scattering parameters, which are generated using its physical characteristics:
length of 1m, effective relative dielectric constant of 21, attenuation of 1 dB/m, and a characteristic
impedance of 50 2. The MOSFETSs for the inverter stage use the intrinsic portion of the EKV 2.6
model [56]" with 0.5um CMOS parameters (EKV v2.6 parameters for 0.5um CMOS EPFL-EKV, 1999)!
and have a channel length of 0.5um and channel width of 10um. The non-thresholded (solid line) and
thresholded (dashed line) input and output waveforms and the voltages at two of the transmission line
ports are shown in Figure 4.22. The vector thresholding method causes no significant change in the time

domain representation of the nodal waveforms.

TFor more information see the ekv_i model at: https://vision.lakeheadu.ca/cardoon/device_library.html#ekv-i-intrinsic-

epfl-ekv-2-6-mosfet
Thttps://www.epfl.ch/labs/iclab/wp-content /uploads/2019/02/ekv_v262.pdf
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Figure 4.21: Transmission line circuit schematic.
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Figure 4.22: Input and output waveforms for the transmission line circuit. Dashed line represents the

signals after they are thresholded.

The Jacobian densities are given in Figure 4.23. The wavelets with the lowest number of vanishing
moments provide the lowest density Jacobian matrices while the greatest reduction in density occurs with
wavelets that have the highest number of vanishing moments. When Jacobian thresholding is applied,

many of the wavelets exhibit densities that are below that of the time domain.

The threshold and Jacobian density at each iteration with the Haar wavelet is shown in Figure 4.24.
There are no large variations in Jacobian density observed as the threshold changes. The Jacobian
thresholding method is successful in keeping the error introduced by thresholding the Jacobian matrix

low enough not to alter the number of iterations required for the simulation to converge.
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Figure 4.23: Average Jacobian densities for the transmission line circuit.
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Figure 4.24: Variation of h and Jacobian density at each iteration for the transmission line circuit using

the Haar wavelet.

The density of © is shown in Figure 4.25. The wavelets with the lowest number of vanishing moments
led to the lowest density © with all but the biorthogonal wavelets. Jacobian thresholding had no significant
effect on the density of o.

The number of iterations for each of the simulations is shown in Figure 4.26. Thresholding caused
no change in the number of iterations required for convergence. The number of iterations was often not
significantly changed when using wavelets instead of the time domain. However, for the Doy derivative
method and Haar, Biorl.1, and Bior4.4 wavelets, there is a significant difference between the time and
wavelet domain.

The simulation run times for the transmission line circuit for the time domain and Haar and Sym2
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wavelets are shown in Table 4.7. There is a speedup with all of the adaptively thresholded simulations,
compared to SSWA with no thresholding. The static threshold used for this circuit was 10~8 which repre-
sents a rough average of the threshold values used by the adaptive thresholding method (see Figure 4.24).
Based on per-iteration simulation times, all adaptively thresholded simulations but the Db2 wavelet sim-
ulations with the Do derivative ran faster than SSTD. For half of the test cases, the static threshold had

lower per-iteration numeric factorization times than the adaptive Jacobian matrix thresholding method.
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Figure 4.25: Average © densities for the transmission line circuit.
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Figure 4.26: Number of iterations for the transmission line circuit.
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Table 4.7: Total simulation, symbolic factorization, and numeric factorization timing data, in seconds,
for the transmission line circuit with the Haar, Db2, and Sym2 wavelets. The number of iterations is
shown in brackets. The static threshold value was 1078, Green font indicates the cases where the adaptive
thresholding method is faster than the non-thresholded method while blue font indicates the cases where

the static thresholding method is faster than the adaptive thresholding method.

Dco D¢y
No Thresh | Adaptive | Static | No Thresh | Adaptive | Static
86.41 95.23 | 115.9 107.6 109.3 | 109.5
Total [2.541] [2.801] | [3.410] | [3.470] 3.528] | [3.532]
o _ 2.538 2067 | 2.578 2.181 2.221 | 2.223
£ | Symbolic | oo75) | (0067 | [0076] | [0.070] | [0.072] |[0.072]
, 54.00 63.15 | 79.69 79.12 77.64 | 76.06
Numeric [1.588] [1.857] | [2.344] | [2.552] [2.505] | [2.454]
Iterations 34 34 34 31 31 31
98.97 61.04 | 67.15 52.46 3242 | 31.21
Total [2.828] 1.744] | [1.919] | [3.497] 2.316] | [2.080]
5 | g bolic 3.069 1990 | 2.013 1.478 1.031 | 0.923
i [0.088] 0.057] | [0.057] | [0.099] 0.074] | [0.062]
, 59.55 2508 | 28.82 33.51 15.21 13.16
Numeric [1.701] 0.742] | [0.823] | [2.234] 11.087] | [0.875]
Iterations 35 35 35 15 14 15
86.89 85.59 | 90.78 86.91 8166 | 87.27
Total 2.633] 2.504] | [2.751] | [2.634] 2.565] | [2.645)
~ _ 4183 3776 | 4141 1.312 3811 | 4.149
£ | Symbolic | 159977 | 0114 | [0a26] | [0.131] | [0.116] | [0.126]
, 43.40 1267 | 4417 42.72 70 | 41.82
Numeric | 1y 315 1203 | [1.338] | [1.295] 1.264] | [1.267]
Iterations 33 33 33 33 33 33
89.77 87.79 | 84.15 89.99 83.88 | 83.82
Total 2.720] 2.660] | [2.550] | [2.727] 2.542] | [2.540]
~ _ 4.465 3.807 | 3.847 4.435 3806 | 3.915
= | Symbolic | o35 | 0015 | j0.117) | [0.134] | [0.115] | [0.119]
” . 43.98 44.61 | 41.10 45.86 .69 | 40.46
Numeric |1y 333) 1.352] | [1.246] | [1.390] 1.263] | [1.226]
Iterations 33 33 33 33 33 33

4.2.5 Stepped Impedance Filter Circuit

The last case study is the stepped impedance filter circuit shown in Figure 4.27. There are 64 nodal
variables in this circuit with 512 time samples which results in 32768 variables, making this the largest
problem tested in this study. The transmission lines are modelled in the frequency domain using scattering
parameters that are generated using their physical characteristics which are given in Figure 4.27. The
filter has a cutoff frequency of 14Ghz. The LMA411 is a model of the Filtronics X-band MMIC low noise

amplifier[60]. The non-thresholded (solid line) and thresholded (dashed line) input and output waveforms
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and the voltage at the input of the LMA411 (node A) are shown in Figure 4.28.

Input [=0.44mm [=1.37mm =143 mm
Z,=20Q Z,=120Q Z,=20Q
AC Pulse +
0.6Vpp
rint=50Q (L ‘
Td=0ps _ |
pw=50ps -~ |
per=100ps ‘ ‘
tr=tf=1ps |
| +6V
[=1.37mm [=0.44mm I Output
Z,=120Q Z,=20Q .
A J J
L LMA >
1 T 1 411 :

€,= Relative dielectric constant '

I=Line length
Z ,=Characteristic impedance

tan 0= 0.02 for all transmission lines
€,=4.2 forall transmissionlines

Figure 4.27: Stepped impedance filter circuit schematic.

The Jacobian densities are given in Figure 4.29. The wavelets with the lowest number of vanishing
moments provide the lowest density Jacobian matrices while the greatest reduction in density occurs with
wavelets that have the highest number of vanishing moments. When Jacobian thresholding is applied,

many of the wavelets exhibit densities that are below that of the time domain.

Stepped Impedance Input

—~ 0.31
2 8%
& 0.0-
£
> —0.3A : :

0.2 Stepped Impedance A
s 014 Non-Thresholded
g 0'0_ Vectors
S 1] Thresholded
s 01 ~~7 Vector
> _o2d . . ' ectors

1.5 Stepped Impedance Output
> 104
[ 0.5+
P g
£ -1.04

0 20 40 60 80 100
Time (ps)

Figure 4.28: Input and output waveforms for the stepped impedance filter circuit. Dashed line represents

the signals after they are thresholded.
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Figure 4.30 shows the density of ©. Due to the presence of very smooth waveforms, the wavelets with
the lowest number of vanishing moments do not tend to provide the lowest density © waveforms. The

lowest density © occurs with the Db4 wavelet.

——— ——— Thresholded

Jacobian
4
3
3 % — o = 557 o 77—
S ol e ) A A 77
>4 Time Haar Db2 Db3 Db4 Db8
24
Gm B R E E B
_E 2 Db12 Db16 Dmey Coif2 Coif3 Coif4
Ke)
S g — — [ ]
(e fm— 77077 () ] o 027 77
810 Coif8 Coifl2 Coifl6 Sym?2 Sym3 Sym4
©4
@3
=2
&
7 R 7 R v v v R v N v
0 Sym8 Sym12 Sym16 Biorl.1 Biord.4 Bior6.8

Mother Wavelet

Figure 4.29: Average Jacobian densities for the stepped impedance filter circuit.

The variation of h and the Jacobian density with the Haar wavelet are shown in Figure 4.31. There

are no large variations in Jacobian density observed as the threshold changes.
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Figure 4.30: Average ¥ densities for the stepped impedance filter circuit.
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Figure 4.31: Variation of h and Jacobian density at each iteration for the stepped impedance filter circuit

using the Haar wavelet.
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Figure 4.32: Number of iterations for the stepped impedance filter circuit.

The number of iterations for each of the simulations is shown in Figure 4.32. Thresholding caused no
change in the number of iterations required for convergence. The number of iterations was not changed
when using wavelets instead of the time domain. The simulation run times for the stepped impedance
filter circuit for the time domain and Haar and Db4 wavelets are shown in Table 4.8. The static threshold
used for this circuit was 10~® which represents a rough average of the threshold values used by the adaptive
thresholding method (see Figure 4.31). There is a speedup with the Haar wavelet when adaptive Jacobian
thresholding is applied. This speedup is enough for the adaptively thresholded simulations to be faster
than SSTD when SSWA with no thresholding was not. For half of the test cases, the static threshold led

to a lower per-iteration numerical factorization time than the adaptive thresholding method.
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Table 4.8: Total simulation, symbolic factorization, and numeric factorization timing data, in seconds,
and calculated speedup for the stepped impedance filter circuit with the Haar and Db4 wavelets. The
number of iterations is shown in brackets. The static threshold value was 10~8. Green font indicates the
cases where the adaptive thresholding method is faster than the non-thresholded method while blue font

indicates the cases where the static thresholding method is faster than the adaptive thresholding method.

Dco Dcy
No Thresh | Adaptive | Static | No Thresh | Adaptive | Static
287.5 2729 | 2888 292.2 2816 | 2914
Total [47.91] 45.48] | [48.13] |  [48.71] 47.44] | [48.56]
@ . 5.455 5.323 | 5.365 5.470 50710 | 4.952
E | Svmbolic | jo909] | (0887 | [0.894] | [0912] | [0.816] | [0.825]
. 246.4 2304 | 2453 249.1 2116 | 247.0
Numeric [41.06] 38.40] | [40.89] | [41.52] 40.27] | [41.16]
Iterations 6 6 6 6 6 6
3281 2577 | 245.6 329.0 2725 | 251.6
Total [54.68] | [42.95] |[40.93] | [54.83] | [45.41] | [41.93]
% | gubolic 5.789 5.069 | 5.253 5.585 5475 | 5.233
s 0.965] 0.845] | [0.876] |  [0.930] 0.912] | [0.872]
. 279.6 2075 | 197.8 277.7 2207 | 203.94
Numeric | 144 60] 3458 | [32.97) | [46.28] 37.12] | [33.99]
Iterations 6 6 6 6 6 6
267.6 350.9 | 339.42 264.7 345.0 | 341.3
Total [44.61] [58.48] | [56.57] | [44.11] [57.50] | [56.88]
- . 12.71 1173 | 11.88 15.588 1378 | 12.58
A | Symbolic |19 199 | 11.056] | [1.980] | [2598] | [2.296] | [2.10]
. 1934 275.5 | 2585 187.8 261.5 | 263.7
Numeric | 139 o) [45.92] | [43.09] | [31.30] [43.50] | [43.95]
Iterations 6 6 6 6 6 6

4.3 Discussion

The Newton updates are calculated by performing LU factorization on the thresholded Jacobian
matrices using the UMFPack routines in SuiteSparse [49]. The difference in average density of the L and
U matrices between non-thresholded SSWA and SSWA with adaptive Jacobian matrix thresholding are
shown in Figures 4.33 and 4.34. Since the adaptive thresholding method will have an effect on the sparsity
pattern of the Jacobian matrix, the densities of the L and U matrices are compared to determine the effect
the adaptive Jacobian matrix thresholding method has on fill-in. The difference in non-zero elements is
calculated by subtracting the number of non-zero elements in the L and U matrices of SSWA with
adaptive Jacobian matrix thresholding from the number of non-zero elements in the L and U matrices of
SSWA without Jacobian matrix thresholding. Thus, a positive difference in number of non-zero elements
indicates that there are fewer non-zero elements in the L and U matrices when adaptive Jacobian matrix

thresholding is applied. The average density of the L and U matrices is lower when adaptive Jacobian
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matrix thresholding is applied in all cases for the inverter chain, Gilbert cell, and ultrasound transducer
driver circuits. However, some wavelets with the transmission line circuit exhibit an increase in L matrix
density and many wavelets with the stepped impedance filter circuit exhibit an increase in L and/or U
densities. Thus it is possible for fill-in to increase, and negatively affect simulation speed and memory

utilization, with the adaptive thresholding method if the first iteration column pre-ordering is re-used.
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Figure 4.33: Difference between the average density of the L matrices with and without adaptive Jacobian
matrix thresholding. A positive number indicates that the L matrices resulting from the non-thresholded
Jacobian matrices have a higher number of non-zero elements, on average, than the L matrices resulting

from the adaptively thresholded Jacobian matrices.
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Figure 4.34: Difference between the average density of the U matrices with and without adaptive Jacobian
matrix thresholding. A positive number indicates that the U matrices resulting from the non-thresholded
Jacobian matrices have a higher number of non-zero elements, on average, than the U matrices resulting

from the adaptively thresholded Jacobian matrices.

With the stepped impedance filter circuit, there is a slowdown when the Db4 wavelet was utilized (see
Figure 4.8). The increase in average L and U matrix densities when adaptive Jacobian matrix thresholding
is utilized is high which indicates a significant increase in computational resources required to compute
the extra elements, on average, in the L and U matrices and leads to the slowdown seen with this test
case. For the Db2 and Sym2 wavelets with the transmission line with inverter circuit, there is an increase
in L density but there is a decrease in U density. The increase in L density is high enough to remove

most of the advantage of thresholding the Jacobian matrix and the speedup with these wavelets is very
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small as a result. The increase in L and U matrices appears to be the cause of the slowdown exhibited

with the Db4 wavelet with the stepped impedance filter circuit.

Since the Jacobian matrix sparsity pattern can change each iteration as the adaptive threshold changes,
it is possible for the sparse matrix pre-ordering found at the first iteration to become less efficient for
minimizing fill-ins. To test if a static threshold can mitigate this problem, the simulation speeds of a static
threshold were compared with the adaptive thresholding method. The results show for many, but not
all, cases the adaptive threshold leads to faster per-iteration numeric factorization times than the static
threshold. For the stepped impedance filter, the fill-ins caused a slowdown with the adaptive threshold
method. The static threshold exhibited lower factorization times for some of the test cases with the
stepped impedance filter circuit but these factorization times were still higher than the non-thresholded
simulations. It is possible that, by experimenting with thresholds, the static threshold method could
lead to faster simulation and factorization times than the adaptive thresholding method. However, one
of the problems that the adaptive thresholding method addresses is the need for a designer to manually
determine an ideal threshold for the simulation. Thus, using the adaptive thresholding method removes
the need for selecting an ideal threshold but comes at a trade off of a possible slowdown compared to an

ideally selected static threshold.

The adaptive threshold succeeded in reducing the average Jacobian density in the cases tested without
significantly altering the total number of iterations. The reduction in Jacobian density is higher for
wavelets that have a higher number of vanishing moments but the wavelets with the lowest number of
vanishing moments operate with the lowest Jacobian densities of the wavelet families both with and
without adaptive thresholding. The time domain tends to have the lowest Jacobian densities for circuits
without frequency defined components but, with thresholding, it is possible for the wavelets to achieve

lower Jacobian densities than the time domain when frequency defined components are present.

The average density of ¥ for all iterations was presented to estimate the potential savings that could
be achieved by methods that take advantage of low density nodal vectors. This density tends to be lowest
with wavelets that have the lowest number of vanishing moments. However, the Haar wavelet, which
provided the lowest density Jacobian matrices when Jacobian thresholding was not applied, exhibits a
higher © density over other wavelets that have the a similar number of vanishing moments (Db2, Coif2,
and Sym?2). This is due to the Haar wavelet not being able to describe smoothly changing waveforms as
sparsely as the other wavelet families. Thus, in terms of vector sparsity, Db2, Coif2, and Sym2 wavelets
are better suited than the Haar wavelet if a method that takes advantage of the sparsity of nodal variable
vectors is being used and the Sym2 wavelet provides the sparsest © vectors of these wavelet families. For

the stepped impedance filter circuit the sparsest vector representations were not provided by the wavelets
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with the lowest number of vanishing moments. Thus the Haar, Db2, Coif2, and Sym2 wavelets do not
always provide the sparsest vectors and simply selecting a wavelet with the lowest number of vanishing
moments will not guarantee the sparsest © vectors will be achieved. The density of the ¥ vectors is much

lower for all wavelet domain representations than the time domain.
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Figure 4.35: Effect of number of time samples on average Jacobian matrix density and average © density.

The effect of changing the number of time samples on the average densities of the Jacobian matrix
for the Haar wavelet and ¥ using the Sym2 wavelet with the Dgo derivatives are shown in Figure 4.35
(results for D¢y derivatives are similar). The shaded boxes indicate the ¥ densities for the final results. The
average density of the Jacobian matrix is approximately halved as the number of samples is doubled for the
circuits without frequency defined elements. However, when frequency defined elements are introduced,
the density reduction rate is lower. The density of the nodal variable vectors does not follow the same
trend and is approximately halved for the inverter chain and transducer driver while the reduction rate

is lower for the Gilbert cell, transmission line, and stepped impedance filter circuits.

4.4 Chapter Summary

This chapter presented a study on the effect of wavelet selection on the sparsity of the Jacobian
matrices and the Newton update vectors of periodic steady-state analysis with wavelets. Also presented
was a method that increased the sparsity of the Jacobian matrix each iteration via an adaptive threshold.
Based on this data, Jacobian matrix densities tends to be higher with wavelets than the time domain,
even with adaptive Jacobian matrix thresholding, in the majority of cases.

The reduction in densities tends to be highest with wavelets that have a higher number of vanishing
moments but this reduction is not high enough to result in Jacobian matrix densities that are as low as

wavelets with a lower number of vanishing moments. When not utilizing adaptive thresholding, the Haar
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wavelet provided the sparsest Jacobian matrices of the wavelets tested. Even though it is possible for
other wavelets to achieve a greater sparsity than the Haar wavelet when Jacobian thresholding is applied,
it is safe to say that, if unsure of which wavelet to select, the Haar wavelet should be selected if Jacobian
matrix sparsity is the main concern.

Adaptive Jacobian matrix thresholding successfully increases the speed of SSWA for nearly every test
case. In some cases, the speedup was high enough to cause the simulations to be faster than SSTD when
the non-thresholded SSWA simulations did not. It is also possible for the number of iterations to be
altered when applying adaptive Jacobian matrix thresholding. This change in number of iterations could
potentially be addressed by improvement of error control with adaptive Jacobian matrix thresholding.
However, in its present form, the adaptive Jacobian matrix thresholding method is useful for increasing
the efficiency of SSWA. For two of the test circuits, there was a small increase in speed when applying
adaptive Jacobian matrix thresholding to SSTD. However, given the change in Jacobian matrix densities
was not significant with the SSTD simulations, it does not seem that there is much, if any, advantage to
applying adaptive Jacobian matrix thresholding to SSTD.

The average density of © was significantly lower than the average density of @ in the majority of cases,
which implies that there may be greater potential to reduce the computational complexity of SSWA by
taking advantage of the wavelet domain vector sparsity. Even wavelets that exhibited very low reductions
in Jacobian sparsity with adaptive thresholding tended to have much lower average © densities than SSTD.
Therefore, a method that takes advantage of the sparse representations of © has the potential to achieve
more consistent gains in efficiency at each iteration. For this reason, two algorithms were developed
that reduce the number of columns in the Jacobian matrix at each iteration of Newton method. These

algorithms are presented and tested in the next chapter.
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Chapter 5

Steady-State Analysis of Electronic
Circuits Using Wavelets with Adaptive

Jacobian Columns

In this chapter, two methods called Reduced Column Steady-State Wavelet Analysis (RCSSWA) and
Hybrid Reduced Column Steady-State Wavelet Analysis (HRCSSWA) are presented along with the results
of simulations run with several test circuits.

RCSSWA takes advantage of the sparse wavelet representations of the nodal variable waveforms to
attempt to reduce the number of columns in the Jacobian matrix during each iteration of Newton method.
The reduced Jacobian is a tall rectangular matrix that has a lower number of non-zero elements than the
original Jacobian matrix on iterations where the column reduction is performed. The column selection
criterion is based on the error introduced into the computations and, by keeping the introduced error
at a minimum, it is possible to achieve a significant reduction in the number of columns and average
number of non-zero elements in the Jacobian matrix compared to SSWA. HRCSSWA combines RCSSWA
and SSTD into a hybrid wavelet-time method that utilizes a reduced column wavelet transform for the
formation of a reduced column wavelet domain Jacobian matrix. The reduced Jacobian matrices with
HRCSSWA have a lower number of non-zero elements, and require less computational overhead to form,

than the SSWA and RCSSWA Jacobian matrices.

5.1 Reduction of Jacobian Matrix Columns

The RCSSWA method takes advantage of the ability of wavelets to sparsely represent a given waveform
to find a sparse estimate of the solution of Equation (2.58). This is achieved by creating a list, Sﬁ, of the

positions of the non-zero elements in A®/*!. This list, which is also known as the support of A&/, is
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used to create a Jacobian matrix with a reduced number of columns which is used to calculate a sparse
estimate of A9/*! at each iteration. Each element in f (f;j ) is related to ADIH by expressing Equation

(2.58) as the sum:

F@)e ==Y J@),00"" (5.1)

)

Since Sﬁ is a list of the indices of the non-zero elements in A#/T!, the above equation can be separated

into two sums:

FOe ==Y J@)pAd] ™= > J(#7), 0] (5.2)
lesh 1¢5%

Since all elements in A9’T! that are not in set Si are expected to be zero, the sum over all | ¢ Sg in
Equation (5.2) can be considered to be equal to zero for all k. Thus, a sparse estimate of ADIH can be
found by using only the columns in J (f)j ) that correspond to elements in A97H! that are in set S&

The sparse estimate of A9/ T! is given by:
41 TN
AT = — T\ f (), (5.3)

where Ja is an NM x m matrix formed from the columns in J (%) that correspond to the non-zero
AT P . L ot ST s ST i
elements in A97T, JA is the Moore-Penrose inverse of Ja given by JA = (JaJa) LT A, AD s a
y JA g Y JA A A A
vector of all non-zero elements in A#/7!, and m represents the number of non-zero elements in A%/ *1.

Selection of elements to include in set S£ is performed by considering both #/7! and ©’. Substituting

AT = 7T — 7 into Equation(5.1) results in:

NM
F@h) == J@) @ - o)) (5.4)
=0
Which can be separated into two sums:
NM NM
FOI ) == J@ o] T+ > T (07)0]. (5.5)
1=0 1=0

Let S{,‘H be a list of the indices of all non-zero elements in /! and SZ be a list of the indices of all
non-zero elements in ¥7. Since all elements in ¥ 1! that are not indexed by STt are equal to zero and

all elements in &’ that are not in SJ are equal to zero, Equation (5.5) becomes:

Foye=— > J@)d] ™+ F(07)0]. (5.6)

lesitt les?

Therefore, both SZH and SZ are combined to estimate Sﬁ:
Sh = Sittu sl (5.7)
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Since part of Si comes from the known vector ¥/, the support estimate will focus on the unknown
vector #/71. Substituting A9/ = #7! — &/ into Equation (2.58) and rearranging it to calculate It
directly yields:

A ~ . A

J@) -3 = —f(&7) + T(97) - 9. (5.8)
S9T1 can then be estimated using an approach that is similar to those used by the orthogonal matching
pursuit algorithms used with compressed sensing to find sparse estimates of the solution to the system of
equations of the form[61]:

Aompzomp = fomp, (5.9)

where Apprp is a dictionary matrix that transforms the elements given by sparse vector zoasp into the
measurement vector foarp.

Orthogonal matching pursuit algorithms have two fundamental steps: element selection and coefficient
update. During element selection, coefficients are selected to be included in the support of xppp. The

elements are selected to minimize the residual given by:

romp = fomp — AoMpPTOMP- (5.10)

To perform element selection, roarp is projected onto the columns of Apasp:

gomp = Abyip - TOMP- (5.11)

Next, the elements from gopsp with the highest amplitudes are selected and added to Spprp (the support
of zonmp).
During the coefficient update step, a matrix is formed from the columns of Apyrp that are in the selected
support of zoyp. The new matrix is then used to calculate a new zoyp. The element selection and
coeflicient update steps are repeated until a selected stopping criterion is met. A basic outline of an
orthogonal matching pursuit algorithm is shown in Algorithm 5.1.

In this thesis, 577" is estimated by substituting roayrp = —f(97) + J(97) - &/ and Aoap = J(87) into
Equation (5.11) to calculate:

gy = (@) (~F(@) + J (@) - ), (5.12)

then thresholding the elements in g, with the lowest absolute values. Using this column selection method
for finding SIH can lead to multiple iterations for finding #'*! which can potentially be more computa-

tionally expensive than simply calculating &/ directly using:

A . . A

T = J(@) 7L (= f(07) + J(#) - ©7). (5.13)

For this reason, all elements in the thresholded g, vector are used to form the estimate of ST This

search method can cause errors in the support estimate which can lead to error between Af)JAH and
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Algorithm 5.1 Basic orthogonal matching pursuit algorithm. Adapted from [61].

7«0

romp < All entries set to zero.

Somp < All entries set to zero.

romp < fomp

while (7o p||, < selected convergence level do
gomp = ALyp - TOMP
Somp < Indices of elements in gopp with amplitudesthat are greater than a selected threshold to
Somp-
Aomp,s < Copy of columns from Apnrp indexed by Soup.
zomp < Abyps - foup
romp < fomp — Aomp - Tomp

end while

A% When the error is low, it can be corrected for in a future Newton iteration. When the error is
high, it must be corrected when the Newton update vector is calculated. Methods for estimating and
correcting the error will be discussed in Section 5.2.

Vector 7 contains many very low amplitude coefficients that can be removed without introducing a
significant amount of error and low amplitude elements in vector g, also need to be removed to ensure
Sg is as sparse as possible.

The thresholding method used in this paper is based on the highest amplitude coefficient in each nodal
waveform. The threshold is automatically selected using a relative tolerance and a noise tolerance. A
single threshold value that works well for one nodal waveform will not necessarily work well for another.
The relative tolerance addresses this issue by basing the threshold on the highest amplitude wavelet
coefficient while the noise tolerance is used to remove numerical noise. For each node, the threshold is

selected using the following formula:

h = 10| 2kl 00 + Mot (5.14)

where ny,; is a selected noise tolerance, r;,; is a selected relative tolerance and Zj are the wavelet domain
coefficients of the waveform for node k of the vector being thresholded. All scaling and wavelet coefficients

for node k that have an amplitude less than h are set to zero.

5.2 Reduced Column Steady-State Wavelet Analysis
A method that utilizes the LU decomposition of J A has been selected to provide an estimate of the

least squares solution of Equation (5.3). This method finds an estimate of Aﬁjil as well as an error factor
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that represents the difference between the estimate of A#/T! and Aﬁ£+1. If the error factor is below a
reasonable threshold, the estimate of Af:jAH is considered an accurate estimate of A9/*!. If the error
factor is above the threshold, A%’/*! is calculated using Equation (2.58) instead.

LU decomposition can be applied to find the least squares solution for over determined systems of
equations of the form Az = b by using a pseudo-inverse of A [62]. The pseudo-inverse can be formed
using factored matrices with different factoring methods (including LU decomposition). Bjérck and Duff
[63, 64] introduced a partitioning scheme to split the problem into two parts. One part that represents an
estimate to the least squares solution and a second part that represents a residual which is the difference

between the estimate and least squares solutions.

The LU decomposition of J A is given by:
P.JAP.= LU, (5.15)

where P, is an m X m column permutation matrix, P, is an NM x NM row permutation matrix, L is
an NM x m lower trapezoidal matrix, and U is an m X m upper triangular matrix. From [63, 64], the

least squares solution to Equation (5.3) can be posed as:
min| — P,f () — Lgla  st.g=UPTA&. (5.16)
g

Following the methodology in [63, 64], L, — f (ﬁj ), and ¢ are partitioned into two parts:

(L) aen | F| a3
o-[z] raw-[2] o [3)

where L is an m x m lower triangular matrix, Lo is an (NM — m) x m matrix, f; is a vector with m
entries, fy is a vector of NM — m entries, 9, is a vector with m entries, and g, is a vector of NM —m

entries. This partitioning leads to:
Lg, = f17 UPZA"A’Q =9, (5-18)
where Ad, is an m length vector that represents the estimate of Aﬁ]:l and
da = 5 — Lagy, (5.19)

where d is a vector with N M —m entries that represents the residual that is associated with the unused
part of the partitioned LU factorization in Equation (5.17) and the residual norm corresponding to Ad,
is:

Idallz = || = f(87) = TalDy|l2. (5.20)
For more detail on the derivation of this formula, see Appendix B.
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If the residual norm, which represents the error between Ad, and A'&jil, is below an acceptable
level, 3, then Ad, can be considered a solution to Equation (5.3). Otherwise, further refinement of Av,
is necessary [63, 64]. Equation (5.20) will be affected by error between A%, and AijAH caused by the
LU factorization method as well as errors in the estimate of S3 1. Thus, both errors arising from the
estimate of S} as well as errors cause by using A, can be corrected by monitoring ||da |a-

It is possible for ||da|l2 to be on the same order of magnitude as || f(%7)||2 when the simulation is
close to convergence. When this occurs, the error that results from using A9, can become high enough

to prevent the simulation from converging. As a result, it is necessary to ensure that ||dall2 < ||£(#7)]|2

so that the error does not prevent convergence. Therefore there are two requirements for ||da |o:
ldall2 < ol f(87)ll2 and [ldall2 < 8, (5.21)

where « is a constant that is used to control the acceptable amplitude for the residual norm. If the
conditions in Equation (5.21) are satisfied then AﬁjAH = Ad, is considered an accurate estimate of
ADIL Otherwise A is further refined.

It is not possible to estimate in advance the densities of the Li, Lo, and U matrices. However, the
upper limit of their densities can be estimated. Since L; and U are m x m lower triangular and upper
triangular matrices, their maximum possible densities will be <WIL2 in: z) *100% which rapidly approaches
50% as m is increased. The maximum density of the Lo matrix islzll()O%. If m << MN, Lo will contain
most of the elements in L and, therefore, can potentially require much higher storage space than L and
U.

Refinement of Ad, can be achieved by utilizing the unused portion of the partitioned LU factorization
in Equation (5.17). However, this requires utilizing da and the Ly matrix [63, 64]. There is no guarantee
that Ly will not have a greater number of non-zero elements than J (97) and it is possible that calculating
the update could require more computational time than solving Equation (2.58) directly.

Since ||dall2 can be calculated without using Ly and the column reduction method does not perform
any refinement using da, the Ly matrix is not required. With careful design of the LU decomposition
algorithm, it may be possible to avoid forming the Lo matrix and, therefore, the density of the Lo matrix
would not be a concern.

From Equation (5.19), it can be seen that the error in Ad, is related to the unused part of the

partitioned LU factorization in Equation (5.17). Increasing the number of entries in Si will, in turn,

increase the number of elements in Ay, §,, and fl while reducing the number of elements in g, and

'This can be proven by substituting fonp = —j?('f}j), Aomp = Ja, and zoyp = AT into Equation (5.10). The

squared norm of the resulting equation, || — f(#7) — JaA®'+1|2, is the same as Equation (5.20) when A#7+! = Ad,.

81



fz. This, in turn, reduces the effect of the unused part of the partitioned LU factorization in Equation

(5.17), increases the accuracy of Ad,, and reduces ||da||2.

Algorithm 5.2 RCSSWA Algorithm
j<0

©° « Initial guess.
ADt — —J (@)1 F(8°)
o'« 9"+ Ad'
repeat
j—Jg+1
AT 0
g, J(@)T - (=F(&7) + I (87) - &)
S£ < Support(g,) U Support (&)
Ja  copy of all columns from J(#7) in set Si
// Calculate Ad, with LU decomposition.
A, « LUSolve (jA, - f(ﬁj))
Idall2 « || = £(7) = T a - Ady|l2
if (|ldallz > 8) or (Idallz > a - [ £(87)]2) then
// The conditions in Equation (5.21) are not met,
// calculate Ad7+! using J(9)
// intsead.
ADTL  —J (&)1 £(97)
else
AT Ab,
end if
// Update Guess
&7 + AT
A < 1y min{|67], |97} + i

until A'Biﬂ <y, Vke{1,2,..., NM} and || f (& )]s < azor

Refinement may require multiple steps to lower HdAHQ to an acceptable level. Multiple refinement
steps can potentially cause a high increase in the overhead of using RCSSWA. Therefore, to keep the
number of refinement steps to a minimum, A%’ 1! is calculated using Equation (2.58) when the conditions

in Equation (5.21) are not met.
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Combining the Jacobian matrix column reduction method in Section 5.1 and the LU decomposition
for tall rectangular matrices with Newton method results in the RCSSWA algorithm shown in Algorithm
5.2. In Algorithm 5.2, @ is a vector with the same number of elements as ¥’ with all elements set to 1,
Support(g,) is the list of all non-zero elements left in g7 after it has been thresholded using h, Support ()
is the list of all non-zero elements left in ¥’ after it has been thresholded using h, and LUSolve (j A f (&9 ))
is a function that performs the LU factorization described in Section 5.2 on Ja and calculates A, using

Ly, U, and f(97).

5.2.1 Simulation Studies

The results of simulations run using the Cardoon circuit simulator for the circuits studied in Section
4.2 are presented in this section. Simulations using the RCSSWA method and an un-modified Steady-
State Wavelets Analysis (SSWA) method were performed using wavelets with a low number of vanishing
moments from different families as well as the wavelets that provided the sparsest © vectors while the
derivatives were approximated using the second order central difference formula. The wavelets used in
this study are the Haar, Db2, Coif2, Sym2, Sym&, Bior4.4, and Bior6.8 wavelets. The sparsest © vectors
were determined using the data from the study in Section 4.2. The sparsest wavelet for the inverter chain
circuit was the Sym3 wavelet. The Db2 and Sym2 wavelets were tied for the Gilbert cell, ultrasound
transducer driver, and transmission line circuits. The Db4 wavelet provided the sparsest © vectors for
the stepped impedance filter circuit. The simulations were performed with 512 coefficients, at,; = 1077,
Nt = 10715, and 1 = 1074, LU factorization of the Jacobian matrices for both SSWA and RCSSWA
were performed using the UMFPack routines in SuiteSparse with row scaling disabled '. On the first
iteration, the pre-ordering that is determined before symbolic decomposition is stored and, on iterations
where the reduced column Jacobian matrix is not used, the pre-ordering from the first iteration is re-used
for factorization of the full Jacobian matrix. Since columns are selected from the Jacobian matrix to form
the reduced column Jacobian matrix, the sparse matrix pre-ordering cannot be re-used with the reduced

column Jacobian matrix.

The RCSSWA method is compared with SSWA using the following metrics: simulation run times,
calculation times, number of iterations, average number of non-zero elements in the Jacobian matrices,
and percentage of non-zero entries in S£ each iteration. The average densities of the Ly, U, and Lo
matrices and the simulation times for Steady-State Time Domain (SSTD) are also presented. Simulation
run times are measured as the total time the simulation took to converge on a solution while calculation

times are the total time spent calculating the Newton updates. For SSWA, the calculation time is given

TUMFPACK_SCALE=0

83



T.=)Y T%, (5.22)
j

where T° iﬁ is the time taken to find A#/™! using Equation (2.58). For RCSSWA, the calculation time is

given by:

Tre=Y T+ Tl (5.23)
J

where Tg is the overhead time for iteration j while Tg A is the time taken to calculate the Newton update
using Equation (5.3). The RCSSWA overhead time is equal to the amount of time taken to find S£
and test ||da||2 on iterations where the conditions in Equation (5.21) are met. On iterations where the
conditions in Equation (5.21) are not met, it is equal to the total time taken to find Sﬁ, test ||da |2, and

calculate Ad,.

5.2.1.1 Inverter Chain

The first case study is the CMOS inverter chain shown in Figure 4.1. The input and output waveforms
for the inverter chain with both RCSSWA and SSWA are shown in Figure 5.1. There is no significant
difference in the final result between SSWA and RCSSWA.

The simulation run times, calculation times, RCSSWA overhead times and number of iterations are
shown in Table 5.1. There is a difference in the number of iterations between SSWA and RCSSWA that
is due to the difference between A%+ and AﬁjAH. The RCSSWA overhead time accounts for only a
fraction of the total calculation time and, therefore, the overhead of performing the support search and
refinement are not a dominant factor with this circuit. There are slowdowns seen with the Coif2 and Sym3
wavelets. The per-iteration simulation and calculation times are lower for RCSSWA with these wavelets
which indicates that the slowdowns are due to the increased number of iterations of RCSSWA. The SSTD
simulation time was 30.6615 seconds and took 31 iterations (0.9891 seconds per-iteration). None of the
wavelet simulations ran faster than the time domain nor did they have lower calculated per-iteration

simulation times.
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Inverter Chain Input Waveform

"Inverter Chain Outputll Waveform
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Figure 5.1: Input and output waveforms for the inverter chain. The solid line represents the SSWA

simulation results and the dashed line represents the RCSSWA simulation results.

Table 5.1: Total simulation, calculation, RCSSWA overhead, symbolic factorization, and numeric fac-
torization timing data and number of iterations for the inverter chain. Green font indicates where the

RCSSWA method is faster than the SSWA method.

Haar  Db2 Db4 = Coif2 = Sym2 Sym3 Bior4d.4 Bior6.8 |
SSWA 43.35 4848 |« 53.87 68.35 @ 43.97 60.98 57.47 85.85
Sim Time [1.204] [1.310] [1.738] [1.667] [1.293] [1.418] [1.596] [2.094]
| RCSSWA | 40.69 | 43.95 | 4888 70.73 | 38.09 66.67 | 53.59  67.67 |
Sim Time [L.100]  [1.157] F[1.397] [1.505] [[1.190] [1.361] & [1.410]  [1.440]
| Speedup | 1.065 1103 1102 0.966 ~ 1154  0.915 1072  1.269 |
SSWA 0.295 0.391  0.499 0.739 = 0.372  0.528 0.540 0.822
Symbolic Time | [0.008] [0.011] [0.016] [0.018] [0.011] [0.012] = [0.015] [0.020]
| RCSSWA | 0.295 0.422  0.611 0.856 = 0.379 0.658  0.574  0.755 |
Symbolic Time | [0.008] [0.011] [0.018] [0.018] [0.012] [0.013] = [0.015] [0.016]
SSWA 0.926 1.812 9885 10.72 = 1.686 3.921 5.935 12.61
Numeric Time [0.026] [0.049] [0.319] [0.262] [0.050] [0.091] @ [0.165] [0.308]
| RCSSWA | 1.207 1.926 1817  06.889  1.984 4.079 = 5037  (6.584 |
Numeric Time | [0.033] [0.051] [0.138] [0.147] [0.062] [0.083] [0.133] [0.140]
SSWA 5.153  6.895 = 16.00 19.784 = 6.367 10.751 12.466 23.515
Calculation Time | [0.143] [0.186] [0.516] [0.483] [0.187] [0.250] @ [0.346] [0.574]
| RCSSWA | 4280 | 5.092 | 8.744  12.600 | 4830 S.725 | 9270  11.95 |
Calculation Time [ [0.116] | [0.134] [0.250]  [0.268] [ [0.151] [0.178] | 0.244] [0.254]
SSWA
Tterations 36 37 31 41 34 43 36 41
ﬁgi%ﬁé 37 38 35 47 32 49 38 47
RCSSWA 0.127  0.473 ~ 0.558 1.228 = 0.345 0.679 0.998 0.881
Overhead Time | [0.003] [0.013] [0.016] [0.026] [0.011] [0.014] = [0.026] [0.019]
Note: Calculated per-iteration values shown in square brackets
and all times are in seconds.

The percentage of non-zero entries in % and the average number of non-zero elements in the Jacobian
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Figure 5.2: Percentage of non-zero entries in S£ for each iteration for the inverter chain.
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Figure 5.3: Average number of non-zero entries in the Jacobian matrices for the inverter chain.

matrices are shown in Figures 5.2 and 5.3 respectively. The Haar wavelet simulations exhibited the lowest
per-iteration calculation times. This is expected since the number of non-zero elements in the Jacobian
matrices of the Haar wavelet are lower than all other wavelets with both SSWA and RCSSWA. All
iterations where the percentage of non-zero entries in S£ is 100%, excluding iteration 0, are iterations
where the conditions in Equation (5.21) are not met. From Equation (5.21), ||da||2 has to be less than
o - ||f(®)|2. As the simulation approaches convergence, || f(97)|2 decreases and ||dal|z has a higher
chance of being high enough for the conditions in Equation (5.21) to not be met and causes the later
iterations to use J(97) instead of Ja. Since the majority of iterations with RCSSWA utilized J A, the

overhead times are very low and there is a reduction in calculation times with RCSSWA.

The average density of the Li, U, and Lo matrices are shown in Figure 5.4. The density of the L;
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and U matrices follow a similar pattern as the Jacobian densities (see Figure 4.3) with the Haar, Db2,

and Sym2 wavelets exhibiting the lowest densities. The Lo matrix exhibits the highest average densities.
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Figure 5.4: Average density of the Ly, U, and Ls matrices for the inverter chain circuit.

5.2.1.2 Gilbert Cell

The second case study is the Gilbert cell circuit shown in Figure 4.7. The input and output waveforms for
the Gilbert cell with both SSWA and RCSSWA are shown in Figure 5.5. As is the case with the inverter
chain, there is no significant difference between the final result for SSWA and RCSSWA.

Gilbert Cell Input Sine Waveform

Voltage (V)

Gilbert Cell Input Pulse Waveform
-

0.4
0.2+
0.0+ —— SSWA
0.2+
0.4

--- RCSSWA

Voltage (V)

Gilbert Cell Output Waveform

0.104
0.054 H
0.004

—0.051

—0.10+

0 20 40 60 80 100
Time (us)

Voltage (V)

Figure 5.5: Input and output waves for the Gilbert cell. The solid line represents the SSWA simulation

results and the dashed line represents the RCSSWA simulation results.
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Table 5.2: Total simulation, calculation, RCSSWA overhead, symbolic factorization, and numeric factor-
ization timing data and number of iterations for the Gilbert cell. Green font indicates where the RCSSWA
method is faster than the SSWA method.

Haar Db2 Db4 Coif2 Sym?2 Sym3 = Biord.4 Bior6.8
SSWA 17.60 25.06 47.05 53.98 24.74 42.32 48.56 54.84
Sim Time [2.514] [3.581] [6.722) [7.712] [3.535] [6.046] [6.937] [7.834]
| RCSSWA | 2039 30.23  61.25 5944 = 30.55 4425 = 6345 6551 |
Sim Time [2.548] [3.778] [7.657] [8.492] [3.819] [6.321] [7.931] [8.189]
| Speedup | 0.863 0.829 = 0.768 @ 0.908 ~ 0.810  0.957 = 0.765  0.837 |
SSWA 0.797 0.870 0.985 1.151 0.853 0.928 0.924 1.133
Symbolic Time [0.114] [0.124] [0.141] [0.164] [0.122] [0.133] [0.132] [0.162]
| RCSSWA | 0.844 1.000 = 1.355  1.373 = 1.010 1.043 = 1.231  1.439 |
Symbolic Time 0106/ [0.125] [0.169] [0.196] [0.126] [0.149] [0.154] [0.180]
SSWA 5.021 9.6901 = 26.9405 31.8360 @ 9.8344 23.9231 29.0176 32.5335
Numeric Time [0.717) [1.3843] [3.8486] [4.5480] [1.4049] [3.4176] [4.1454] [4.6476]
| RCSSWA | 6.838 13.4601 36.9160 36.5964 = 13.5655 26.0617 = 40.7488 39.4250 |
Numeric Time [0.855] [1.6825] @ [4.6145] [5.2281] [1.6957] [3.7231] [5.0936] [4.9281]
SSWA 8.572 14.80 35.20 40.90 14.86 31.35 37.11 41.75
Calculation Time | [1.225] [2.115] [5.028] [5.843] [2.123] [4.479] [5.302] [5.965]
| RCSSWA | 1 10.79  19.112 = 46.95  45.79  19.28  33.36  50.88 = 50.94 |
Calculation Time | [1.349] [2.389] [5.869] [6.542] [2.410] [4.765] [6.360] [6.368]
SSWA
Iterations 7 7 7 7 7 7 7 7
' RCSSwA | ]
Iterations 8 8 8 7 8 7 8 8
RCSSWA 1.373 4.246 10.85 8.455 4.359 7.148 12.52 9.287
Overhead Time | [0.172] [0.531] [1.357] [1.208] [0.545] [1.021] [1.565] [1.161]
Note: Calculated per-iteration values shown in square brackets
and all times are in seconds.
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Figure 5.6: Percentage of non-zero entries in Sﬂ for each iteration for the Gilbert cell.

The simulation run times, calculation times, RCSSWA overhead times, and number of iterations are
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shown in Table 5.2. None of the RCSSWA simulations ran faster than the SSWA simulations. The per-
iteration calculation times are higher with RCSSWA and the per-iteration RCSSWA overhead times are
high enough to account for the slowdowns seen with RCSSWA. The SSTD simulation time was 13.4959
seconds and took 8 iterations (1.6870 seconds per-iteration). None of the RCSSWA simulations had lower

simulation times than SSTD.
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Figure 5.7: Average number of non-zero entries in the Jacobian matrices for the Gilbert cell.
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Figure 5.8: Average density of the Li, U, and Ly matrices for the Gilbert cell circuit.

The percentage of non-zero entries in S£ and the average number of non-zero elements in the Jacobian
matrices for the Gilbert cell are shown in Figures 5.6 and 5.7 respectively. All iterations where the
percentage of non-zero entries in Si is 100%, excluding iteration 0, are iterations where the conditions
in Equation (5.21) are not met. The lowest calculation times occur with the Haar wavelet which has the

lowest average number of non-zero entries in the Jacobian matrix with both SSWA and RCSSWA. The
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reduction in average number of non-zero elements is not as high as with the inverter chain circuit.

The average density of the L1, U, and Lo matrices are shown in Figure 5.8. The density of the L;
and U matrices follow a similar pattern as the Jacobian densities (see Figure 4.9) with the Haar, Db2,
and Sym2 wavelets exhibiting the lowest densities. The Lo matrix exhibits the highest average densities

for all test cases with the U matrix being the second most dense.

5.2.1.3 Ultrasound Transducer Driver

The third case study is the ultrasound transducer driver circuit shown in Figure 4.13. The input and
output waveforms for the transducer driver circuit with both SSWA and RCSSWA are shown in Figure
5.9. As with the inverter chain and Gilbert cell, there is no significant difference between the SSWA and
RCSSWA nodal variable waveforms.
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Figure 5.9: Waveforms for the transducer driver circuit. The solid line represents the SSWA simulation

results and the dashed line represents the RCSSWA simulation results.

The simulation run times, calculation times, RCSSWA overhead times, and number of iterations for
the transducer driver are shown in Table 5.3. There are speedups with all but the Haar wavelet. Based
on per-iteration times, the slowdown with the Haar wavelet is due to both the extra overhead associated
with RCSSWA as well as the increase in number of iterations. The number of iterations is altered by
RCSSWA with all of the test cases and is high enough to almost cancel out the speedup in per-iteration
times with the Sym2, Sym3, and Bior4.4 wavelets. As is the case with the Gilbert cell, the RCSSWA
overhead times account for a fraction of the calculation times. The SSTD simulation time was 11.7099
seconds and took 11 iterations (1.0645 seconds per-iteration). Based on per-iteration times, the speedups

seen with RCSSWA are not enough to lead to faster simulation times than SSTD.
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Table 5.3: Total simulation, calculation, RCSSWA overhead, symbolic factorization, and numeric factor-
ization timing data and number of iterations for the transducer driver. Green font indicates where the

RCSSWA method is faster than the SSWA method.

Haar Db2 Db4 Coif2 =~ Sym2 Sym3 Bior4.4 Bior6.8
SSWA 21.38 17.59 = 2456 3493 @ 16.76 21.67 = 29.79 38.80
Sim Time [2.138] [1.955] [2.729] [4.366] [1.862] [2.407] [3.724] [4.312]
| RCSSWA | 26.54 | 15.07 | 20.12 28.77 | 1529 19.94 | 2747 | 25.71 |
Sim Time [2.212] | [1.507] [ [1.829] | [2.397] [[1.390] [1.813] | [1.831] [2.338]
| Speedup | 0.806 @ 1.168 | 1.221 1.214 | 1.096 1.086 | 1.085 | 1.509 |
SSWA 0.329 0.415 = 0.530 0.492 = 0.406 0.439 0.451 0.603
Symbolic Time | [0.033] [0.046] [0.059] [0.062] [0.045] [0.049] = [0.056] [0.067]
| RCSSWA | 0419 0373 0465 0516 0399 0452 = 0.559  0.465 |
Symbolic Time | [0.035] [0.037] [0.042 [0.043] [0.036/ [0.041] = [0.037] [0.042]
SSWA 16.04 11.56 = 17.66  28.02 = 10.89 15.35 23.45 31.05
Numeric Time [1.605] [1.284] [1.962] [3.503] [1.211] [1.706] [2.931] [3.450]
| RCSSWA | 2020 | 8986 | 12.72 2048 | 8875 1291 | 1848 | 18.02 |
Numeric Time | [1.683] [0.899] | [1.156] [1.706] | [0.807] [1.174] | [1.232] @ [1.638]
SSWA 18.26  14.40 = 21.05 31.67 = 13.55  18.45 26.87 35.02
Calculation Time | [1.826] [1.600] [2.339] [3.959] [1.506] [2.050] [3.359] [3.892]
| RCSSWA | 2259 | 11.24 | 15.30 23.77 | 11.22 1575 | 21.99  20.81 |
Calculation Time | [1.882] [1.124] " [1.391} | [1.981] [[1.020] [1.432] | [1.466] @ [1.892]
SSWA
Iterations 1 : 2 8 2 9 o 9
| RCSSWA | ]
Tterations 12 10 11 12 11 11 15 11
RCSSWA 1.331 0.682 0.875 1.165 = 0.645 0.936 1.591 1.276
Overhead Time | [0.111] [0.068] [0.080] [0.097] [0.059] [0.085] = [0.106] [0.116]
Note: Calculated per-iteration values shown in square brackets
and all times are in seconds.
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Figure 5.10: Percentage of non-zero entries in 5’£ for each iteration for the transducer driver.
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The percentage of of non-zero entries in S£ and the average number of non-zero elements in the
Jacobian matrices for the transducer driver are shown in Figures 5.10 and 5.11 respectively. All iterations
where the percentage of non-zero entries in S£ is 100%, excluding iteration 0, are iterations where the
conditions in Equation (5.21) are not met. There is a very small reduction in Jacobian matrix density
with the Haar wavelet and the RCSSWA per-iteration calculation time is roughly the same as SSWA.
Therefore, the increase in speed from RCSSWA with the Haar wavelet is overcome by the calculation

overhead of RCSSWA.
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Figure 5.11: Average number of non-zero entries in the Jacobian matrices for the transducer driver.
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Figure 5.12: Average density of the L, U, and Ly matrices for the ultrasound transducer driver circuit.

The average density of the L1, U, and Lo matrices are shown in Figure 5.12. The density of the U

matrices exhibit, on average, higher densities than the Lo matrix with most wavelets.
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5.2.1.4 Transmission Line Circuit

The fourth case study is the transmission line circuit shown in Figure 4.21. The non-thresholded (solid

line) and thresholded (dashed line) input and output waveforms and the voltages at two of the transmission

line ports with both SSWA and RCSSWA are shown in Figure 5.13. As with the other circuits in this

study, there is no significant difference between the SSWA and RCSSWA nodal variable waveforms.
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Figure 5.13: Input and output nodal variables for the transmission line circuit. The solid line represents

the SSWA simulation results and the dashed line represents the RCSSWA simulation results.
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Figure 5.14: Average number of non-zero entries in the Jacobian matrices for the transmission line circuit.

The simulation run times, calculation times, RCSSWA overhead times, and number of iterations for

the transmission line circuit are shown in Table 5.4. There are very slight speedups over SSWA with

most of the test wavelets. Based on per-iteration simulation and calculation times, the speedup with the

Coif2 wavelet is due to the decrease in number of iterations. The per-iteration RCSSWA overhead times

93



indicate that the RCSSWA calculation overhead is the cause of the slowdowns in calculation times seen
with the Haar, Coif2, Bior4.4, and Bior6.8 wavelets. The SSTD simulation time was 86.4077 seconds and
took 34 iterations (2.5414 seconds per-iteration). The speedup with the Db2 wavelet caused the RCSSWA
method to exhibit a speedup over SSTD. As is the case with the other circuits, the RCSSWA overhead

times account for a fraction of the RCSSWA calculation time.

The percentage of of non-zero entries in S£ and the average number of non-zero elements in the
Jacobian matrices for the transmission line circuit are shown in Figures 5.15 and 5.14 respectively. All
iterations where the percentage of non-zero entries in Sg is 100%, excluding iteration 0, are iterations

where the conditions in Equation (5.21) are not met.

The average density of the Ly, U, and Ly matrices are shown in Figure 5.16. The density of the L; and
U matrices follow a similar pattern as the Jacobian densities (see Figure 4.23). The Lo matrix exhibits

the highest average densities.

Table 5.4: Total simulation, calculation, RCSSWA overhead, symbolic factorization, and numeric factor-
ization timing data and number of iterations for the transmission line circuit. Green font indicates where

the RCSSWA method is faster than the SSWA method.

Haar  Db2 Db4 = Coif2 = Sym2 Sym3 Bior4d.4 Bior6.8 |
SSWA 98.97 86.89 1279 159.2 = 89.77 101.3 126.5 154.1
Sim Time [2.828] [2.633] [3.553] [4.191] [2.720] [3.068] @ [3.720] [4.403]
|~ RCSSWA™ ~ " | 104.0  S475 1264 1524 [86.428 1003 | 185.7 | 1743 |
Sim Time [2.972] [2.493] [[3.511] [4.355] [[2.542] [3.039] | [4.098] | [4.840]
| Speedup | 0.951 1.025 1012 1.045 1039 1.010 0812  0.884 |
SSWA 3.069 4.183  7.099 8.611 « 4.465 4.822 7.203 9.501
Symbolic Time | [0.088] [0.127] [0.197] [0.227] [0.135] [0.146] = [0.212] [0.272]
| RCSSWA | 3385 3328  5.081 5927 | 3468 4.154 | 8.088  7.154 |
Symbolic Time | [0.097] [0.098] = [0.141] [0.169] = [0.102] [0.126] | [0.213] [0.199]
SSWA 59.55 43.40 63.56 84.32 43.98 52.14  65.718  80.89
Numeric Time | [1.701] [1.315] [1.766] [2.219] [1.333] [1.580] [1.933] [2.311]
| RCSSWA | 67.29 4355 68.98 87.76 ~ 44.73 53.25 88.660 102.3 |
Numeric Time [1.926] [1.282] [1.916] [2.508] [1.316] [1.614] [2.333] [2.842]
SSWA 80.09 66.25  99.44 1254 = 68.28  78.78 99.25 122.3
Calculation Time | [2.288] [2.007] [2.762] [3.299] [2.07] [2.387] [2.919] [3.493]
| RCSSWA | 8497 61.21 94378 1172 | 6274 7435 | 1252 1379 |
Calculation Time | [2.428] [1.800] [2.622] [3.348] = [1.85] [2.253]  [3.294] [3.830]
SSWA
Tterations 35 33 36 38 33 33 34 35
ﬁg“iii\(})\;As 35 34 36 35 34 33 38 36
RCSSWA 1444 4559  7.198 13.07 = 4.859  6.080 19.32 15.19
Overhead Time | [0.413] [0.134] [0.200] [0.373] [0.143] [0.184] = [0.508] [0.422]
Note: Calculated per-iteration values shown in square brackets
and all times are in seconds.
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Figure 5.15: Percentage of non-zero entries in S} for each iteration for the transmission line circuit.
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Figure 5.16: Average density of the L1, U, and Ly matrices for the transmission line circuit.

5.2.1.5 Stepped Impedance Filter Circuit

The last case study is the stepped impedance filter circuit shown in Figure 4.27. The non-thresholded
(solid line) and thresholded (dashed line) input, output of the filter, and output of the amplifier waveforms
with both SSWA and RCSSWA are shown in Figure 5.17. As with the other circuits in this study, there
is no significant difference between the SSWA and RCSSWA nodal variable waveforms.

The simulation run times, calculation times, RCSSWA overhead times, and number of iterations for
the stepped impedance filter circuit are shown in Table 5.5. The SSTD simulation time was 287.4568
seconds and took 6 iterations (47.9095 seconds per-iteration). With RCSSWA, both the Db2 and Bior6.8

wavelet simulations were faster than SSTD.
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Figure 5.17: Input and output nodal variables for the stepped impedance filter circuit. The solid line

represents the SSWA simulation results and the dashed line represents the RCSSWA simulation results.

Table 5.5: Total simulation, calculation, RCSSWA overhead, symbolic factorization, and numeric factor-
ization timing data and number of iterations for the stepped impedance filter circuit. Green font indicates

where the RCSSWA method is faster than the SSWA method.

Haar  Db2 Db4 = Coif2 = Sym2 Sym3 Bior4d.4 Bior6.8 |
SSWA 328.1  256.2 =~ 267.6 280.3 @ 246.5 2624 289.7 342.0
Sim Time [54.68] [42.70] [44.61] [46.72] [41.09] [43.73] [48.28] [57.00]
| RCSSWA | 533.8 2833 3174 3955 338.0 332.6 4194 2621 |
Sim Time [88.96] [56.66] [52.90] [65.91] [56.34] [55.43] [69.91] [37.43]
| Speedup | 0.615 0.904 ~0.843 0.709 = 0.729 0.789 ~ 0.691 = 1.305 |
SSWA 5.789  9.553  12.71 14.90 = 9.219 10.74 13.22 18.96
Symbolic Time | [0.965] [1.592] [2.119] [2.483] [1.537] [1.790] [2.203] [3.160]
| RCSSWA | 10.03 10.66 1541 21.54 1221 1277 = 1890  10.96 |
Symbolic Time | [1.671] [2.132] [2.569] [3.590] [2.036] [2.128] = [3.150] [1.566]
SSWA 279.6 1904 1934 206.0 @ 177.5 1929 212.7 251.3
Numeric Time [46.60] [31.74] @ [32.24] [34.33] [29.58] [32.14] [35.45] [41.88]
| RCSSWA | 4543 211.0 = 2332 286.0 251.1 241.1  311.9 1852 |
Numeric Time [75.72] [42.20] [38.87] [47.67] [41.85] [40.18] [51.99] [26.46]
SSWA 320.8 2485 259.1  271.7 | 239.3 2543 280.8 331.3
Calculation Time | [53.47] [41.41] [43.18] [45.28] [39.89] [42.39] [46.81] [55.21]
| RCSSWA | 5232 2742 3057 3819 @ 3269 321.6 407.8 2484 |
Calculation Time | [87.20] [54.84] [50.95] [63.65] [54.48] [53.59] [67.96] [35.48]
SSWA
Iterations 6 6 6 6 6 6 6 6
' RCSswA [
Iterations 6 5 6 6 6 6 6 7
RCSSWA 1949 75.64  62.69 88.03 = 92.31 74.49 118.6 33.64
Overhead Time | [32.48] [15.13] [10.45] [14.67] [15.38] [12.42] [19.76] [4.805]
Note: Calculated per-iteration values shown in square brackets
and all times are in seconds.
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However, the Db2 wavelet simulation would have run slower than SSTD if the number of iterations
remained unchanged. The Haar, Coif2, and Bior4.4 wavelets had no iterations where the the conditions
in Equation (5.21) were met. Thus, RCSSWA does not provide a benefit with these wavelets on this
circuit. The per-iteration RCSSWA overhead time is high enough to account for the slowdown with the
Db2, Db4, Sym2, and Sym3 wavelets. The majority of iterations requires support refinement with these
wavelets and, therefore, the overhead of implementing RCSSWA overcomes any increase in speed that

occurs with these wavelets.
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Figure 5.18: Percentage of non-zero entries in Si for each iteration for the stepped impedance filter

circuit.
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Figure 5.19: Average number of non-zero entries in the Jacobian matrices for the stepped impedance filter

circuit.

The percentage of of non-zero entries in S% and the average number of non-zero elements in the
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Jacobian matrices for the stepped impedance filter circuit are shown in Figures 5.18 and 5.19 respectively.
All iterations where the percentage of non-zero entries in S£ is 100%, excluding iteration 0, are iterations
where the conditions in Equation (5.21) are not met. There was no reduction in percentage of non-zero
entries in Si for the Haar, Coif2, and Bior4.4 wavelets. The support refinement was applied for the
majority of iterations in all cases but the Bior6.8 wavelet which caused the RCSSWA overhead times to

have a much higher effect on the RCSSWA calculation times with this circuit than the others.
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Figure 5.20: Average density of the Ly, U, and Lo matrices for the stepped impedance filter circuit.

The average density of the L1, U, and Lo matrices are shown in Figure 5.20. The density of the Lq
and U matrices do not follow a similar pattern as the Jacobian densities (see Figure 4.29). The Lo matrix
does not always exhibit the highest average densities. For the Haar, Coif2, and Bior4.4 wavelets, the Ja

matrix was never utilized so there is no Lo matrix density reported for them.
5.2.2 Discussion

RCSSWA lead to a speedup in per-iteration calculation time over SSWA, and even SSTD, in some of
the test cases. This speedup tended to be low but was significant in a few of the test cases. The change
in number of iterations with RCSSWA indicates that there is a significant deviation between A%/*! and
AﬁjAH when using RCSSWA. This deviation is caused by errors in the support estimate and can lead to
enough extra iterations to cause a slowdown in total simulation time.

One of the disadvantages of using RCSSWA is the overhead time introduced in estimating and refining
Sﬁ. In cases where the size of Ja is reduced significantly enough, the overhead time of RCSSWA does
not have a large effect on the per-iteration calculation time. However, in cases where there is no reduction

for a majority of iterations, as is the case with the stepped impedance filter, the overhead time can

be significant. There are wavelets that provide a speed/sparsity advantage over others with each of
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the example circuits. However, based on this data, there is no wavelet that will provide the sparsest
representation, and fastest performance, in all cases. One could select a wavelet based on the expected
final result of the nodal variable waveforms but, since the nodal variable waveforms change as the Newton
updates are calculated, this does not guarantee that the sparsest representations for all iterations. Thus,
it is difficult to select an appropriate wavelet for use with all iterations in advance with RCSSWA.

The Lo matrix can exhibit a much higher average density then the L; and U matrices but there appears
to be no way to predict for which circuit problems the Lo matrix will exhibit the greatest densities. This
could cause issues with larger circuits since the density of the Lo matrix has the potential to be much
higher than the densities of the L; and U matrices. The Haar wavelet tended to exhibit the lowest
densities of all the cases tested and appears to be the best wavelet to utilize to achieve the lowest density

Jacobian, Lq, U, and Ly matrices if the optimum wavelet is not known.

5.3 Hybrid Reduced Column Steady-State Wavelet Analysis

The main disadvantage of the SSWA formulations used in this thesis is the computational overhead due
to the wavelet transforms involved with converting the system of equations into the wavelet domain. As a
result, SSWA, SSWA with adaptive Jacobian matrix thresholding, and RCSSWA all suffer a computational
disadvantage compared to SSTD. However, with a small alteration to the formulation of Equation (2.58),
it is possible to utilize RCSSWA to create a hybrid wavelet-time approach for the Newton updates.
Substituting J (') = WJ (%)W~ and f(#7) = W f(@7) into Equation (2.58) yields:

WJ(@ )W AT = —W f(57). (5.24)

Equation (5.24) can be partitioned into elements that are indexed by set Si“ and not indexed by set
Si“ as:

WJ (@)W AP + WI(@) WL A = W f(5), (5.25)

where W:lA is formed out of the columns of W1 that are not indexed by set Si“. Since all elements

in Ap/H ¢ Sgrl are expected to be equal to zero, W:lAAﬁjjAl = 0 and Equation (5.25) becomes:
WJ(@)Wi- A = W f(3). (5.26)
Removing the pre-multiplication by W from Equation (5.26) results in:
J@ )WL (A9 = —F(@), (5.27)

where WZI is formed out of the columns of W~ that are indexed by set Sfrl.
Another disadvantage of SSWA and RCSSWA is, based on the data presented in Chapter 4 and Section

5.2.1, there appears to be no one wavelet that will provide the sparsest nodal variable representations for
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all cases which makes selection of an appropriate wavelet basis difficult. This problem can be addressed by
the formulation in Equation (5.27) because it does not require a wavelet to be selected in advance’. Thus,
each iteration, a wavelet that is expected to provide the sparsest representation of the nodal variable
waveforms could be selected prior to forming J(@’)W 1'. With the formulation in Equation (5.27), it is

also possible to estimate S3™ without using J(#7):

g, = (W) J@)T - (—F(@) + J@) - o). (5.28)
With orthogonal wavelets, W ™1 = W7 and Equation (5.28) becomes:
3, = Wg, = WI)T - (~F(&)) + J(@) - o). (5.29)
With biorthogonal wavelets, W~! = W and Equation (5.28) becomes:
gy =Wg, = WpJ(@)" - (- F(¥') + (') - ¥7), (5.30)

where Wy, = Iy ® Wy, Reverse biorthogonal wavelets use Equation (5.29).

Equations (5.28), (5.29), and (5.30) have an advantage over support estimation with RCSSWA: Be-
cause §, does not require J (99), f (97), or ¥’ to calculate, it is possible to adaptively select a wavelet
family for each node to achieve the sparsest ¥/ every iteration. To this authors knowledge, this has not
been done with any SSWA method in the literature. The residual associated with calculating A'f)j:l with
Equation (5.27) is:

Idallz = || = F(&) — J@)WZ! - AeL o (5.31)

A new approach that takes advantage of the above formulation is explored in this section. This
approach, which utilizes a hybrid time-wavelet approach, is called Hybrid Reduced Column Steady-State
Wavelet Analysis (HRCSSWA) and is shown in Algorithm 5.3. In Algorithm 5.3, @ is a vector with
the same number of elements as ©/ with all elements set to 1, Support(W#/) is the list of all non-zero
elements left in W/ after it has been thresholded using h, and LUSolve <J_ (@YWL, f(& )) is a function
that performs the LU factorization described in Section 5.2 on J (@)W L' and calculates Ad, using L1,
U, and f (f)j ). SparseSearch (Sﬂ+1, Sf,) represents the method for finding the sparsest wavelet domain
representation of S&

The sparse search is performed by taking the waveforms for each node in g% and 9/ and dividing them
into their individual nodal variable waveforms: g, ; and ﬂi. For each node, g, ) and 17{; are transformed

into the wavelet domain using the wavelets from selected wavelet families (i.e. transformed into g, ; and

IW£1 can be applied right before Equation (5.27) is solved rather than including it in the formation of the Jacobian

matrix.
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f}i) Next, g, and f}i are thresholded using Equation (5.14) and the wavelet that provides the sparsest
wavelet domain representations of g, and @i combined is selected for use with node k£ and the support

of gy and ﬁi are added to Si for node k.

Once the support and list of wavelets for all nodes have been found, W ! is then created by using the
wavelet transform matrices for the selected wavelets. Since W ! is block diagonal with each block being
comprised of an inverse wavelet transform matrix, it is easy to substitute a separate wavelet transform

matrix into each block. Lastly, ng is created out of the columns in W~ that are indexed by S&

Algorithm 5.3 HRCSSWA Algorithm
7+0

?Y « Initial guess.
Avt < —J (@)1 f(9Y)
vl + 0 + AT!
repeat
je—j+1
Sﬂ <+ SparseSearch <S$+1, S{,)
Form ng
// Calculate Ad, with LU decomposition.
Ay + LUSolve (J(2/)W ', — f(97))
ldallz || = F(&7) — J(37))W ' - Adyll2
if (|dalle > 8) or (Idalls > a- | F(@)]l>) then
// The conditions in Equation (5.21) are not met,
// calculate A57*! in the time domain
// intsead.
AT —J (@)L f(9)
else
AL WA,
end if
// Update Guess
oIt o7 Apit!
A Ty min{ |7 |, |97} + aytt

until AT < @y Yk € {1,2,...,NM} and || F(571)]| 0o < atol

The formulation used for HRCSSWA removes the need for the pre-multiplication by W from the
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circuit equations and reduces the amount of computational overhead required for the remaining wavelet
transform since ng will have fewer columns than W. Additionally, the wavelet domain is only required
for the calculation of A%’*! and all other steps can be treated the same as for SSTD. There is however,
additional computational overhead from performing the wavelet transforms on g, j and f}i for each node

as well as the overhead of forming WZl each iteration.
5.3.1 Simulation Studies

The results of simulations run using the Cardoon circuit simulator for the circuits studied in Section 4.2
are presented in this section. The Haar, Daubechies, Coiflet, Symlet, biorthogonal and reverse biorthog-
onal families were used in this study. Conversion of g, and @’ into §, and 97 for the support search was
achieved using the fast wavelet transform functions of the PyWavelets library which can be set to handle
periodic waveforms. The simulations were performed with 512 coefficients, a;; = 1077, ny; = 1071, and
ro1 = 1074, LU factorization of the Jacobian matrices were performed using the UMFPack routines in
SuiteSparse [49] with row scaling disabled.

The HRCSSWA method is compared with SSWA and RCSSWA using the following metrics: simulation
run times, calculation times, numeric factorization time, symbolic factorization time, number of iterations,
average number of non-zero elements in the Jacobian matrices, percentage of non-zero entries in S£ each
iteration. The average densities of the L1, U, and Ly matrices is also included. For the simulation time
comparison, only the wavelets that led to the lowest run times with SSWA and RCSSWA are compared
with HRCSSWA. Only the wavelets that provided the lowest average number of non-zero elements with
SSWA and RCSSWA were used in the comparison of average Jacobian matrix density and number of
non-zero elements. For the percentage of non-zero elements in Si comparison, the wavelets that provided
the lowest percentage of non-zero elements in Sg and average lowest number of non-zero elements in the
Jacobian matrix with RCSSWA were compared with HRCSSWA. The wavelets that were utilized by each
simulation are also presented along with the percentage of times each was utilized so it can be determined
if any wavelet family tends to provide the sparsest representations for each of the circuits in the study.

For HRCSSWA, the calculation time is given by:

J
where TIJ;S is the HRCSSWA overhead time; Tiﬁ is the time taken to calculate Aw/*! using Equation
(2.18); and T g A is the time taken to calculate A'ﬁj:l using Equation (5.27) and transform it into the time
domain. On iterations when the conditions in Equation (5.21) are met, the calculation time is determined
by the time taken to find and test A'Dfl and, therefore, T! 5 = 0. The overhead time for the HRCSSWA

algorithm is equal to the time taken to find 5%, form J(&’ YW, and test |dall2 on iterations when
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the conditions in Equation (5.21) are met. Otherwise, the overhead time includes time spent calculating

Afzj:l and is equal to le{s + TgA.
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Figure 5.21: Input and output nodal variable waveforms for the five test circuits with HRCSSWA vs
SSWA.

The input and output waveforms for the five test circuits with SSWA and HRCSSWA are shown in
Figure 5.21. There is no noticeable difference between SSWA and HRCSSWA in the final calculated ©
waveforms.

A list of all wavelets used by HRCSSWA | out of 105 wavelets within the selected families available
with the PyWavelets library, for each simulation is shown in Table 5.6. The percentage usage is calculated
as the total number of times a wavelet was utilized divided by the total number of times any wavelet

was utilized. Most of the circuits utilized wavelets from multiple wavelet families with a varying number
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of vanishing moments but, even so, a specific wavelet was favoured over the others in each simulation.
For this reason, the two most commonly utilized wavelets for each circuit were used to create a new,
shorter list for HRCSSWA and the simulations were run again. This approach has the advantage of only
having to search a shorter list which saves time during the support search since less wavelets are checked
during each iteration. The reduced column Jacobian matrix was not used for any of the iterations with
HRCSSWA during the stepped impedance filter circuit simulation and, therefore, no wavelets are listed for
this circuit. The wavelets used in the second set of HRCSSWA simulations were the Haar, Db6, Bior3.1,
Bior3.3, and Bior5.5 wavelets. The simulations that utilized the shorter list of wavelets are recorded as
"limited wavelets’ in the presented simulation results.

The simulation timing data for the five test circuits with HRCSSWA compared to SSWA and RCSSWA
with the wavelets that provided the lowest simulation run times is shown in Table 5.7. Due to the
significant reduction in support search time, HRCSSWA with the limited wavelets list ran faster than
HRCSSWA with all wavelets in every test case except for the Gilbert cell circuit where the extra iteration

caused a slowdown with the limited wavelets.

Table 5.6: Percentage of times each wavelet was selected during the simulations for the five test circuits.

Blue font indicates two most commonly used wavelets for each circuit.

Inverter | Gilbert Ultrasound Transmission Stepped
Chain Cell Transducer Driver | Line Circuit | Impedance Filter
Bior2.2 - 1.67 - 0.89 -
Bior3.1 67.97 1.67 62.50 64.00 -
Bior3.3 8.23 - - 4.89 -
Bior3.5 4.76 - - - -
Bior3.7 0.87 - - - -
Bior4.4 0.43 - - - -
Bior5.5 3.90 6.67 - - -
Db2 - 3.33 - - -
Db3 - - - - -
Db4 - - - - -
Dbb - - - - -
Db6 - 6.67 - - -
Haar 5.19 80.00 37.50 30.22 -
Rbiol.5 3.46 - - - -
Rbio2.4 0.43 - - - -
Rbio2.6 0.43 - - - -
Rbio3.7 0.43 - - - -
Sym4 0.43 - - - -
Symb 2.16 - - - -
Sym6 0.43 - - - -
Sym?7 0.43 - - - -
Sym8 - - - - -
Syml11 0.43 - - - -
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Table 5.7: Simulation timing data and number of iterations for for the five test circuits. Green font
indicates where the HRCSSWA method with the limited list of wavelets is faster than the SSWA method.

Blue font indicates where the RCSSWA method is faster than HRCSSWA with the limited list of wavelets.

Inverter Gilbert Ultrasound Transmission Stepped
Chain Cell Transducer Line Impedance Filter

SSWA 43.35 17.60 16.76 86.89 246.5

Sim Time [1.204] [2.514]  [1.862] [2.633] [41.09]
7777777 RCSSWA | 3809 2039 = 1507 = 8475 2621 |

Sim Time [1.190] [2.548] [1.507] [2.493] [37.44]
7777777 HRCSSWA | 4971 2294 = 1567 1594 4272 |

Sim Time [1.344]  [2.868] [1.205] [4.689] [71.20]
7777777 HRCSSWA | 3833 2344 1360 1469 3535 |

Sim Time (limited wavelets) | [1.198]  [2.604] [1.046] [4.590] [58.92]

SSWA 5.153 8.572 13.55 66.25 239.3

Calc Time [0.143]  [1.225] [1.506] [2.008] [39.89]
7777777 RCSSWA | 6.367 1079 = 1124 6121 2484 |

Calc Time [0.187]  [1.349] [1.124] [1.800] [35.48]
7777777 HRCSSWA | 1666 1549 = 1211 1467  421.8 |

Calc Time [0.450]  [1.937] [0.931] [4.315] [70.29]
7777777 HRCSSWA | 1012 1550 1006 1344 3482 |

Calc Time (limited wavelets) | [0.316]  [1.723] [0.774] [4.199] [58.04]

SSWA Iterations 36 7 9 33 6
| RCSSWA Tterations | 32 8 o 34 5 |
| HRCSSWA Iterations | 3T 8§ 3 34 6 |
| HRCSSWA Iterations | ..
(limited wavelets) = J = 32 g
RCSSWA 0.345 1.373 0.682 4.559 33.64
Overhead Time [0.011] [0.172] [0.068] [0.134] [4.805]
HRCSSWA 11.04 7.708 4.073 72.13 131.0
Overhead Time [0.299]  [0.964] [0.313] [2.122] [21.84]

77777 Jacobian Matrix | 5264  3.710 = 1.308 4176  63.85 |
Formation Time [0.142]  [0.464] [0.101] [1.228] [10.64]

| Support Search | 5531 2235 2031 1326 7.839 |

Time [0.150]  [0.279] [0.156] [0.390] [1.306]
HRCSSWA 5.115 7.620 2.156 59.45 98.60
Overhead Time [0.160]  [0.847] [0.166] [1.858] [16.434]
(limited wavelets)

77777 Jacobian Matrix | 4.599 = 4.383 = 1326 = 46.78 5883 |
Formation Time [0.144]  [0.487] [0.102] [1.462] [9.806]
(limited wavelets)

| Support Search Time | 0255  0.131 = 0.116 0822 0.528 |
(limited wavelets) [0.008] [0.015] [0.009] [0.026] [0.088]

Note: Calculated per-iteration values shown in square brackets and all times are in seconds.

HRCSSWA with the limited list of wavelets exhibited comparable simulation run times to SSWA and

RCSSWA for the inverter chain, Gilbert cell, and ultrasound transducer driver and exhibited speedups
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Figure 5.22: Average density of the L1, U, and Ls matrices for the simulations with all wavelet families

(left) and the limited list of wavelets (right).

over SSWA with the inverter chain and ultrasound transducer driver circuits. Based on per-iteration
simulation time, HRCSSWA with the limited list of wavelets would have run faster than SSTD if the
number of iterations had remained unchanged. The simulation times for HRCSSWA with the limited
wavelets are close to the lowest simulation times for SSWA and RCSSWA with all but the transmission
line with inverter and stepped impedance filter circuits (see Tables 5.1, 5.2, 5.3, 5.4, and 5.5). Additionally,
with the transmission line circuit, HRCSSWA with the limited wavelets list leads to lower simulation times
than some of the wavelets with SSWA and RCSSWA. This indicates that although HRCSSWA with the
limited list of wavelets did not provide the highest overall speeds in every test case, it could provide
competitive speeds while also removing the problem of selection of most suitable wavelet that occurs with
SSWA and RCSSWA. However, the reduced size Jacobian matrix was not used much with the stepped
impedance filter circuit with HRCSSWA with the limited list of wavelets (and not at all for HRCSSWA
with the full list of wavelets) which indicates there may be some problems that do not benefit from the

use of HRCSSWA.

The support estimate time is significantly reduced by limiting the list of wavelets but, even with
simulations that have a high number of iterations that did not utilize AﬁjAH, the time taken to form
J(07)W ! is still significant. The overhead times for HRCSSWA are much higher than RCSSWA because
the Jacobian matrix formation time is included with the overhead of support estimation'. The overhead

times for HRCSSWA with the limited list of wavelets, without the Jacobian matrix formation times, are

much higher than RCSSWA for three of the test circuits and close to the same for the others.

'With HRCSSWA, the Jacobian matrix is formed after the support estimation rather than before so the Jacobian matrix
formation time is included with the overhead time calculation. Subtracting this time from the total overhead time allows for
the comparison of the overhead times for support estimation, error checking, and recalculation of the Newton update vector

(if the sparse estimate is not utilized) between RCSSWA and HRCSSWA.
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Table 5.8: Matrix factorization timing data and number of iterations for for the five test circuits. Green
font indicates where the HRCSSWA method with the limited list of wavelets is faster than the SSWA
method. Blue font indicates where the RCSSWA method is faster than HRCSSWA with the limited list

of wavelets.

Inverter Gilbert Ultrasound Transmission Stepped
Chain Cell Transducer Line Impedance Filter

Symbolic | 0.295 0.797 0.406 4.183 9.553
g Time | [0.008] [0.114] = [0.045] [0.127] [1.592]
Z Numeric 0.926 5.021 10.90 43.40 190.4
Time [0.026] [0.717] [1.211] [1.315] [31.74]
~ Symbolic | 0.295 0.844 0.373 3.328 10.96
; Time | [0.008] [0.106] = [0.037] [0.098] [1.566]
g Numeric 1.207 6.838 8.986 43.58 185.2
Time [0.033]  [0.855] [0.899] [1.282] [26.46]
~ Symbolic | 0.372 0.795 0.307 2.746 6.997
% Time [0.010]  [0.099] [0.024] [0.081] [1.166]
8 Numeric | 3.381 6.454 6.559 69.53 297.9
- Time [0.091]  [0.807] [0.505] [2.045] [49.66]
é /q; Symbolic 0.356 0.811 0.305 2.749 5.726
@ = | Time [0.011] | [0.090] [0.024] [0.086] (0.954]
% E Numeric 2.921 7.432 6.476 65.74 242.6
| Time | [0.091] [0.826] = [0.498 [2.054] [40.43]

Note: Calculated per-iteration values shown in square brackets and all times are in seconds.
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Figure 5.23: Percentage of non-zero elements in S£ for HRCSSWA with the full wavelet list and limited
wavelet list (limited wavelets). Also shown for comparison are the RCSSWA Percentage of non-zero
elements in Sﬁ with the wavelet that provided the lowest average number of non-zero elements in the
Jacobian matrices (green line) and the lowest number of non-zero elements in S£ (red line) for the (a)
inverter chain, (b) Gilbert cell, (c¢) ultrasound transducer driver, (d) transmission line circuit, and (e)

stepped impedance filter circuit.

In Figure 5.23, HRCSSWA is compared with the wavelets that provided the lowest number of non-
zero elements in the Jacobian matrices and lowest average percentage of non-zero elements in S£ with

RCSSWA. For most circuits HRCSSWA leads to a lower percentage of elements in Si on average than
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RCSSWA. For the stepped impedance filter circuit, there are few iterations that utilized the sparse
estimate of & with both RCSSWA (all but one wavelet) and HRCSSWA. For this reason, the simulation
times using RCSSWA and HRCSSWA are not competitive with SSWA and SSTD for this circuit. This
problem could potentially be addressed by improving the metric used to control HciAHg or the column
selection method but, with the current formulation, there are certain circuits that do not benefit from
the reduced column method. Utilizing the shorter list of wavelets leads to a small difference in Sg with
HRCSSWA with most of the circuits. No change is seen with the ultrasound transducer driver since the
two wavelets that were utilized with this circuit were both on the shortened wavelet list with the limited

wavelets simulations.

The average density of the L1, U, and Lo matrices for each of the test circuits is shown in Figure 5.22.
The average densities of the L, U, and Lo matrices is not significantly different when using the shorter

list of wavelets for most of the circuits.

5.3.2 Discussion

Allowing for a separate wavelet for each node leads to sparser representations of the nodal variable
vectors and less computational overhead to form the Jacobian matrix than SSWA and RCSSWA. However,
this comes at the cost of a higher overhead time to find the ideal combination of wavelets to use in the
formation of J (%’ )VVZ1 each iteration. This overhead is a significant disadvantage of utilizing HRCSSWA.
The results with the test circuits show that the Bior3.1 and Haar wavelets were utilized to the highest
extent with HRCSSWA with the Db6, Bior3.3, and Bior5.5 wavelets being the second most utilized
wavelets. Utilizing just these wavelets, as was the case with the ’limited wavelets’ simulations, leads to
similar nodal variable vector and Jacobian matrix sparsities along with a significant reduction in overhead
time associated with the support estimation compared to HRCSSWA when all wavelets are utilized. The
limited list of wavelets was determined experimentally when running simulations with all 105 wavelets
within the selected families available in the PyWavelets library. The list of 5 wavelets significantly reduced
the overhead time associated with the support search of HRCSSWA. However, one could select a list that
is two to three times larger and not significantly increase the support search times. Additionally, it is
possible to select some of the wavelets based on the known input waveforms to a circuit. For example,
the Haar wavelet will provide the sparsest representation of DC and square wave waveforms and should
be included with a circuit that contains these inputs. Since many of the wavelets required to achieve the
lowest density representations of Sg can be removed without having too large of an effect on the density
of $% , as is the case with the inverter chain, using a limited list of wavelets in this manner can increase

the speed of HRCSSWA at the possible cost of a small increase in density of Si.

The simulation times for HRCSSWA with the limited list of wavelets for some of these test cases are
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higher than SSWA with the wavelet that led to the fastest simulation times. However, in the case of the
Gilbert cell and transmission line with inverter circuits, HRCSSWA ran faster than SSWA with some of
the other wavelets. This indicates that HRCSSWA could be utilized as an alternative to SSWA if the
wavelet that will provide the best performance with SSWA is not known. This would result in a relatively
small reduction in speed over the ideal case with SSWA but, considering the number of possible wavelets
to choose from, the risk of selecting an inefficient wavelet justifies this cost in cases where selection of the
most efficient wavelet for SSWA is difficult.

The densities of the Ly, U, and Lo matrices are higher with HRCSSWA than RCSSWA.. If the densities
of these matrices is similar with larger circuit problems then the LU factorization algorithm may not be as
efficient as RCSSWA with larger problems. The Lo matrix, which exhibits densities over two times that
of the L matrix, may cause memory/computational efficiency issues with very large circuits. However,
testing with large circuits would be necessary to confirm if this is the case.

The percentage of non-zero elements in S£ with HRCSSWA is lower than with RCSSWA. This indi-
cates that assigning a wavelet to each nodal variable adaptively successfully leads to sparser nodal variable
vectors and fewer columns in the reduced column Jacobian matrix than selecting one wavelet for all nodal

variables to use for the entire simulation.

5.4 Chapter Summary

This chapter presented methods for reducing the columns in the Jacobian matrix at each iteration.
The results show that the methods are successful in reducing the number of columns in the Jacobian
matrix at each iteration. The HRCSSWA algorithm requires a higher calculation overhead per iteration
to perform wavelet selection which can be mitigated by limiting the list of wavelets used in the search.
RCSSWA and HRCSSWA with the limited list of wavelets led to a speedup over SSWA in some of the
test cases. In all but one of the simulations where HRCSSWA with the limited list of wavelets ran slower
than SSWA, some of the other wavelets with SSWA led to slower simulations than HRCSSWA with the
limited list of wavelets. This indicates that HRCSSWA with a limited list of wavelets could be utilized
instead of SSWA in cases where the most efficient wavelet for SSWA is not known. The trade off is a
reduction in speed compared to SSWA when the optimum wavelet is selected but at a gain of not risking
an even higher reduction in speed when an inefficient wavelet is selected. For the stepped impedance filter
circuit with RCSSWA and HRCSSWA, the reduced column Jacobian was not utilized very often. This
indicates that there are some problems that do not benefit from the column reduction methods in their
current state. This problem can potentially be corrected by improving the criterion that controls ||ciA||2
and/or the support search method but more work is required to determine if this is the case.

The next Chapter discusses this, and other future directions for this research and also concludes this
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thesis with a brief summary of the results of Chapters 4 and 5.
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Chapter 6

Conclusions and Future Work

Presented in this thesis is a study on the effect wavelet selection has on the densities of the Jacobian
matrix and nodal variable vectors of SSWA. Three algorithms that attempt to increase the efficiency of
SSWA with Newton method were also developed and presented. In terms of Jacobian matrix density, the
Haar wavelet provided the lowest densities of the wavelets tested with all test circuits but did not always
provide the lowest ¥ vector densities. When Jacobian matrix thresholding was applied, the Haar wavelet
still provided the lowest density Jacobian matrices for the majority, but not all, of the test cases. Thus,
there appears to be no one wavelet that will always provide the sparsest Jacobian matrices but, if the

most ideal wavelet is unknown, it can be safe to use the Haar wavelet if Jacobian density is a concern.

The adaptive Jacobian matrix thresholding algorithm was successful at reducing the average Jacobian
matrix densities while rarely introducing a high enough error into the Newton update vectors to cause
a significant change in total number of iterations required to converge. Adaptive thresholding led to a
speedup over SSWA without thresholding in all but one test case and sometimes even led to a speedup
over SSTD. Thus, applying an adaptive threshold to the Jacobian matrix can be used to increase the
efficiency of SSWA. There is still the requirement of selecting the threshold increase and decrease factors,
the initial threshold, and the absolute and relative tolerances. However, these values are not hard to
determine since the absolute and relative tolerances can be determined from the characteristics of the
simulation, the initial threshold can be set to any very small, but safe, value to avoid over thresholding
the early iterations of the simulation and the values for the increase and decrease factors used in this
study appear to be sufficient for the general case. It is possible to achieve lower simulation times than the
adaptive thresholding method by careful selection of a static threshold. However, selection of an optimal
threshold is difficult and could require trial and error. One problem that the adaptive threshold addresses
is removing the need for a designer to select an ideal threshold. Thus, a potential slowdown, compared

to an ideally selected static threshold, is the trade off of using the adaptive Jacobian matrix thresholding
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method. However, considering the difficulty in selecting an ideal threshold, the adaptive Jacobian matrix

thresholding method appears to be worth using if an ideal threshold is not known in advance.

The wavelets that achieved the greatest reduction in density were the ones that had the highest number
of vanishing moments while the wavelets with the lowest number of vanishing moments, which are the
ones that provided the greatest simulation speeds, achieved the lowest Jacobian densities. Based on the
data from this study, there is no one wavelet that provides the greatest Jacobian matrix sparsity and
speeds. However, the Haar wavelet tends to provide the sparsest Jacobian matrices when using SSWA
with no thresholding. Therefore, the Haar wavelet would make a safe choice for speed/sparsity if the

choice of wavelet for optimal performance is unknown.

The RCSSWA and HRCSSWA algorithms were developed to attempt to take advantage of the sparsity
of the wavelet domain representations of the nodal variable vectors that were observed in the SSWA study.
Both algorithms work within each iteration of Newton method to reduce the number of columns in the
Jacobian matrix. This is achieved by first estimating the support of the unknown update vector, selecting
columns from the Jacobian matrix using the estimated support, and then solving the new system of
equations represented by the reduced column Jacobian matrix to provide a sparse estimate of the update
vector. The error in the sparse estimate is tested and, if it is low enough, the estimate is used and, if it

is too high, the estimate is rejected.

On iterations where the reduced column estimate was utilized, there was a significant decrease in the
number of columns, and number of non-zero elements, in the Jacobian matrix with both RCSSWA and
HRCSSWA. This resulted in a deviation between the update vectors calculated by SSWA, RCSSWA, and
HRCSSWA that led to a change in the total number of iterations required to converge. The slowdown
in simulation times was caused by an increase in the number of iterations and/or the extra overhead of
implementing the column reduction methods. The overhead of HRCSSWA can be significantly reduced by
reducing the number of wavelets that are used during support estimation. This also results in simulation
times that are sometimes lower than the lowest simulation times that were achieved with SSWA. In
cases where there was a slowdown, compared to the wavelet that provided the fastest simulation time,
HRCSSWA still ran faster than some of the other wavelet choices. This indicates that HRCSSWA with
a limited list of wavelets can be utilized in cases where the most efficient wavelet choice for SSWA is
not known. The Lo matrix will tend to exhibit densities that are much greater than the L; matrix. If
the densities of the L, U, and Lo matrices remain the same with larger circuit problems, this method
may run into memory /computational efficiency issues when factorizing J a. However, further testing with

larger circuit problems will be necessary to confirm if this is the case.

Adaptive Jacobian matrix thresholding provides the best increase in speed with the SSWA formulation
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used in this thesis. However, with this formulation, SSTD still tends to provide the fastest simulation
times. The waveforms with these circuits were not very sparse. RCSSWA and HRCSSWA have the
potential to provide faster calculation speeds as the sparsity of the nodal variable waveforms increases
and more work is required to determine if RCSSWA and HRCSSWA perform better with large, sparse,
problems.

The speedups that occur with SSWA with adaptive thresholding and RCSSWA do not consistently
happen with the same wavelets for every circuit, making wavelet selection difficult. HRCSSWA addresses
this issue by automatically selecting a wavelet for each nodal variable to provide the sparsest represen-
tations of the nodal variable waveforms but at the price of a significant increase in overhead time. This
overhead time can be reduced by limiting the list of wavelets used when estimating Sﬁ but the overhead
time of forming J (o’ )WZI, along with the increase in time required to factorize Ja compared to J (©7)
remain significant factors. The HRCSSWA simulations presented in this thesis exhibited slowdowns com-
pared to SSTD. However, for the ultrasound transducer driver, the per-iteration simulation and numeric
factorization times are lower for HRCSSWA than SSTD (see Tables 4.6 and 5.8). This could indicate that
improvements to HRCSSWA could potentially lead to simulation times that are competitive with SSTD.
However, in its present form, the HRCSSWA algorithm does not lead to speedups over SSTD with the
examples in this thesis.

Jacobian matrix formation with HRCSSWA will be faster than RCSSWA since J(3/)W ' can be
formed with far fewer operations than W.J(%/)W 1. Since Jacobian matrix formation is faster with
HRCSSWA and the difficulty in selecting the proper wavelet for a given circuit is addressed by HRCSSWA |
the focus of future research will be with HRCSSWA. There are three main avenues of future development

for the HRCSSWA algorithm:
1. Increase the speed/efficiency of solving Equation (5.27).

2. Improvement of the estimate of S&

3. Increase the speed/efficiency of forming J(o7)W '.

One of the drawbacks of the LU factorization is the formation of matrix Lo of the partitioned problem.
There is no guarantee that Lo will be sparse and, as such, it can potentially require a large amount of
memory for storage. However, the Lo matrix is not required by the reduced column methods and, if an
algorithm can be written that finds L; and U without explicitly forming Ly can be developed, a significant
decrease in memory resources could potentially be achieved. However, LU factorization requires extra
memory for storage of the L and U matrices and may provide poor performance with very large problems.

Therefore, an iterative method, such as GMRES [65] may be better suited to solving Equation (5.27) with
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very large problems.

For the Gilbert cell and stepped impedance filter circuits, there were many iterations where the
estimate of Si led to a large enough error for the conditions in Equation (5.21) to not be met. This could
be due to the conditions in Equation (5.21) being too aggressive. A new set of conditions may improve
this method by allowing more iterations where Ad, is used as the Newton update vector. Additionally,

a new thresholding method could be developed to better select elements to add to the support estimate.

The threshold used in this thesis is selected based on the waveforms being thresholded. The parameter
Tto1 18 manually entered and was one of the parameters used to determine convergence of the simulation.
However, a pre-selected threshold is not the only possible method. For example, threshold selection
methods based on those used in data compression applications, such as those used in [66], could provide
more optimal performance. However, a pre-selected threshold is the most computationally simple and

care has to be taken to avoid adding too much computational overhead to the estimation of S&

The majority of the computational time of estimating Sﬁ with HRCSSWA is due to the wavelet
transforms required to find the most convenient wavelet. For each node, the waveforms are transformed
into the wavelet domain, thresholded, and the number of non-zero elements in the thresholded vector are
counted. In total, there were 105 wavelets used in the HRCSSWA study. This represents a very high
amount of extra overhead that can be significantly reduced by utilizing a shorter list of wavelets. Based
on this study, selection of a list of wavelets that will provide the greatest sparsity for all cases is not
possible. However, one could select a single wavelet from each family (there were 6 used in the limited
wavelets list of this study) which would significantly reduce the computational overhead associated with
estimation of Si. Based on this study, the Haar and Bior3.1 wavelets tended to be utilized the most.
Additionally, the wavelets that provided the sparsest nodal variable vectors tended to be the wavelets
with the lowest number of vanishing moments. Thus, the Haar, Db2, Coif2, Sym2, and Bior3.3 wavelets
could be utilized in the general case where it is uncertain which wavelets to use with HRCSSWA.

Formation of J (%7 )ng is another significant source of computational overhead for HRCSSWA. The
transform matrix, ng, is created by using the fast wavelet transform to form only the columns in ng
that correspond to the entries in Sg. This requires many operations to form ng every iteration. If
the limited list of wavelets is decided before the simulation is run, it is possible to form these matrices
and keep them stored in memory for use during the simulation. This is is easily implemented and results
in the matrices only needing to be formed once at the cost of a little extra use of memory!. However,
this method would scale poorly to problems that have a high number of samples for the nodal variables.

Another way to increase efficiency of formation of J (%7 )VVZ1 is to apply the fast wavelet transforms

I5M? elements have to be stored in memory if the wavelets list has 5 entries.
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directly to J(@7). This would avoid the extra memory use from storing the wavelet transform matrices
and should provide a speedup over SSWA since J (o’ )W;1 can be formed with much fewer operations
than WJ (/)W L.

One potential application that was not explored in this thesis is the case where multiple simulations
with the same circuit are performed. For example, if a Monte Carlo analysis is performed, many simula-
tions with the same circuit with small changes to the values of circuit elements (resistances, capacitances,
inductances, etc.) are run to predict the effect of variations in the elements due to causes such as envi-
ronmental effects or manufacturing tolerances. HRCSSWA could be applied to this type of problem by
running the first simulation with the designed parameters. During this simulation the ideal wavelets for
each node could be determined. This list could then be utilized for subsequent simulations to avoid the
requirement of searching for the ideal wavelet at later iterations. The iterations from the first simulation
that required refinement could also be flagged and, for subsequent simulations, the Newton updates for
the flagged iterations could be calculated without trying reduce the columns. Since refinement will result
in utilizing J(@7) to calculate A% directly, the overhead time required to calculate A, for these iterations

would be removed and result in a reduction in calculation overhead.
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Appendix A

Derivative Estimation

Due to the capacitances and charges requiring the time derivatives of the voltages at each node to calculate,
Newton method cannot be directly applied to Equation (2.8) or Equation (2.9). Therefore, a method for
calculating or approximating the time derivatives during each iteration is necessary so the Jacobian
matrix can be formed and next the Newton update can be calculated. Some common derivative estimate
methods are the Forward Differences Method, Backward Differences Method, Central Differences Method,
and Fourier derivative (derivatives calculated in the frequency domain) method. This appendix briefly

introduces these derivative methods.

A.1 Forward Differences Method
This method begins with the Taylor series expansion of the function z(t) about an arbitrary point #;:

)t —t) ")t -t)? )t -t)?®
1! 2! 3! ’

z(t) = z(t;) + (A.1)

where N is the number of terms in the series, a prime denotes differentiation with respect to ¢, and all

derivatives are evaluated at t;[42]. Setting At =t — t; in Equation (A.1) yields

o(t)(A) | a"(t)(AY? 2" (t)(AL)°

x(t; + At) = x(t;) + 1 91 3l

(A.2)

If x(t) is a vector representing a periodic waveform that is discretized with M equally spaced time

samples then Equation (A.2) becomes:
dAY A (A’

1! 2! T (A-3)

Ti41 =2+

where z; is the value of x(t) at time sample [, 241 is the value of z(¢) at time sample [ + 1, and z; is the
value of the estimate of the derivative of z(¢) at time sample .
To approximate the first order derivative, all terms after the first order derivative in Equation (A.3)

are truncated:
#(A)

- (A.4)

Ti4+1 = 2+
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The equation is then re-ordered to solve for z;:

Ti+1 — Xy
T~ A (A.5)

Equation (A.5), known as the 2 point forward differences method, can be expressed using matrix

vector products as:

x| -1 1 0 0 o
/
i 1 0 -1 1 0 1
N — A6
At b ( )
| 2y | 1 0 0 -1 || zm |
.%'/<t) [ DF2$(t). (A7>

The final row requires a sample that is outside the time period (sample M + 1) to calculate the derivative
zh;. Since z(t) is periodic, the sample that falls in the next time period can be found by wrapping around
to the beginning of the row (i.e. sample M + 1 is the same as sample 1).

The error of the 2 point forward differences method is the sum of the remaining terms from Equation
(A.4) that were neglected. Equation (A.5) with all terms is:

)Tl T zj (At) ] (At)? B z)" (At)? B

i At 21 31 A1 o (A-8)

and the remaining terms are:

A (AN a"(And

2! 3! 4! (A.9)

Rpy = —

The lower order derivative terms usually contribute more to the error than the higher order derivative

terms and Rps can be approximated using just the first of the remaining terms [42]:

(A1)
2!

RF2 ~ — . (AlO)

It is possible to increase the accuracy of the approximate derivative by using more datapoints in the
Taylor series expansion of z(t). For example, the 2 point method utilizes two points: x;49 and x;41. The

2 point method begins with the first 3 terms of the Taylor series expansion in Equation (A.3) for x4

and x41:
x5 (2At 2! (2At)?
Ti42 = 2+ l(l, )+ 1(2, ), (A.11)
I (At)  z(At)?
Tl XX+ l(1| )—l- l(2' ) . (A.12)

Since the time samples are equally spaced, the time step is twice as large for the expansion of x;,5 and

At must be multiplied by 2 in Equation (A.11).
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Multiplying Equation (A.12) by 4 and subtracting it from Equation (A.11) yields:
T4+ — 4:171+1 ~ —31‘1 — x;(QAt) (A13)

The estimate of the 2 point derivative is then found by solving for 2} Equation (A.13):

)~ T2 +4x4 — 3

= A.14
K 2AL (A.14)
Equation (A.14) can be expressed using matrix vector products:
- (3 4 -1 0 0 0 0],
x|, 0
0O -3 4 -1 0 0 0
S . 0 0 -3 4 -1 0 0 o (A.15)
~ oAt - - | '
x ' - TM
- 4 -1 0 0 0 0 - —3]°-7-
2(t) ~ Dpyx(t). (A.16)

The error of the 4 point forward differences method is the combination of the terms of Equations

(A.11) and (A.12) that were not included in the estimate. Equations (A.11) and (A.12) with all terms

are:
/ /" 2 " 3 " 4
B x)(2At) a2/ (2At)°  x"(2At)°  x"(2At)
B e T R T T A TR (A-17)
/ 1" 2 n 3 /1 4
_ zy(At) |z (At) )" (At) ;" (At)
Ti41 = T+ 1 + o1 + a0 -+ Al + e (A.18)
Multiplying Equation (A.18) by 4 and subtracting it from Equation (A.17) yields':
x;”(At)?’ x;”l(At)4
Tipo —4xpy = —3x — x)(2At) + 4 TR 2=+ (A.19)
, —Zpyo + a1 — 32y z) (At)? z)" (At)?
= 2 6 - A.20
o 2At T TR (4.20)
The error is given by the remaining terms that were not used in Equation (A.14):
" At 2 " At 3
Rpy = 200 (3, ) + 62 Eu ) e (A.21)

Which, due to having higher order derivatives than Equation (A.10), can be expected to be lower than

the error of the 2 point method.

IThese are the same operations that were performed on Equations (A.11) and (A.12) to form Equation (A.13).
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A.2 Backward Differences

This method begins with a similar formulation as the Forward differences method but, instead of
looking forward in time the method looks backward in time and —At = t—t; [42]. Substituting —At = t—1t;

into Equation (A.1) yields:

o' (t)(—At) N 2" () (—At)? N 2" (t)(—-At)3 N

z(t; — At) = z(t;) + T o 3l

(A.22)

If z(t) is a vector representing a periodic waveform that is discretized with M equally spaced time samples

then Equation (A.22) becomes:

z)(—At) oz (=AY 2 (—At)?
T

i1 =X+ (A23)

where z; is the value of x(t) at time sample [, z;_; is the value of z(¢) at time sample [ — 1, and z; is the
value of the estimate of the derivative of z(¢) at time sample .
To approximate the first order derivative, all terms after the first order derivative in Equation (A.23)

are truncated:

(—At
Ti_1 ~ T+ xl(ll), (A.24)
and the equation is re-ordered to solve for zj:
o Ll T—1
~ . A.25
Equation (A.25) can be expressed using matrix vector products:
- 1 0 0 N
x|, x0
) -1 1 0 0
T 1 T
N _ A.26
AL 0 1 1 0 ) ( )
x ' ' Ty
-t L0 0 .- 11 | m
2'(t) ~ Dpox(t). (A.27)

The first row requires a sample that is outside the time period (sample —1) to calculate the derivative 2.
Since x(t) is periodic, the sample that falls in the previous time period can be found by wrapping around
to the end of the row (i.e. sample —1 is the same as sample M).

The error of the 2 point backward differences method is the sum of the remaining terms from Equation

(A.24) that were neglected. Equation (A.25) with all terms is:

;o m— x|,z (At Z)(A)? (At
UTTTA T e e T Taw T (4.28)
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and the remaining terms are:

(AL (AR al(A?
=" ="y Y T

(A.29)

The lower order derivative terms usually contribute more to the error than the higher order derivative

terms and Rpo can be approximated using just the first of the remaining terms [42]:

(A1)
21

RBQ ~ (ASO)

It is possible to increase the accuracy of the approximate derivative by using more datapoints in the
Taylor series expansion of z(t). For example, the 2 point method utilizes two points: x;_1 and x;_5. The

2 point method begins with the first 3 terms of the Taylor series expansion in Equation(A.23) for x;_;

and x;_o:
T (—2At 2! (—2At)?
T_y ~ x+ l( 1 )+ l( o ) 7 (Agl)
o(—=At)  xl(—At)?
T_1 ~ x+ 1(1' )+ l(2' ) . (A.32)

Since the time samples are equally spaced, the time step is twice as large for the expansion of x;_o and
At must be multiplied by 2 in Equation (A.31).
Multiplying Equation (A.32) by 4 and subtracting it from Equation (A.31) yields:

x_g — 4xj_1 ~ =3z + 1) (2A8). (A.33)

The estimate of the 2 point derivative is then found by solving for z; Equation (A.33):

Ti_o —4x;_1 + 31y

h A.34
Equation (A.34) can be expressed using matrix vector products:
3 0 0O 0 o0 0 1 —4
[ o] 4 3 0 0 0 0 0 1 |[ a |
@) 1 1 -4 3 0 0 0 0 O X1
~No—— , (A.35)
AL 0 1 -4 30
K S T T : Ty
0 0 0 0 O 1 -4 3
x'(t) ~ DB4.Z'(t). (A36)

The error of the 4 point backward differences method is the combination of the terms of Equations
(A.31) and (A.32) that were not included in the estimate. Equations (A.31) and (A.32) with all terms
are:
z)(—2At) N z) (—2At)? N 2 (—2At)3 N 2" (—2At)* N

1! 2! 3! 41 o (A-37)

Xj_9 = X1 +
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z)(—At) N z) (—At)? N 2 (—At)? N 2" (—At)? L

S T 2] 3] 1 (4.38)
Multiplying Equation (A.38) by 4 and subtracting it from Equation (A.37) yields':

me_ At 3 mi_ At 4

Ti_o —4dx;_1 = —=3x;— Q:B;(—At) + 4xl (3' ) + 12$l (4' ) + - (A.39)
, Tj—og — 4x_1 + 314 z) (At)? z)" (At)?

= 2 -6 A .40
i 2AtL LT TR (A.40)

The error is given by the remaining terms that were not used in Equation (A.34):

(At 2 m( At 3

RB4=2xl (3' ) —le El' ) + - (A.41)

Which, due to having higher order derivatives than Equation (A.30), can be expected to be lower than

the error of the 2 point method.

A.3 Central Differences

This method is a combination of the Backward and Forward differences method. If Equation (A.23)

is subtracted from Equation (A.3), the result is:

A zi(-AY | (A af(-An®
1! 1! 2! 2 ’
2l(A1) | 2a(ADP 2 (ALY

T4l — Xj—1 = 1 + 3l + 5l +eee (A.43)

(A.42)

T4l — 21 = X — T+

To approximate the first order derivative, all terms after the first order derivative in Equation (A.43) are

truncated:
225 (At
Li41 — Xj-1 ~ li, ), (A.44)
and the equation is re-ordered to solve for }:
;o Li+1 — Ti-1
N —_— A.45
K 2At (A.45)
Equation (A.45) can be expressed using matrix vector products:
- 0 1 0 0 0 1]
x To
) -1 0 1 0 0O --- 0
T 1 T
N _ . A.46
SAL 0 1 0 1 0 : , ( )
x . . Ty
- 1 0 0 0 - -1 0 "7 -
2'(t) ~ Deon(t). (A.47)

IThese are the same operations that were performed on Equations (A.31) and (A.32) to form Equation (A.33).
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This is known as the 2 point central differences method. Since x(t) is periodic, any required sample that
is outside the time period can be obtained by wrapping around to the opposite side of the time period.
For example, z_; is the same as x); and z741 is the same as xy.
The error of the 2 point central differences method is the sum of the remaining terms from Equation
(A.44) that were neglected. Equation (A.45) with all terms is:
,_wi - an | (A2 | " (Ab)

=t gt (A.48)

and the remaining terms are:
2" (At 2 2" (At 4
FA0? | eyt

Foy = =5 5!

(A.49)

The lower order derivative terms usually contribute more to the error than the higher order derivative
terms and Rco can be approximated using just the first of the remaining terms [42]:

2} (At)?

Fox~ =5

(A.50)

Which can be expected to be lower than the 2 point forward and backward differences approximations

which contain lower order derivative terms.

It is also possible to increase the accuracy of the approximate derivative by using more datapoints in

the Taylor series expansion of x(t). For example, the 4 point central differences method can be derived

by subtracting the Taylor series expansion of x;_, from the Taylor series expansion of x4

200 (2A8) 22 (2A8)2 22" (2A1)P
(280) , 2af(G00° , 2" (G007,

Tj42 — Tj—2 = (A51)

Multiplying Equation (A.43) by 8, subtracting it from Equation (A.51), and truncating all but the

first and third derivative terms from the result yields:

2¢)(2At)  2x)"(2At)% _2x)(At 27" (At)?
Tivs— T1s — Smig1 + 8wy~ SZAY 20 CAT 2m(AD | (20(ADT ) oy
1! 3! 1! 3!
Tiyo — 8Tj41 +8xj—1 —x1_2 = —12$2(At>. (A.53)
The estimate of the 4 point derivative is then found by solving for z; Equation (A.53):
o~ —Zyyo +8x41 — 811 + Ti-2. (A.54)

12At

IThe first three terms of the Taylor series expansion of ;12 and 2;_» are given in Equations (A.11) and (A.31) respectively.
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Equation (A.54) can be expressed using matrix vector products:

0 8 -1 0 0 0 0 1 -8
N 8 0 8 -1 0 0 00 1 [[ a ]
2| 1|1 =8 0 8 -1 0 0 0 0 )
N S o (A5
2At1 9 1 -8 0 8 -1 . i i :
§ -1 0 0 0 0 1 -8 0
2(t) ~ Dcya(t). (A.56)

The error of the 4 point central differences method is the combination of the terms of Equations (A.51)

and (A.43) that were not included in the estimate. Equation (A.54) with all terms is:

iy + 8Tt — 8Ty Fxs  2(AD al(At)S

| = 4 20 s A.57
" 12At LT T (A.57)
The error is given by the remaining terms that were not used in Equation (A.34):
mr( At 4 1 ( A ¢ 6
Ry = 420 é| S 4 90T 7<' LA (A.58)

Which, due to having higher order derivatives than Equation (A.50), can be expected to be lower than
the error of the 2 point method. This error also contains much higher order derivatives than the 4 point
forward and backward differences methods and, therefore, can be expected to be lower than Rp4 and

Rpy.

A.4 Fourier (Frequency Domain) Differentiation Method

With the Fourier differentiation method, also known as a spectral differentiation [67] or pseudospectral
method [68], the derivatives are performed in the frequency domain. These methods perform the derivative

on a set of discrete data in three steps [67, 68]:
1. The discrete data x is transformed into the frequency domain with the Fourier Transform.

2. The derivative is performed by using the inverse discrete Fourier transform to define a continuous
interpolation, xq(t), between the samples of the frequency domain representation of the discrete
data [67]. The derivative of this interpolation is used to determine the derivatives of the frequency

domain coefficients of the discrete data ().

3. The derivative of @ is transformed into the time domain with the Fourier Transform to obtain the

estimate of the derivatives of T.
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This method can be utilized for both periodic and non-periodic waveforms [67, 68]. However, since this
thesis is concerned with periodic steady-state analysis, this Appendix will focus on periodic waveforms.
For a description of how to use spectral differentiation for non-periodic waveforms, the reader is encouraged
to review [67] and [68].

If a periodic waveform, x(t), with period 7" is discretized into M uniformly spaced samples over period

T, the Fourier transform can be expressed as [67, 69]:
M-1 .
TeIalp, (A.59)
0

ap =
!
! 2
~ j e
7 = el M (A.60)
P

TRl

Il
o

where Z; represents the [*' time sample, U, represents the pt frequency coefficient, and z; = :U(ﬂ\:/rl ).. It

is possible to construct matrices that perform the operations in Equations (A.59) and (A.60) and the

transforms can be expressed using matrix/vector products:
u = FI, (A.61)
r = Fla, (A.62)

where F and F~! are matrices that perform the forward and inverse Fourier transforms, respectively, and
4 is the vector of frequency coefficients.

There are many different choices possible for Z4(t). However, the most useful functions for discrete
derivatives are purely real-valued interpolation polynomials (i.e. they don’t result in complex values)
[67, 68]. The reason there are many choices possible for Z4(t) is aliasing: any term iipe’ %W in Equation
(A.60) can be replaced by e’ 3rl(ptmpM ), for any integer my and still give the same samples z; [67]. The
addition of the m,, term means that Zq(t) oscillates m,, extra times between sample points.

21 (p+mpM

The interpolation is then found by replacing &pej %P with ﬂpej M ) and substituting [ = %

into Equation (A.60) and allowing aliasing with any integer value for m,, [67]:
Tap(t Z Uy T - (ptmp M)t (A.63)

where m,, is known as the aliasing integer and is selected to minimize the mean-square slope of Zqf(t) for

0 <p < M —1. The mean-square slope is given as’:

2

L M—-1
1 1 2 on
T / |j:2lf(t) ‘2 it = T / Z j%(p + mpM)ﬁpej%(ermpM)t dt (A.64)
0 0 |P=
27 2M-1 2
= (F) T lalosman (A.65)
p=0

TFor more details on this formula, please see [67]
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Thus, selecting m, to minimize (p + m,M )2 will minimize the mean-square slope given by Equation

(A.65). If0<p< %, then (p + m,M)? is minimized when m, =0 . If % <p < M, then (p+m,M)? is

minimized when m, = —1. When p = %, my, = 0 and m,, = —1 result in the same value for (p+ m,M)?.

This is addressed by evenly splitting the @1 term between m, = 0 and m, = —1. The final interpolating
2

polynomial is given by:

Zap (t ZueJTpt—i- Z ue+JTp M)t +111;< 5 ) (A.66)
p=441
The derivative of Zg(t) is given by:
M_
2 M My _ 7th
27 2 7rM Tt eI
! — 2N eI Rt _ idd —iF (=Mt |
Tg(t) = J == plUpe’ T J=pupe )T Um ( >.(A.67)
= T i T T = 2
p=75+1
M
92 2p o M M
_ Irojjfp(awﬂ%pt_aM_ﬂfv?Pﬂ<_ﬂi,agsmz<ﬁrt>. (A.68)

The derivatives of each of each sample of z is then estimated by evaluating il’if(t) at the sample points

_ITI.
t =1
M

IT, i~ 2 2 2 &,
! ~ JaTPl & —JarPl) — =1 5Pl
T = xdf’l(M) ]? (upe MP— eI M ) = Z iy, e? M
p=0 p=0

In [67], it is shown that the derivative operation can be performed using the discrete Fourier Transform

(A.69)

by multiplying each frequency domain coefficient by:

= p<i
dp =4 2%(p— M) p>Y (A.70)
0 p="24 (if M is even)

To perform the derivatives in the frequency domain, the time domain waveform is first transformed into
the frequency domain using F, the derivative is applied using dj,, and then the result is transformed back

into the time domain with F~'. This operation can be performed by using a matrix, Dy, that has the

form:

i M M M M| M

01 2 Y-10 &+1 442 Y+dl-1 M

01 2 Y10 H¥+1 42 i1 M

_1J2m
Dy=F 'S5 001 2 M_ 10 Myy My Yy -1 M| Fo (AT

M M M M M

012 ... M1 0 My Mo MM _1 M

IThe =4 uMsm( oy

Lt) term vanishes because sin (nl) = 0 for all .
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Appendix B

Details of Derivation of Equation 5.20

Since the order of the coefficients does not affect the result of calculating the square norm, Equation

(5.20) can be written as:

ldallz = 1P (—£(97) = JaA8y)]l2. (B.1)

Using Equations (5.17) and (5.18), Equation (B.1) can be written as:

~

;:1] — P, JAP.U 1§, |2. (B.2)
2

Substituting Equation (5.15) into Equation (B.2), and partitioning L as in Equation (5.17) results in:

ldall2 = ||

g f Ly .
Idalla = (1|5 | = || G1lle- (B.3)
2 Ly
Since L4, = f, and da = fo — Logy:
. 0,
ldall = | [ . } o, (B.4)
da

where 07 is a vector with m entries with all entries set to zero.
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