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Preface

Circuit design based on numerical simulation relies heavily on mathematical
methods. As a result, relations have long since been established between the
microelectronics industry and university groups specializing in simulations for
semiconductor processes and devices, electromagnetics and electronic circuits.
State-of-the-art methods from the fields of applied and numerical analysis, as well
as newly developed dedicated algorithms, have facilitated the large-scale use of
simulations, thereby enabling the industry to reach its current high state of the art.
Designing complex integrated circuits calls for adequate simulation and optimi-
sation tools. The current design approach involves simulations and optimizations
in different physical domains (device, circuit, thermal, electromagnetic) and in
electrical engineering disciplines (logic, timing, power, crosstalk, signal integrity,
system functionality). The physical aspects are essential to characterizing circuit
behavior from an electrical engineering and system-oriented standpoint.
Accordingly, the main scientific objectives of the COMSON (COupled Multi-
scale Simulation and Optimization in Nanoelectronics) project were as follows:

* To develop new descriptive models that take these mutual dependencies into
account

* To combine these models with existing circuit descriptions in new simulation
strategies

* To develop new optimization techniques that will accommodate new designs

COMSON was a Marie Curie Research Training Network supported by the
European Commission in the programme Structuring the European Research Area,
part of the EU’s Sixth Framework Research Programme. The project was initiated
by the three major European semiconductor companies — Infineon Technologies
AQG, later replaced by its spin-off Qimonda AG of Neubiberg, Germany; Koninklijke
Philips N.V., later replaced by its spin-off NXP Semiconductors Netherlands N.V.
of Eindhoven, the Netherlands; and STMicroelectronics of Catania, Italy — who
worked in cooperation with five European academic partners in Applied Mathe-
matics and Electrical Engineering with considerable experience in the simulation
and optimization of integrated circuits — the University of Wuppertal, Germany

vii



viii Preface

(coordinator); Eindhoven University of Technology, the Netherlands; University of
Catania, Italy; University of Calabria, Italy; and University Politehnica of Bucharest,
Romania. The rationale behind the project and this book was described as follows:

Performing the step from micro- to nanoelectronics, the semiconductor industry is con-
fronted with very high levels of integration, introducing coupling effects that were not
observed before. Currently, the complexity of this problem is beyond the capabilities of any
industrial software and design environment. Furthermore, in the near future, researchers
must understand all aspects of the problems faced by industry.

To meet these new scientific and training challenges, the COMSON project on “COupled
Multiscale Simulation and Optimization in Nanoelectronics” merges the know-how of the
three major European semiconductor companies with the combined expertise of university
groups specialized in developing adequate mathematical models, numerical schemes, and
e-learning facilities, covering all relevant fields of interest. In COMSON, academia and
industry join their efforts to realize a common Demonstrator Platform: on the one hand,
to test mathematical methods and approaches, so as to assess whether they are capable
of addressing the industry’s problems; on the other hand, to adequately educate young
researchers by providing hands-on experience with state-of-the-art problems, and beyond.

The editor thanks his colleagues for their valued contributions in the different
chapters of this handbook: Roland Pulch of Greifswald, Germany (PDAE mod-
elling); Andreas Bartel of Wuppertal, Germany, and Sebastian Schops of Darmstadt,
Germany (dynamic iteration); E.J.W. ter Maten of Eindhoven, the Netherlands
(MOR); Salvatore Rinaudo of Catania, Italy (optimization); Georg Denk of Munich,
Germany (demonstrator platform); and Giuseppe Ali of Cosenza, Italy (e-learning).

Wuppertal, Germany Michael Giinther
September 2014
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Part I
Introduction



Chapter 1
The COMSON Project

Michael Giinther and Uwe Feldmann

Abstract This chapter serves as an introduction into the outcome of the COMSON
project, and links the subsequent chapters to the overall idea of COMSON and its
objectives. We start with a discussion of the state-of-the-art and open problems in
nanoelectronics simulation at the timepoint when the COMSON Project was started.
Therefrom the main scientific objectives of the COMSON project are derived.
Special attention is devoted to a uniform methodology for both testing the new
achievements and simultaneously educating young researchers: All mathematical
codes are linked into a new Demonstrator Platform (Chap.8), which itself is
embedded into an E-Learning environment (Chap.9). Subsequently the scientific
objectives are shortly reviewed. They comprise: (i) Development of new coupled
mathematical models, capturing the mutual interactions between the physical
domains of interest in nanoelectronis. These are based on the PDAE approach
(Chap.?2). (ii) Investigation of numerical methods to simulate these models. Our
focus is on dynamic iteration schemes (Chap.3) and for efficiency on MOR
techniques (Chaps.4-6). (iii) Usage of models and simulation tools for optimal
design of nanoelectronic circuits by means of multi-objective optimisation in a
compound design space (Chap. 7).

1.1 Trends in Microelectronics

The design of complex integrated circuits ICs requires adequate simulation and
optimisation tools. The current design approach involves simulations and optimi-
sations in different physical domains (device, circuit, thermal, electromagnetic) as
well as in electrical engineering disciplines (logic, timing, power, crosstalk, signal

M. Giinther (><)
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GauBstrafle 20, D-42119 Wuppertal, Germany

e-mail: guenther@math.uni-wuppertal.de

U. Feldmann
Formerly at Qimonda AG, Munich, Germany
e-mail: uwe.feldmann@online.de

© Springer-Verlag Berlin Heidelberg 2015 3
M. Giinther (ed.), Coupled Multiscale Simulation and Optimization

in Nanoelectronics, Mathematics in Industry 21,

DOI 10.1007/978-3-662-46672-8_1


mailto:guenther@math.uni-wuppertal.de
mailto:uwe.feldmann@online.de

4 M. Giinther and U. Feldmann

integrity, system functionality). Our interests focus on the physical aspects, which
are fundamental for characterising circuit behavior on an electrical engineering and
system oriented level. To limit the complexity of the design task, these domains
are currently treated in isolation (“divide and conquer” approach), and dedicated
simulation and optimisation tools have been developed for the individual domains.
However, this methodology approaches its limits of validity. As semiconductor
technology is progressing down to the nanometer regime, it turns out that the
complexity in simulating and optimising designs goes beyond the capabilities of
the software and design environments used so far. Several shortcomings are clearly
visible:

* With ever smaller characteristic dimensions, higher operating frequency, and
increasing power density many simplifying assumptions are losing their validity.
Particularly, coupling effects between the different physical domains as well as
2D/3D and higher order nonlinear effects have to be taken into account.

e Due to very high levels of integration, simulation times are becoming pro-
hibitively long because of growing problem size and coupling effects.

* More complex design specifications have to be satisfied in a widely extended
design and parameter space, while simulations for assessing a design with a given
parameter configuration get more costly.

Clearly, substantial progress in this situation is not possible by just improving the
single components of the design system being used, and this observation led to the
setup of the COMSON project.

1.2 Scope of the COMSON Project

The COMSON project was initiated by three major European semiconductor com-
panies in cooperation with five academic partners from Europe being experienced
in simulation and optimisation of integrated circuits. The primary objective was to
combine the expertise distributed over the partner nodes in their particular fields in
a joint effort, to get a more global progress for the coupled systems as a whole.

Mathematical modelling and the development of numerical methods were seen
as key enablers in this project. To cope with the coupled nature of problems,
it was planned to pursue cosimulation strategies, where the different domains
are described by Partial Differential-Algebraic Equations PDAEs or ordinary
Differential-Algebraic Equations DAEs, which are — as far as possible — simply
coupled by source terms or boundary conditions. For their numerical solution
dynamic iteration schemes were appealing, since they naturally exploit the widely
separated spectrum of time scales inherent in the various domains.

As a promising side effect of this approach it was seen that it offers to replace
parts of the huge coupled system by reduced order models at least for some of the
domains. So, linear and nonlinear Model Order Reduction MOR became another
essential part of research in COMSON.
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Finally, multi-objective optimisation in the very complex design space formed
the third mathematical item of research.

The global view introduced in COMSON by coupling domains in simulation and
optimisation did not only stimulate mathematical research, but also imposed two
methodological problems:

* How can the new developments be assessed at hand of real life industrial designs,
without implementing them into all of the commercial design tools used by the
industrial partners?

e How can the transfer of knowledge be organised to assure that a researcher
working at a — possibly multi-domain — coupled problem has the background
information about all of the domains being involved?

For the COMSON project, these questions were answered by the decision to include
the development of a software Demonstrator Platform into the project, as well as
an E-Learning environment into which both the Demonstrator Platform and the real
life applications foreseen as a reference problem are embedded.

In total the scope of the COMSON project comprises

* Mathematical research on modelling and discretisation of coupled PDAE sys-
tems, model order reduction, and optimisation

* And a methodological part by linking a new Demonstrator Platform for coupled
simulation and benchmark problems of industrial relevance into an E-Learning
environment.

The project name COMSON is derived from this scope: “CQOupled Multiscale
Simulation and Optimisation in Nanoelectronics”. The following sections will give
a more detailed introduction into the single parts.

1.3 Methodology

In the following we explain the methodology (linkage of a Demonstrator Platform
and E-Learning environment) used for both testing mathematical methods and
educating young researchers.

Since the general scope of COMSON was too comprehensive for the restricted
project time, research and development were focused on solving a few benchmark
problems. The latter were specified by the industries, close to actual real life
designs of medium complexity. Academic abstractions and simplifications should
be avoided. Hence actual technological data and design specifications were to be
used, and physical models as well as compact transistor models being state-of-the-
art have been taken as a reference.

Even though there were only a few benchmark problems specified, their sim-
ulation and optimisation requires to couple all of the domains which had been
considered to be relevant: Semiconductor devices, circuits, interconnects, elec-
tromagnetic EM fields, and heat flow. To this end the Demonstrator Platform
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concept was introduced, to provide an experimental framework in software for
coupled simulation of the various domains. This gives excellent opportunities to
test new numerical methods even in an early stage, and to make sure that they
contribute to handle the coupled problems of interest. At the end, the Demonstrator
Platform offers all coupled simulation capabilities being necessary for multi-domain
optimisation of the benchmark problems. To realise this concept, and to demonstrate
its functionality, became a key objective of the project.

Another methodological aspect was to provide means for rapid dissemination
of knowledge over the geographically widespread partner nodes of the project.
Somehow, every project member had been active in this field before, however
with different focus and target applications. Now, since all of the partners were
starting towards the same objectives — namely to develop and implement methods
for coupled simulation and optimisation of the benchmark problems specified by
industry — quick and reliable exchange of knowledge became very essential for
the project. Having the complexity of multi-coupled simulation and of advanced
design specifications as well as the different status of knowledge of researchers
in mind, the COMSON members were convinced about the needs to include E-
Learning facilities into the project. A natural step at this stage was the decision to
embed the Demonstrator Platform into the E-Learning environment. This opened
very flexible and valuable means for researchers, at any level of experience, to learn
about models, methods and backgrounds of coupled nanolectronics simulation and
design.

1.3.1 The Demonstrator Platform
1.3.1.1 Objectives and Benefits

The main objective of the Demonstrator Platform was to provide an experimental
software platform for coupled simulation, which serves as a testbench for new
models and methods, and finally offers an adequate simulation tool for optimisation
of the benchmark design problems in a compound design space.

By the rule to integrate their new developments — be it model codes or
mathematical methods — into the platform, the researchers get a natural test bench
with state-of-the-art models and parameters from the different domains, rather
than academic simplifications. And they get immediate feedback on the capability
to address problems of industrial relevance. Furthermore, it is assured that the
individual contributions seamlessly integrate into the whole system from the early
beginning.

Another benefit of such a platform is to collect all knowledge about models,
methods, and coupling principles. This way a homogeneous embedding into an
E-Learning environment becomes possible, thus offering excellent opportunities for
transfer of knowledge and mutual stimulation of new research.
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1.3.1.2 State of the Art

Since the development of the coupled device/circuit simulators MEDUSA [5] and
CODECS [10], there is a long tradition in coupling two domains in one code. At
present there are powerful commercial tools like the platforms MEDICI (Synopsys
Inc.) and ATLAS (Silvaco International) for coupled device/circuit simulation in
use. However, they aim at device engineering and device characterisation with a very
limited number of transistors. Hence they cannot be used for designing integrated
circuits of a medium size complexity, nor do they allow for experiments with new
mathematical algorithms from outside the software companies.

Coupling of device and circuit problems under a rigorous PDAE framework was
introduced in [15, 17]; this served as a basis for the work to be done here.

Signal propagation effects have a large impact on integrated circuits perfor-
mance, in general, and therefore coupled interconnect/circuit simulation is widely
practised since a long time. Roughly, there are two mainstreams: One is to solve
the telegraphers equations for coupled interconnect lines analytically under some
simplifying assumptions, ending up in a transmission line (T-Line) model being
built from controlled sources for circuit simulation [12]. The other one is to split
the interconnect lines into small pieces, which are modelled by lumped R-, L-,
and C-elements for circuit simulation. Due to mutual coupling, the corresponding
resistance/conductance, inductance, and capacitance matrices are very large in
general, and almost dense. Therefore some kind of network reduction or MOR is
applied before including them into circuit simulation [2, 16].

Fully bidirectional coupling of interconnect and circuit simulation is reported in
several papers, see e.g. [8, 11, 13], and the PDAE setting of this coupled problem
was introduced in [9].

Coupling from EM field simulation to circuit simulation is well established in the
literature and in industrial practice, however often under restrictive assumptions.
Most approaches pursue the concept of partially equivalent electrical circuits
(PEEC) developed by A.E. Ruehli [14], and apply linear MOR techniques for
getting circuit models of a reasonable size. Alternatively, field simulators often
generate scattering parameters (S-parameters) for an electro-magnetic component,
which are used in circuit simulation.

Closer coupling between EM field and circuit simulation is necessary for
handling the substrate noise problem in mixed-signal ICs [4], and for analysing
mutual interaction of on-chip integrated passives (inductors) with semiconductor
devices on radio frequency RF chips. To this end some powerful commercial tools
have been developed by the companies Magwel and Sonnet Software, for example.

The coupling of the circuit domain with the thermal domain is straightforward,
in principle, since due to the electrothermal analogy any circuit simulator can be
“misused” for analysing thermal problems, once the latter are modelled by lumped
elements [7]. This kind of coupled simulation is often done in practice. For small
sized problems the more general approach of directly coupling a 2D or 3D thermal
solver and a circuit simulator was pursued, see e.g. [19]. Finally, a general PDAE
oriented framework for coupling thermal and circuit problems was developed in [3].
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The coupling of the device and the thermal domain was mainly driven by power
electronics applications, and started in the late 1970s [1]. While in the beginning the
coupling terms were pretty simple, more consistent models evolved since 1990 [18].
Overall, this kind of coupling has found much attention, and is very well developed.

As an extension of the electro-thermal analogy to other physical domains,
the simulator fREEDA [6] was developed for simulation of coupled multiphysics
problems in an open source project. It is based on a flexible modeling concept, such
that a network built from elements from different physical domains can be brought
into equilibrium under an energy norm. Clearly, the scope of this approach is on the
physical modeling side, while ours is more focused on mathematical analysis and
numerics of coupling existing physical models.

In summary it can be stated that bilateral coupled simulation has been extensively
investigated, and is implemented in a variety of tools and models which are
used in academic and industrial practice. However, simultaneous coupling of all
the domains which are addressed here under a common mathematical framework
of DAEs/PDAEs, and with inclusion of Model Order Reduction is new, to our
knowledge. Furthermore, we are not aware of any other attempt to tightly embed
a software package for coupled simulation in multiple domains into an E-Learning
environment, for the ease and flexibility of transfer of knowledge.

1.3.1.3 Basic Concepts

To achieve an optimal design in the very complex design space, a multi-objective
optimiser will interact with a simulation platform which provides consistent data
about all parts of the design specifications, inclusive their mutual dependencies.
To this end the platform operates on a hierarchy of parameterised subdomains,
which are connected in a common network as a carrier. In the simplest case, the
subdomains on top level are electric (sub)circuits. The subdomains on the lower
levels can either be other subcircuits, or semiconductor devices, or interconnects, or
EM domains, or thermal domains, or Reduced Order Models ROMs for one of these
domains (see Fig. 1.1).

The network approach implies coupling of domains by source terms or boundary
conditions. This will not be flexible enough in certain cases, hence the subdomains
may constitute internally coupled problems by themselves. However, with the
network approach it requires less efforts in general to include existing model
codes. Furthermore, it is well suited for mathematical analysis and development
of numerical methods.

Mathematically, the coupling of domains in a network means to couple partial
differential equations PDEs or differential algebraic equations DAEs by algebraic or
differential algebraic equations, thus getting PDAE systems. The concept is to solve
them by co-simulation in dynamic iteration schemes. To cope with the complexity,
comprehensive physical subdomain models must be substituted by ROMs. Noteably,
the ROMs should be parameterised, in order to be efficient along several steps of the
optimisation process. For the same objective it is an important aspect of the models
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multi-objective optimiser

circuit 1 circuit 2 circuit 3

elem 1 elem 2 elem 3 elem 4

interconnect subcircuit device ROM
elem 2-1 e elem 2-n

Fig. 1.1 The Demonstrator Platform is working on a hierarchy of parameterised subdomains

and codes to provide efficient calculation of sensitivities. Finally, for estimation of
yield, an efficient handling of technological spread is a prerequisite.

1.3.2 E-Learning

One of the main aims of the CoMSON project was to define and to develop a system
of E-Learning in Industrial Mathematics with applications to Microelectronics, in
order to facilitate the exchange of information; to share resources, scientific and
educational materials; to create common standards; to facilitate the use of advanced
tools. The common idea of this project was to create a bridge being able to fill the
gap that exists in the knowledge flow from University to Industry and vice-versa, and
to overcome problems due to Intellectual Property claims raised by the Industries
working together in the project.

1.4 Modelling, Simulation and Optimisation

The modelling is based on the PDAE approach. For numerical simulation efficient
methods have to be used, applying dynamic iteration schemes and MOR tech-
niques. Based on these models and simulation tools, multi-objective optimisation
is addressed.
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1.4.1 Partial Differential Algebraic Equations

Up to now, mathematical research has been mainly focused on models of one
single domain, e.g. semiconductor equations. Including effects of other domains
like thermal and electromagnetic coupling and high frequency aspects to improve
the accuracy of the models results in so-called Partial Differential-Algebraic Equa-
tions (PDAEs), which couple differential-algebraic network models for lumped
descriptions and partial differential equations for the spatially distributed elements
and effects via source terms or boundary conditions. This approach requires new
analysis with respect to consistency and validity of the overall PDAE model that
links different domains and levels of physical description, existence of solutions,
and robustness and efficiency of the numerical methods being applied for solving
the extended sets of equations.

New, robust and efficient methods are needed to solve the resulting equations.
Depending on the type of coupling and accuracy to be achieved within simulation,
two approaches are feasible to cope with these coupling effects:

* Simulator coupling for systems of PDAEs based ony dynamic iteration and
* Model order reduction.

1.4.2 Dynamic Iteration

In the first approach, all dynamic effects (for circuits, devices, thermal effects etc.)
are modeled and simulated separately using their own simulation package which is
based on their own time stepping algorithm in the numerical kernel. In this approach,
modular, i.e., distributed time integration methods are quite natural which exploit
different time constants of the single models by using different time step sizes
(multirate approach).

Assuming the packages are equipped with appropriate interfaces, the coupling
of the PDAE model via right-hand sides, source terms or boundary conditions can
be done by coupling the simulators at communication time points. As the PDAE
systems are coupled dynamically, an outer iteration process (dynamic iteration)
has to be performed until getting convergence within a macro time step from one
communication time point to the next one. Equipped with adequate relaxation and
overlapping techniques, dynamic iteration schemes have to be derived which can
guarantee a stable error propagation from one macro time step to the next one,
thus ensuring rapid convergence as well as robustness and stability of the overall
scheme used for coupling the models and simulators, respectively. This distributed
time integration approach can quite naturally exploit the multirate, i.e., multiscale
behavior in the time domain, as the different time stepping algorithms can use
different time step sizes in accordance with the different time constants of the single
models.
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1.4.3 Model Order Reduction

If all the domains are coupled together for optimisation, then the resulting systems
will become very large. Moreover, they have to be solved very often, in particular
if multi-objective optimisation methods are employed and/or yield improvement is
one of the optimisation targets. In this setting the usage of reduced order models is
appealing, since it helps to save simulation time and memory needs, and supports
to focus on those features of the various domains which are the most relevant ones
for achieving the design objectives. Another benefit of using reduced order models
might be in some cases to enable global optimisation of a design, while hiding
technological or circuit design details which are related to intellectual property
issues.

One way to obtain reduced order models is to develop structural macromodels
or behavioral descriptions, or to employ network reduction techiques. Alternatively,
for a given set of equations — which are possibly obtained by (semi)discretisation of
the original problem — numerical MOR techniques may be used to get a system
of the same structure but reduced dimension. The latter approach, quite well
established in the electronics design community, was to be pursued in the COMSON
project. Clearly, to be useful in the framework of design optimisation, the MOR
has to generate parameterised reduced order models, and should be insensitive
against small changes of the technological parameters. Other needed features are
maintaining the DAE/PDAE structure of the models, and tuning for usage of reduced
order models in simulation of large nonlinear systems.

1.4.4 Optimisation

Aiming at a realistic, medium size coupled problem of industrial relevance, one
faces a multiple domain space with a large number of design objectives and
restrictions (about 10-100), and works in a very complex parameter space (several
hundreds to thousands of parameters). As far as manufacturability requirements
are concerned, optimisation deals with discrete as well as continuous variables.
In addition, any evaluation of a model (functions, constraints) is very costly (each
requiring a coupled simulation), and possibly noisy. So usage of sensitivity analysis
techniques is advisable, but how they can be based on noisy simulation results will
require special attention.

Last, the reliability and robustness of a simulator depends on the accuracy of the
implemented models and, in particular, the model parameters. In fact each separate
model already has several hundreds of parameters. Therefore, in order to calibrate
the models, new advanced and efficient parameter extraction techniques are needed.

The hot spot benchmark example, a Power-MOS circuit introduced by STMicro-
electronics as an example for electro-thermal coupling, will show how all these
different levels are linked: in Sect.2.2.2, the PDAE model describing the hot
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spot benchmark example is carefully discussed. Simulation results for the coupled
system based on the Demonstrator Platform methodology can be found in Sect. 8.3.
Finally, Chap.7 discusses how to embedd an optimization flow in an industrial
environment to optimize the benchmark circuit with respect to the peak current.
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Part I1
Partial Differential Algebraic Equations

Partial Differential-Algebraic Equations, for short PDAEs, couple differential-
algebraic network models for lumped descriptions and partial differential equations
for the spatially distributed elements and effects via right-hand sides, source terms
or boundary conditions. This approach, discussed in Chap. 2, requires new analysis
with respect to consistency and validity of the overall PDAE model that links
different domains and levels of physical description, existence of solutions, and
robustness and efficiency of the numerical methods being applied for solving the
extended sets of equations.

Simulator coupling is commonly used in an industrial framework for simulating
these PDAE systems numerically. In this approach discussed in Chap.3 from a
more mathematical viewpoint, all subsystems of the PDAE, which are simulated
separately using their own simulation package, are dynamically coupled at commu-
nication time points. A non-trivial dynamic iteration process has to be performed
until convergence is achieved when stepping from one communication time point to
another. Speed of convergence, stability (error propagation) and robustness of the
overall scheme are the main points for research here. New, advanced, relaxation
techniques have to be developed together with multirate techniques, which use
different time step sizes according to the different time constants of the single
subsystems.



Chapter 2
PDAE Modeling and Discretization

Giuseppe Ali, Massimiliano Culpo, Roland Pulch, Vittorio Romano,
and Sebastian Schops

Abstract We consider mathematical modeling in nanoelectronics, which causes
coupled systems of differential algebraic equations and partial differential equa-
tions. Both modeling and discretization are investigated for the inclusion of
advanced semiconductor behavior, heat conduction and electromagnetic effects
within electric networks.

2.1 Introduction on Modeling and PDAEs

In this chapter, we introduce the mathematical modeling for the simulation of
circuits and devices in nanoelectronics. To include the significant effects, a refined
modeling using partial differential algebraic equations (PDAESs) is necessary.
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2.1.1 Mathematical Modeling in Nanoelectronics

The mathematical modeling of electronic circuits is typically based on some
network approach. Thereby, we analyse the transient behavior of node voltages and
branch currents. The basic elements of the circuit exhibit corresponding relations
between voltages and currents, which represent differential equations or algebraic
equations. The topology of the circuit is considered via Kirchhoff’s current law
and Kirchhoff’s voltage law, which are algebraic equations. It follows a system of
differential algebraic equations (DAEs).

For example, mathematical modeling using the modified nodal analysis (MNA),
see [26], yields systems of the form

d
Acd—? + Agr(Ake) + Arip + Ayiy + Aji; =0,
d¢

E—A{ezO,

Ale—vy =0, 2D

q—qc(Age) =0,
é—9¢,3G) =0,

where e, iz, iy are the unknown node voltages and branch currents through inductors
and voltage sources. The unknowns q, ¢ represent charges and fluxes, respectively.
The functions r,qc,¢; are predetermined. Independent current sources i; and
voltage sources vy may appear. The incidence matrices A¢, Ay, Ag, Ay, A; follow
from the topology of the electronic circuit.

For a transient analysis of the system (2.1), consistent initial values have to be
specified. The differential index of the DAE system (2.1) follows from the topology
only. An appropriate mathematical modeling implies an index of one or two. Hence
we can use common numerical methods for initial value problems of DAEs.

This modeling approach applies with the assumption of ideally joint lumped ele-
ments in the electronic circuit. No spatial coordinates appear, since the information
on the topology is given by the incidences of the elements. For quite a long time, the
mathematical modeling via time-dependent systems of DAEs has been sufficiently
accurate to reproduce the transient behavior of the underlying physical circuit, i.e.,
the modeling error was sufficiently small. However, miniaturization causes parasitic
effects in nanoelectronics, which cannot be neglected any more. Corresponding
phenomena are, for example:

* Quantum effects: The down-scaling of transistors decreases also the size of the
channel. The channel length comes close to the atomic scale. Hence quantum
effects appear and have to be considered in the mathematical models.

* Heating: The faster clock rate in chips causes a higher power loss in the
electronic network. The down-scaling implies that more heat is produced within
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a unit area. Since cooling cannot ensure a homogeneous temperature any more,
the heat distribution and the heat conduction has to be considered. In particular,
thermal effects of transistors appear due to the semiconductor’s dependence on
temperature.

» Electromagnetic effects: The distance between transmission lines on a chip
becomes tiny due to the miniaturization. The current through some transmission
line can induce a significant current in a neighboring component. Thus the
interference of transmission lines has to be taken into account.

These parasitic phenomena represent spatial effects. Thus corresponding mathemat-
ical models apply partial differential equations (PDEs) in time as well as space.
Firstly, PDE models are required, which reproduce phenomena like quantum and
thermal effects with a high accuracy. Secondly, the parasitic effects are considered
in the electronic network, i.e., the PDEs are coupled to the circuit’s DAEs. It follows
a system of partial differential algebraic equations (PDAEs).

On the one hand, the basic network approaches for modeling electronic circuits
yield time-dependent systems of DAEs, which can be written in the general form

d
F:RF x RF x I — R¥, F(d—f,y,r):o, 2.2)
wherey : I — R denotes the unknown solution in a time interval I := [to, #;]. The

MNA equations (2.1) represent an often used model of the type (2.2). A consistent
initial value y(#y) = yo has to be given. On the other hand, a parasitic phenomenon
is included via PDEs. We arrange the general formulation

L:DxIxV ->R" ZL(xtu=0 (2.3)

with a differential operator .#. Thereby, D C R¢ for d € {1,2,3} represents the
underlying spatial domain. The solutionu : D x I — R” belongs to some function
space V. Initial and boundary conditions have to be specified appropriately.

Coupling the DAEs (2.2) and the PDEs (2.3) yields systems of PDAEs in time as
well as space. The coupling is feasible via

* (Artificial) coupling variables,
¢ Source terms,
* Boundary conditions (BCs).

More sophisticated couplings also appear. The involved PDEs may be of mixed
type (elliptic, hyperbolic, parabolic). For example, the drift-diffusion equations
for semiconductors, the telegrapher’s equation for transmission lines or the heat
equation for resistors are used in practice. The types of PDAEs, which result from
the modeling in nanoelectronics, are discussed in the following subsection.
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2.1.2 Classification of PDAE Models

As introduced above, we consider mathematical models of PDAEs, i.e., coupled
systems of DAEs (2.2) and PDEs (2.3). The notion PDAE is also applied in the
context of singular PDEs. For example, we discuss the linear PDE

Jdu Ju
A— 4+ B— = 2.4
o T B3y s(x,t,u) 2.4

with matrices A, B € R¥*k If A and/or B are singular, then a singular PDE appears.
PDAEs in the sense of singular PDEs are investigated in [44], for example. For elec-
tronic circuits with amplitude modulated signals or frequency modulated signals,
the introduction of different time variables transforms the circuit’s DAEs (2.1) into
singular PDEs, see [51].

If the matrix B is regular and the matrix A4 singular and B~' A diagonalizable,
then the system of PDEs (2.4) can be transformed into the equivalent system

o ~odu; -~

— + Bj— =s;(x,t,u;, 1),

o oy 1( 1,12)
du . -~
—2 =5 (x. 1,1, ).
dx

The result can be seen as a coupled systems of PDEs and ODEgs, i.e., a PODE. The
source term causes the coupling within the right-hand sides. Likewise, a coupled
system of PDEs and DAEs appears for other cases of the matrices A, B. Thus some
singular PDEs correspond to systems of PDAEs.

In the following, we consider PDAEs in the sense of coupled systems of
DAEs and PDEs only. We present a rough classification of PDAE models in
nanoelectronics according to [12]. Two approaches for PDAE modeling exist:
refined modeling and multiphysical extensions.

2.1.2.1 Refined Modeling

Complex elements of the circuit with a spatial distribution like semiconductors and
transmission lines can be modeled via substitute circuits consisting of lumped basic
elements. These companion models include artificial parameters, which have to be
chosen appropriately to approximate the behavior of the element. Alternatively, PDE
models exist, which describe these elements directly. We consider one or several
components of the electronic circuit by its PDE model and couple the PDE to the
system of DAEs modeling the surrounding network.

The resulting PDAE system is more difficult to analyze and more costly to solve
numerically than a DAE system based on companion models. Nevertheless, the
refined modeling allows to describe certain elements of the circuits with a higher



2 PDAE Modeling and Discretization 19

accuracy, i.e., the modeling error becomes relatively low. Hence we can focus
on critical components of an electronic circuit. Moreover, the refined modeling
yields results, which can be used for the construction and the validation of better
companion models. Sophisticated PDE models for semiconductor behavior have
been developed for this purpose, see [7-9, 48, 49, 53-58], for example. The aim
is to reproduce the electric input-output behavior of the semiconductor with a high
accuracy in the presence of quantum and thermal effects.

The coupling of the DAE network and the PDE systems is performed via
voltages and currents. The node potentials of the connecting network yield boundary
conditions of Dirichlet type for the Ohmic contacts of the PDE model. At other
boundaries without electric contacts, homogeneous boundary conditions of von-
Neumann type may appear. Vice versa, the output of the PDE model represents
an electric current, which enters the surrounding network. It follows a source term
for the DAE system. The refined modeling yields PDAE systems of the form

Aa%u + Zpu—s(u,t) = p(y) (PDEin I x D)
u = g(y) (Dirichlet BC) 2.5)
%u| n= h(y) (Neumann BC) ’
F(ly.y.1) =r() (DAEin I)

with a matrix A and a spatial differential operator .Zp with domain D. The coupling
can be realized via the source terms p, r or the boundary conditions g, h, where the
boundary is decomposed into dD = 7 U I>.

We categorize the refined modeling into the following cases:

* Semiconductors: Several transistors or diodes of the electronic circuit are
modeled via drift-diffusion equations or quantum mechanical equations, which
are coupled to the electric network. Existence and uniqueness of solutions
for models including stationary or non-stationary drift-diffusion equations is
analyzed in [4, 5]. The drift-diffusion equations represent PDEs of mixed type.
Hydrodynamical models for semiconductors, which represent hyperbolic PDEs,
are considered in [6].

o Transmission lines: Telegrapher’s equation describes the physical effects in
transmission lines, i.e., a PDE model of hyperbolic type. The coupling of these
PDEs and the network’s DAEs exhibits the form (2.5). For further details, see
[36, 37].

2.1.2.2 Multiphysical Extensions
Refined modeling can be seen as a partitioning of the electronic circuit, where

we describe some parts by PDEs and model the remaining larger part via the
traditional DAE formulation. Moreover, the involved systems of PDEs always
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describe the electric or electromagnetic behavior of some components of the
circuits. In contrast, multiphysical modeling introduces an additional distributed
effect within the complete circuit. We consider the circuit as two or more layers,
where one layer corresponds to the common network description and the other
layers model another physical effect given by PDEs.

Multiphysical modeling includes the following phenomena, for example:

e Thermal aspects: The faster clock rate implies a significant heat production
in particular parts of the electronic circuit. Thus cooling cannot achieve a
homogeneous and moderate temperature. Since the electric behavior of the
components depends on the temperature (for example, strongly for resistors), the
heat distribution and conduction has to be considered in the numerical simulation.

In addition to the electric network, a thermal network can be arranged, which
describes the heat flow within the circuit, see [29]. The thermal network consists
of zero-dimensional elements as in the electric network. Moreover, a refined
modeling of the thermal network is feasible, where some elements are replaced
by a PDE model based on the heat equation in one, two or three space dimensions.
The heat equation, i.e., Fourier’s law, represents a parabolic PDE. Further details
can be found in [11]. Modeling, analysis and discretization corresponding to two
dimensional heat equations is considered in [3, 20, 21, 25].

A special case is given by the usage of the heat equation with a spatial domain
including the complete electronic circuit. Consequently, we obtain two layers in
parallel: the electric network described by DAEs and the thermal aspects modeled
via a PDE.

* Electromagnetics: On the one hand, Maxwell’s equations imply the network
approaches, which produce the DAE formulations (2.2), via according simpli-
fications. The aim is to achieve an efficient numerical simulation. On the other
hand, the electronic circuit can be described completely by the full Maxwell’s
equations, i.e., a PDE system. However, this approach would cause a huge
computational effort.

Alternatively, just some parts or components of the circuit can be modeled
by Maxwell’s equations or its variants like the magnetoquasistatic formulation.
The systems of PDEs are coupled to the network’s DAEs again. Hence the same
effects are described in different ways, i.e., distinct mathematical models. This
approach is similar to a refined modeling. Nevertheless, the model represents a
multiphysical extension, since the magnetic fluxes are considered in addition to
the purely electric behavior of the circuit. An application based on magnetoqua-
sistatic equations is presented in [59].

We note that refined modeling and multiphysical extensions can also be com-
bined. In a multiphysical framework, we can arrange a refined modeling of some
components (semiconductors, transmission lines) within the layer of the common
electric network. However, such a complex structure is not considered in the
following, i.e., we apply either refined modeling or multiphysical extensions.
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In this chapter, we present some examples of mathematical models, which yield
systems of PDAEs. The chapter is organized as follows. In Sect.2.2.1, a refined
modeling for semiconductor devices is performed, where diodes are described by
systems of PDEs including two space dimensions. The resulting system of PDAEs
is discussed. In Sect. 2.2.2, a multiphysical modeling is performed by considering
thermal behavior at the system level. The electric network is coupled to the heat
equation. In Sect. 2.2.3, multiphysical modeling of the electric circuits is considered
based on Maxwell’s equations. The approach applies a magnetoquasistatic formula-
tion. In Sect. 2.2.4, a description of thermal and quantum effects for semiconductor
devices is presented to obtain according mathematical models. Thereby, the focus is
on the PDE level, which can be used as a module in further refined models.

2.2 Modeling, Analysis and Discretization of Coupled
Problems

We present four applications of coupled problems in nanoelectronics to illustrate the
essential strategies.

2.2.1 Refined Modeling of Networks with Devices

We investigate electric networks including semiconductor devices. Some devices are
described by more sophisticated mathematical models based on partial differential
equations now, whereas the surrounding electric network is still represented by
traditional models using differential algebraic equations.

2.2.1.1 Modeling of Electric Networks

An RCL electric network is a directed graph with n, vertices (or nodes), and n, arcs
(or branches) which contain resistors, capacitors and inductors, and independent
voltage and current sources, vy (f) € R"” andi;(#) € R"/. The branches are usually
labelled according to the components they contain: R for resistors, C for capacitors,
L for inductors, V for voltage sources, I for current sources.

The topology of the network can be described by an incidence matrix A = (a;) €
R">*"a  defined by:

—1 if the branch j leaves the node i,
aj = 1 if the branch j enters the node i, (2.6)
0 otherwise.
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To keep track of different branches, they are collected according to their labels
(R,C,L,1,V), and write

A= (ARsAC7AL7A17AV) e anx(nR+nc+nL+n1+nv) = R"™X"a_

The electric behavior of the network is described by a set of time-dependent
variables associated to its nodes and branches. An applied potential is associated
to each node (u € R"), a voltage drop and a current is associated to each branch
(v,i € R"). To keep track of the different labels, we write

VR 1R
Yc Ic
v={|vr.l|, 1=]1_
Vi 1y
Vy 1y

The direction of each branch coincides with the positive direction of the voltage drop
and the current through the branch. The voltage drops and the applied potentials are
related by the voltage relation:

v=A"u 2.7
The currents satisfy Kirchhoff’s current law:
Ai =0, (2.8)

which ensures charge conservation. To the above relations we need to add constitu-
tive relations for the RCL components:

d d
i = r(ve), ic = d_(tl’ v, = d—‘f, 2.9)
with
q=4qc(v¢), ¢ =¢,@1L). (2.10)

Here, qc¢ collects the charges inside the capacitors, and ¢; is a flux term for the
inductors. Finally, for the branches with sources we assume to know the time-
dependent functions i (¢), vy (¢).

Following the formalism of Modified Nodal Analysis (MNA) [40, 50], we use
the relations (2.9) in Kirchhoff’s current law (2.8), together with the voltage
relation (2.7) and the relations (2.10), to obtain the DAE equation (2.1), for the
unknowns q, ¢, u, iz, iy. Sometimes it is convenient to reduce the number of
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variables, eliminating q and ¢. This leads to the following alternative form of the
MNA equations, for the unknowns u, iy, iy:

dqc (AL
Ac% + Agr(ARu) + Arip + Aviy + Aji; =0,
46 (i
¢§t(u) _ATu=o, (2.11)

Alu—vy =0.

The above equations apply also to electric circuits with semiconductor devices,
provided that the devices are described by concentrated (companion) models,
i.e., by means of equivalent RCL circuits. In this framework, a semiconductor
device is represented by a subnetwork of the overall electric network. In following
subsection we will show how to replace these subnetworks with distributed models
for semiconductor devices.

2.2.1.2 Distributed Models for Devices

In this subsection, we consider an electric network with n p semiconductor devices.
We assume that the i-th device has 1 4+ K; contacts. More precisely, we model the
i-th device by a d -dimensional domain Qi=1,...,np,withd = 1,2, 0r3, and
we assume that the boundary 952’ is made of a Dirichlet part '/, union of 1 + K;
disjoint parts, which represent Ohmic contacts, and of a Neumann part '}, which
represents insulating boundaries (for d > 1),

K;
rp=Urb; Ti=02'\Th i=l..np.
j=0

In total, the devices contain n,p Ohmic contacts, with
np
nyp :=nNp +ZK/
j=1

Each contact must be connected to a node of the electric network. To relate the
contacts of the devices to the nodes of the network, we need to introduce a contact-
to-node selection matrix, Sp = (sp ;) € R">*"P, defined by:

1, if the contact j is connected to the node i,

2.12
0, otherwise. ( )

Spij =

This definition differs with the definition of branch-to-node incidence matrix,
previously given. In fact, the branch-to-node incidence matrix relates each branch
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to two nodes, and the values 1 and —1 give information on the orientation of the
branch, while the contact-to-node selection matrix relate each contact to one node.

The behavior of the i-th device is described by an electric potential ¢’ (x, ), and
by a vector variable 104 (x, t), which collects the other macroscopic variables for the
device, such as carrier density, flux density, energy, etc. Several models can be used,
with different mathematical characters, but sharing some common features.

1. The first common feature is that the electric potential ¢ is generated by the built-
in charge, pp;(x), due to the dopants embedded in the semiconductor, and by the
charge density p' (U"), due to the carriers, so that it satisfies the Poisson equation:

— V- (€V¢') = py; + o' (U), (2.13)

where €’ (x) is the dielectric constant. This equation is supplemented with the
following boundary conditions:

¢’ = ¢Il31(pin) + “’D,j’ on Fé’j’ j=01,...,K;, (2.14)
v' - Vo' =0, on Iy,

where ¢y;(pf;) is the built-in potential, u}, j»J = 0,1,....K;, are the applied

potentials at the Ohmic contacts of the i-th device, and the symbol v’ denotes

the external unit normal to 952°. For later use, we comprise the applied voltages

in the vectors:

ip up

u,=| : |eRTN wp=| : | eR".

i np
Up.k; up

2. The second common feature, is that the device variable U’ satisfies a system
of partial differential equations, which is coupled to the electric potential only
through the electric field E = —V¢'. Symbolically, we can write

FI(U, LU, VU, .. E) =0. (2.15)
In the following sections we will see explicitly several of these partial differential
models.

3. The last common feature is that (2.15) is consistent with the conservation of the
charge density:

dp' (U")

S VT =0, (2.16)

Here, J/ (U') is the electric current, which can be a component of the variable U,
or can be evaluated as a functional of the said variable. The electric current J'
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depends also on the applied potentials u"D, j»J =0,1,..., K;, due to the coupling
of (2.15) with the Poisson’s equation (2.13), through the electric field E'.

As a consequence of (2.13) and (2.16), we have

V. (ei%Ei + Jf(U")) =0 (2.17)

The term E%Ei is the displacement current, and represents the current induced by
time-variations of the electric field. Then, the total current in the i-th device is
given by

4 N o
j= e’gE’ + J(U). (2.18)

The current j j), ; through the j-th contact of the i-th device, is defined by:

ipj = —/. jiovido(x). (2.19)
I'p
We introduce the vectors
Jbo ib
-]lD — c R1+Ki , jD — = an'
bk, >

Recalling the definition of the selection matrix, the MNA equations need to be
modified in the following way:

d
Acd_(tl + Agr(Akw) + ALip + Ayiy + Afi; + 4 =0,
d¢

E—AZUZO,

ATu—vy =0. (2.20)
q—qc(Alu) =0,
¢—9,.G) =0,

where the auxiliary variable A € R is given by the device-to-network coupling
relation:

A = Spjp. 2.21)
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To close the system, we also need the network-to-device coupling relation:
up =Sju (2.22)

Remark 2.1 The components of the vector jp are not independent. In fact, by
using (2.17), after integrating by parts over £2, we find

K;
Y ib;=0. i=1...np. (2.23)
j=0

This means that we can express j, and, consequently, jp in terms of the vectors
Jba in
irh=| : |eRN, ip=|: |eR", (2.24)

. np
JD.K; 1p

with n,p = Z?ﬁl K, by means of the relations:

ih=A%i,.  jp=A}ip, (2.25)
where
1. =1
‘ 1 -0
Ay = . . . | eRUTRxE (2.26)
0 -1
A% = diag(A}), ..., A}P) € RM0XNap, (2.27)

Remark 2.2 The components of the vector j’b depend only on the voltage drops
vy = ASTu,. i=1....np. (2.28)
Thus, the components of the overall vector jp depend only on the voltage drops
_AXT
vp = A} up. (2.29)
In fact, recalling (2.15), the variables U’ are coupled to the Poisson equation
only through the electric field E/, and so are the components of the electric

current J/ (U’), and the components of j’, which appear in (2.19). Since the electric
field is not affected by a time-dependent translation of the electric potential,
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¢ — ¢h + u"D,O(t), we have a dependence of j' on the voltage drops v"D’j =
uiD’j — “iD,O’ j =1,..., K;, which in compact form can be written as in (2.28).

As a consequence of the previous remarks, the coupling conditions (2.21)
and (2.22) can be replaced by the conditions

A = Apip, (2.30)
vp =Alu, (2.31)

where we have introduced the device incidence matrix

Ap = SDAB. (2.32)
We call this matrix “incidence matrix” because, for devices with two Ohmic
contacts, it reduces to the usual incidence matrix for branches with two-terminal
devices.

2.2.1.3 Displacement Current and Device Capacitance Matrix

The displacement currents, present in the definition of ip, will cause an additional
capacitance effect. To see this, we introduce the auxiliary functions ¢, defined by:

V. (eiV<pj») =0, in Q'

(p;. = 8, onfé’k,kzo,l,...,Ki, (2.33)
v’-Vgo}:O, on Iy,
where J is the Kronecker delta. The auxiliary functions (pj, j=01,...,K;, are

not independent, since
K;
oo =1-Y ¢ (2.34)
=1

Using these functions, we can find an alternative expression for the current j b’ j
through the j-th contact of the i-th device:

jh; = _/ @iy vido = —/_wj. -jldx, (2.35)
82! 2

where we have used the identity (2.17). Recalling the definition (2.18), the current
j' is the sum of the displacement current and the current due to the carriers. For the
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displacement current part, we find

i 00 d iy i i
—/Qdioj-egde:a in'(€V¢j¢)dX

K.

d ! . . . . .

P E /ri v (e'Vol(dy +up o) do
k=0" Tk

K; i
I i i dule
S [ vV ds =L,
ri !

k=0""!Dk

which, using the divergence theorem and identity (2.34), leads to

K .
i i J i l i i i dv’D,k
—/Qi V(Pj'é EE dXZkE=1/Qi€ V(Pj'vﬁl’kdx ar (2.36)

with v"D.k = uiD’k - uiD’O. Combining this identity with (2.35), we find

. S dh, o
Jpj = Zc’llfkd_/ —/Ql_ Vi - J'dx, (2.37)
k=1
with
Chp = / €'Vo' - Vo dx. (2.38)
0i

In concise form, we can write:

d
ip = %% NG (2.39)

with Cp = diag(Cl,,...,C}), C}, = (CBJ.,() € RXi>*Ki "and

TN AN
o= o |oAe=| | =] verax
o Qi
T (30) S (1)
for j = 1,...,K;. Using the expression (2.39), the device-to-network coupling

relation (2.30) becomes

d
A=Apip=Ap cDg +ApIpJ). (2.40)
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The matrix Cp is symmetric and positive definite, and can be interpreted as a
capacitance matrix [2]. Thus we can write the previous relation as

d
A= ADditD +ALIp (), (2.41)

qp = Cpvp. (2.42)

These relations represent an alternative formulation of the device-to-network cou-
pling relation (2.30), to be used together with the network-to-device coupling
relation (2.31).

2.2.1.4 The Drift-Diffusion Model

In what follows we exemplify the coupled equations for an electric network with
semiconductor devices, by using a specific distributed model for the devices. For
simplicity, we consider an RLC network which contains a single device (np = 1),
with K terminals.

The basic distributed model for semiconductor devices is the drift-diffusion
model. In this model, the electric behavior is described in terms of two charge
carriers: electrons, with negative elementary charge ¢, = —g¢q, and holes, with
positive elementary charge g, = ¢g. We denote by n, p, respectively, the electron
and hole number density. The carrier number densities are coupled with the electric
potential ¢ through Poisson’s equation

— V- (eV®) = pvi + p(n, p) = qNoi —qn + qp, (2.43)
with the doping profile Ny, and satisfy the balance laws

on ap
— +V-j,=—R, —+V-j,=—R, 2.44
o +V.j 5 +V-j, (2.44)

where j,, j, are the electron and hole density flux, respectively, given by the
following constitutive relations:

o ==DyVn + uunVo, j,=-D,Vp—u,pVe. (2.45)

In the previous equations, R = R(n, p) is the recombination-generation term,
which is assumed to have the following structure:

R(n.p) = F(n. p) - (’;—’2’ -1), (2.46)

for some rational function F(n, p), with intrinsic concentration #;. In the consti-
tutive relations, D,, D, are the electron and hole diffusivity, respectively, and w,,
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W p are the electron and hole mobility, respectively. Diffusivities and mobilities are
functions of (n, p, E, x). Generally, they satisfy the Einstein’s relations

D, = Vlh,unv Dp = Vth/ips

with thermal potential V4.
The drift-diffusion equations (2.43)—(2.45) are considered for (x,¢) € 2 x I C
R? x R, I = [to, t,], with the following initial-boundary conditions:

* Boundary conditions for the Poisson equation:

¢ =¢u +up;), onlp;, j=01,...,K,
v-V¢ =0, on Iy,

(2.47)

where ¢y, is the built-in potential, given by

Nbl Nbl
P = 1 1
P th n(2nl + (2n1) + )

u"D, j»J =0.1,..., K, are the applied potentials at the Ohmic contacts of the
device, and v is the external unit normal to d§2. Notice that here the time 1 € [
appears as a parameter, through the boundary data up ; (¢).

* Initial-boundary conditions for the continuity equations:

n =N, P = DPoir onlp x1,
v-Vn=0, v-Vp=0, onlyxI, (2.48)
n=mngy, p=po, on 2 x {to},

where the Dirichlet data ny,;, py; are given by

Nb1 Nb1 Nb1 Nbl
l’lblz— w +n17 Pvi = — H

and the initial data ng, po are arbitrary functions. It is interesting to notice the
identities ¢p; = Vin In(ny;/ n3), and ny; py; = "12

The total electric current due to the carriers is:
J=—qj. + qip- (2.49)
It is possible to show that J satisfies (2.16), with p = —gn + gp. Then we can apply

the formalism described in the previous subsections.
For convenience of the reader, we write below the full coupled system.
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®

(it)

Network equations:

d
Acd—? + Agr(ALu) + Aig + Aviy + Aji; + A =0,

d
—¢ —ATu =0,
dt
AIT/u —vy = 0. (2.50)
q—qc(Afu) =0,
¢—9¢,>G) =0,
with initial data for the differential part,
Pcq(to) = Pcqo, @(to) = ¢y, (2.51)

where P¢ is projector which picks the component of a vector outside
the null-space of the incidence matrix A¢ [24]. We also need to assume
index-1 conditions, that is, the algebraic equations can be solved uniquely for
the remaining variables in terms of the differential variables Pcq, ¢.

Poisson equation:

=V (eV$) = gNvi —qn + qp, (2.52)
with boundary data:

¢ =¢uni+up;), onlp;, j=01,...,K,

(2.53)
v-V¢p =0, on ['y.
(iii) Device equations:
on
- V. .n = —R,
ar TV
op .
o TV =R (2.54)

jn=-D,Vn + u,nVo,

jp = _DpVP - Mppvd’v
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(iv)

(v)

with initial-boundary data:

n =Ny, P = Pois onlp x I,
v.-Vn=0, v-Vp=0, onlyxI,
n=ngy, p=po, on §2 X {to}.

Network-to-device coupling:

Vp = ABTuD, up = Sgu,
where
_1 .« —1 MD,O
1 --- 0 Up
A} = » Up =
0 -1 Up K

Device-to-network coupling:

A = Apip,
with Ap = SpA7,, and
Jp.1
iD= . s jD,iZ_/ j'vda, izl,...,K,
o I'pi
JD.K

where

. 0 . .
J= egE —qin +4qjp.

G. Alietal.

(2.55)

(2.56)

(2.57)

(2.58)

As we have seen, the device-to-network coupling relation can be replaced by the
equivalent relation:

(v) Device-to-network coupling (alternative formulation):

d
A= AD% +ApIp().

qp = Cpvp,

(2.59)
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with J = —¢qj, + gjp, and Cp = (Cp) € REXK,

C]_),ij =/ GV(pi'V(pj dX, i,j =1,...,K, (260)
Q
where ¢; are defined by (2.33), and

H1J)
IpJ) = : . fj(J)=—/QV<pj-de.
Ik

2.2.1.5 Space Discretization of the Distributed Model: The Gummel Map

In this section we discuss the space discretization of the drift-diffusion model, for
later use in the following chapter. We need to address two different topics: (1) space
discretization of the PDE model, and (2) derivation of discrete device-to-network
coupling relations.

Whatever method we use, the space discretization amounts to replacing the
space-dependent unknowns, depending on a continuous variable x € £2 C R?, with
corresponding index-dependent unknowns, that is, vector unknowns, depending on
an index i € .# C N. At the same time, the space-differential operators appearing
in the equations are mapped to finite-dimensional operators on R’!, with values on
the same space. This mapping procedure is achieved, for finite difference methods or
Box Integration methods by discretizing the operator itself, while for finite element
methods by “discretizing” the functional space on which the original operator
acts, that is, by constructing appropriate finite-dimensional functional spaces with
dimension |.7|.

Since the starting model is generally nonlinear, the discretization is performed
after linearizing the system by iteration. The linearization procedure is better
discussed at a continuos level. For simplicity, in this discussion we do not
write explicitly the initial-boundary conditions. Let us consider the drift-diffusion
equations, written in the form:

V-D = gNy —gn + qp,

on

v V. .n = —R,

B

p .

o TV =-R 2.61)
D = —€V¢,

jn = —-D,Vn 4+ u,nVeo,
Jp =—DpVp—p,pVée,
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where D is the electric displacement field. In this formulation, we have singled out
the fluxes, and after replacing their expressions in the remaining equations, we get a
parabolic-elliptic system of partial differential equations. Nonlinearities are present
only in the recombination-generation term R, and in the constitutive equations for
the carrier density fluxes jy, j,.

The nonlinearities in the constitutive equations are the more delicate to treat
because, roughly speaking, the solution of the drift-diffusion equations tends rapidly
to the equilibrium solution, in which there is an exponential relationship between
the carrier densities and the electric potential. Thus, in a small region, such as
a discretization cell, there might be small variations of the electric field and the
carrier density fluxes but big variations of the carrier densities. For this reason, it
is not convenient to linearize the system in the form written below, and the natural
variables n, p are usually transformed into a different set of variables. The Slotboom
variables p,, p, are the most common choice. They are defined by the relations:

n = nip, exp (%) , P =nippexp (—%) , (2.62)

where n; is the intrinsic concentration and Vy;, is the thermal potential. In equilib-
rium, the difference

np —ni = ni(papp — 1)

is identically zero, so we can conclude that equilibrium is characterized by the
product of the Slotboom variables to be equal to 1.
In these new variables, system (2.61) becomes

VD = gNyi — gnipae® " + gnippe=?/",
ad
g (nlpnewv‘“) + \Y 'jn = —R,

(nippe™"0) +V-j, = =R, (2.63)
D = —€V9¢,
in = —Dynie?/"eVp,,
ip = —D,nie¢/"uvp,.

a1

This system is usually solved in three steps, by using an iteration procedure called
Gummel map, (¢, pﬁ_l, p];_l) = (¢, pfj , p’;), starting from an initial guess

(@°, oy 05).
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First step We solve the Poisson equation for ¢*:

V-D* = gNyi — C]ﬂiplyf_IE‘pk/V‘h + qu’];_le_fﬁk/lflh,

(2.64)
Df = —eVoF.

This is a nonlinear problem, so it can be solved by using a modified Raphson-
Newton method, which involves another iteration procedure. Starting from an initial
guess ¢”1 which satisfies the boundary conditions, given an approximate solution
¢~ we compute the solution ¢l], given by
¢[i] — ¢[i—1] + 5¢[i]
_V - (eVglly = _V_ (pk 19!/ Vr 4 gl g9t /Vm) sl
th

+V- (€V¢[i_l]) + g Nvi — qn; ,Oﬁ le Vi + gn; pk 1 _¢[l I/Vm

This equation for 8¢l is linear and can be discretized and solved by using any
appropriate numerical method.

Second step We solve the continuity equation for p],j:

LA " k
3 ( "ifn€ ) +Vedy =R (2.65)

jt = —DEnie? /Moy k.

Here, the recombination-generation term Rk is the usual term R evaluated at pk !

,o’; in such a way to be a linear relaxation term for pn. Recalling the general

expression (2.46) for R(n, p), it is sufficient to take
— k—1 1 —pk—1
= Pk e Vo gt V2 gkt ),

As for the diffusivity D,’f, it is usually dependent on the electric field E = —V¢, so
it should be evaluated at ¢ = ¢*. The resulting equation is linear parabolic for the
unknown ,o,’j , and can be discretized and solved by using any appropriate numerical
method.

For the discretization of the constitutive relation for jﬁ, exponential interpola-
tion is the most common choice. The basic example is the Scharfetter-Gummel
discretization, which provides a formula for the carrier density flux

k ‘ny —Dk ¢k/14hdpn

J” A ds

)

along the line connecting two adjacent grid points x;, X ;. In this definition, the vector

X;—X;
n; ;= IXj_I is the unit vector along the segment [X;, X ], and the parameter s is the
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line element on the same segment, so that s; —s; = |X; — X;|. Assuming that the
density flux jf’ii and the electric field

do*

Ef:=EF.n; = ———,
i Y ds

are approximately constant along the connecting line, we have

d dp}
d (D,’jnie"’k/v“‘%) =0, s€[si,s;]
S

ds

Ph(si) = ph; = ph(xi),  pE(sj) = o ;= ph(x)),
with

d2¢k

N =0, s€l[s,s5],

P (s) = ¢f = (xi). ¢ (s)) = ¢F = " (x)).

The result for the electric potential is

— k
= -Ef,

P4 () — #*(s1) _ 94 () — 9 (s1)

S —8; §j =S

and thus, assuming that the diffusivity depends only on the electric field, we find

k K\ Lk k
ko pk i Vag (P90 Pri = Pu
= Dk i/ Ve B , 2.66
Tnig = Dngie ( V ) x; —xi 200
where D;/fq =D, (Ei];), and B is the Bernoulli function,
= ifz#0
B — e‘_l bl bl
@ { I, ifz=0.

Third step We solve the continuity equation for p];:

0 4k .
E(mpﬁge M) 4V = —RY,

. (2.67)
—Df,nie_‘l’ /V‘hV,O];,

iy
with

— k—1 1 —pk—1
R = F(nipf™'e? /Yo miph=le™ /Moyn2 (o ok — 1).
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As before, the diffusivity D is evaluated at ¢ = ¢*. This equation is linear
parabolic for the unknown p]]‘,, and can be discretized and solved by using any
appropriate numerical method. A Scharfetter-Gummel discretization for the hole
density flux j]]‘7 can be derived using a similar argument as before. The result is

) (2.68)

k k k k
k ko =K/ ¢j — i Pni = Pn,j
Jpi = ijnle h B ( Ve

IX; —X;]|

with obvious notation.

The Gummel map generally converges after few iterations. Instead of separating
the original nonlinear problem in three subproblems, it is also possible to apply a
Newton-like method to the full system. In either case, we end up with a sequence of
linear problems that can be thought as a method for solving a nonlinear differential
algebraic system. As we have seen in the description of the Gummel map, it is not
simple to obtain an explicit representation of this differential algebraic system, nor
is it relevant to know it. In fact, what really matters is the convergence and stability
of the method.

For later use in the next chapter, it is nevertheless useful to have at least an explicit
example. For this reason we derive a space-discretized system by using the Box
Integration method [27, 60]. The discretized coupling conditions will be discussed
diffusely for this example, since the general treatment follows along the same line.

2.2.1.6 Space Discretization of the Distributed Model: The Box
Integration Method

The Box Integration method consists of two sets of equations — a set of exact
equations for the fluxes on the boundaries of the Voronoi cells of a numerical
grid, and a set of approximate equations for the fluxes in terms of the value of
the unknown function on the grid points. In addition, we need discrete equations for
supplementing the boundary conditions. To exemplify the Box Integration method,
first we give a rough sketch of its application for the Poisson equation, and then we
just show the result of the method for the continuity equations.

Some notation, first. We consider a tessellation .7, of the domain £2, which might
be a Delaunnay triangulation, a rectangular grid, or a hybrid grid, with vertices (grid
points) 2, = {X1,...,Xy} and edges &, = {ey, ..., en}. We also consider the set
of the internal grid points, 2,/ = {Xi,....Xy}, and the set &, = {e1,...,en’}
of the internal edges, for which at least one of the two end vertices is internal. We
denote by ¢; € &, the edge which connects the grid points x;, X; € &,. For each
grid point x;, we introduce the set of indices /(i) of the neighboring grid points,
thatis, j € I(i) if and only if e; € Z},.

We consider the Dirichlet tessellation &, dual to .7}, made of the Dirichlet (or
Voronoi) cells of the grid points 2, and we denote by &, the Dirichlet tessellation
corresponding to the internal grid points .Z;. We denote by V; € %, the Voronoi
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cell of the grid point x; € .Z},. The Voronoi cell V; has at most as many faces as the
cardinality of /(i), and we use the notation v; = V; NV, j € I(i). The face vy,
whenever the area |v;| # 0, is orthogonal to e;; for any j € I(i), and equidistant
from x; and x;, so the external unit normal on vj;, external with respect to V;, is
n; = ﬁ, which we have already encountered when discussing the Scharfetter-
Gummel discretization.

Now we are ready to apply the Box Integration method to the Poisson equation

VD = p:= gNyi — qnipue®’ " + qnip,e=?/ ",
D = —€V9,

with p = p(X, ps, pp, ¢). Integrating the first equation on the internal Voronoi cell
Vi € 9, and using the divergence theorem, we get:

> / D-n,;jdozfpdx, i=1,...,N. (2.69)
Vij Vi

JEI@)

These exact equations are approximated as

> gDy =1Vilei. i=1.....N, (2.70)
JEI@)

where D;; := D - n;; is evaluated on the mid point of the edge e;;, that is, on x;; :=
%(X,‘ + X;), and the index i in the source term denotes evaluation on x;, in all its
arguments.

Next, we need to approximate the flux D;;, and this is done by assuming that the
electric field is constant along the edge e;;. Then, we can derive the expression

Du=—eu%, jel), i=1,....N', @.71)
y

where the dielectric constant is evaluated on x;;, and is generally approximated by
€ ~ 2(e +€)).
Using (2.71) in (2.70), we find

3 wiles =2 — Vg, i=1.... N 2.72)
jel() lei
which is a nonlinear system of N’ equations for the N unknowns ¢y,...,¢y. In

compact form, we can write

A¢¢ + A(ap¢a = b¢(¢s Py pp)v (273)
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with ¢ = (¢1,....0n) ", ¢° = (pn/41.....¢n) . This equation is the discrete
analog of the Poisson equation.

The remaining N — N’ equations, needed to determine the unknowns, come from
the boundary conditions. We have N — N’ = Np + Ny, where Np is the number
of nodes on I'p, and Ny the number of nodes on I'y. It is simple to impose Np
Dirichlet conditions,

@i = ¢uij +upr, ifx; € I'py. (2.74)

It is a bit more complicated to impose Ny Neumann conditions, at least in the
framework of the Box Integration method. A possible way of doing it, is by using
a BDF formula for expressing the normal derivative on a Neumann grid point in
terms of inner grid points along the normal direction, possibly with the help of
some interpolation. Whatever method we use, we end up with Ny equations of the
form

N/
¢+ Y agp; =0, ifx; €Ty, (2.75)
j=l1

with many zero coefficients. Combining Egs. (2.74) and (2.75), we can write them
in the compact form

A% +¢° = b} (up). (2.76)

We notice that the matrix A? does not depend on the differential equation but only
on the tessellation .7, and on the formula used for expressing the normal derivative
with respect to the internal nodes. Equation (2.76) is the discrete analogue of the
boundary conditions for the Poisson equation, and together with (2.73) form a set
of equations which can be solved for ¢ and ¢°.

We can apply the same procedure to the electron continuity equation,

on
-— + V * .l‘l = _Ra
ar T 2.77)
jn = _Dnnielﬁ/Vtthn’
and to the hole continuity equation,
dp .
o TV =R (2.78)

jp = —Dpnie™#"uvp,,
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with n, p given in terms of p,, p, and ¢ by (2.62). Using the Scharfetter-Gummel
discretization (2.66) and (2.68) for the fluxes, we obtain the discretized equations

dn;
|V|—’+ > viljng = —IVilR;.
JEI@)

(2.79)
jn,ii — Dn,ijnie¢i/l/lhB (¢z _¢j) Pn.j = Pni L e I(I),
‘ Vin lejil
and
dp;
|V|_ + Z |U11|]p11 = _|Vi|Ri7
JEI0 (2.80)
Jpij = Dpymie #/"0 B (d”' _¢f) PriZ i e 1),
Vin leiil
with i = 1,..., N’. To these equations we need to add the discrete Dirichlet and
Neumann boundary conditions for both equations,
pni = e Pk ifx; € Ipy, (2.81)
N/
pni+ Y agpn; = 0. ifx; € I'y, (2.82)
j=1
and
ppi = e"PK/V i x; € Ipy, (2.83)
N/
ppi + Y aipp; =0, ifx; € Iy. (2.84)
j=1

In compact form, the spatially discrete continuity equations can be written as:

d s Pn
ML) N @p, + AL = BuBopp,). 285)
A’p, + p, = b} (up), (2.86)

dp(¢.p,)
Ag—— =+ A,@)p, + A, ()0, =Dy(@.p,.0,), (2.87)
A’p, + p% =D (up). (2.88)

with notation analogous to the one used for the discretized Poisson equation (2.73)
and (2.76). Besides the presence of the time derivative, the main difference is that
now the matrices corresponding to the elliptic operators, that is, A,, and A ,, depend
nonlinearly on the electric potential.
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We notice that, within the Box Integration method framework, other spatial dis-
cretizations are possible. In particular, we can start from the drift-diffusion system
written for the natural variables ¢, n, p. In this case, the discrete Poisson equation
becomes linear and it is possible to write the Scharfetter-Gummel discretization for
Jn,ij as a linear combination of n;, n;, with coefficients depending nonlinearly on
the electric potential,

. _ Duy b —di\ o (P—di)
P (B( Vin )n, B( Vin )n,), (2.85)

B () e
Jod lejj] Vin Pi Vin pr)- (250)

Then, we obtain a linear ordinary differential equation for n, with coefficients
depending nonlinearly on the electric potential, and similarly for p. This form
looks much simpler than the one we have derived above, but it becomes unstable
if we try to decouple the three main problems by iteration, as in the Gummel map.
Nevertheless it can be used if the system is solved by Newton iteration, without
using the Gummel map. For this reason, we will apply it in the next chapter, and we
summarize it as follows:

Ay +AL9" =by(n. p). 2.91)

A% +¢" = b (up). (2.92)

AT+ Av(@)n + AL = b, (n, p). (2.93)
Aln4+n’ =1, (2.94)

AL A, @)p + AL = Dy ). 2.95)
A'p+p’ =1, (2.96)

Note that Egs.(2.94) and (2.96) do not depend on up, because the Dirichlet
boundary conditions for the variables n, p are now given by (2.55).

2.2.1.7 Space Discretization of the Distributed Model: The Coupling
Conditions

The last item to be discussed is the coupling conditions with the network. The
network-to-device coupling condition is immediate, because the term bg (in the

formulation with the Slotboom variables, also b? and bap) depends on the applied
potentials up, which are related to the network node potentials by the coupling
relation (2.56). The device-to-network coupling is more delicate, because we need to
introduce the discretized current transmitted to the network through the k-th Ohmic
contact, I'py,k =1,..., K.
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First, we implement the coupling condition as in (2.57). At this aim, we consider
the Voronoi cells V; corresponding to grid nodes x; in I'pk, and we integrate
the charge conservation equation on the union of these Voronoi cells, Vp; =

Uxiefu,k 1/1
/ [at( gn+qp) + V- (- qJn+qu)} dx = 0. (2.97)
Vb

Using Poisson’s equation, we find

d )]
—(— :V.—’ D: E:—V .
at( gn + gp) 5 € Ve

Then, by the divergence theorem, we can write

oD . D .
V. a——qJn+q1p dx = n- a——q1n+qu do
Vb k t WVp t
oD
= N qn +qjp | do
Wp NI !

oD
+ n- —qjn +4qijp | do=0.
Wpx\os2 o

The first integral is approximately the outer current flux through the Ohmic contact
I'p i, that is, with our convention,

oD . .
n- | — —qj, +qijp | do =~ —jpk.
WVp NI ot

The maximum error in this approximation occurs when the grid points on I'px
closer to the neighboring Neumann boundary are located on the junction between
Dirichlet and Neumann boundary, in which case dVp N 9$2 consists of I'py
bordered with a strip whose thickness is the order of half the diameter of the Voronoi
cells. On the other hand, we can write

oD .
n-|— —gj, +4qjp | do
Wi \I2 ot

>y /nu [——qJn+qu}d

x;€lpy Jjeli) 7Y
Xj EIp

Z Z t/||: CI]nt/+CI]pU:|

X;€lpy JEIl)
Xjérb.k

%
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where Dj;, j, i, jp,; are defined as in (2.71) and (2.79), (2.80), or (2.89), (2.90).
Combining the previous relations we find the approximation

. dD; . .
iox= X ol TG = i +aina) 2.98)
x;€lpy  JEI()
xj € k

which can be used as device-to-network discrete coupling condition. In short,
recalling the definition of the coupling term A, we can write

A =Apip, ip= AC% + Al (p)n + A;(¢)p. (2.99)
We note that in this coupling condition, the time derivative of Dj; occurs, that is,
the time derivative of ¢, which is an “algebraic variable” for the discretized device
equations with no coupling.

Next, we formulate the discrete version of the alternative formulation of the
device-to-network coupling conditions (2.59). We need to evaluate the capacitance
matrix Cp, defined by (2.60), and to formulate the discrete version of the operator
1 (J) appearing in (2.59). As for the capacitance matrix, we can write

N
Cpu = Z/ eV - Vo dx

i=1

N
= Z [/ €pr Vo, -ndo —/ @kV'(GV(pl)dXi|
i=1 L/ Vi Vi

N
= Z/ €(@r — ¢r.i) Ve -ndo,
Vi

i=1

where @; are defined by (2.33), and @ ; = ¢ (x;). The last equality follows because
V - (eVyy) is identically zero due to the definition of ¢;. If x; € £}/, this integral
can be approximated by

/ e(px — )V -mdo = / €(@r — i)V -mydo
% JEIE) Vi

~ > vgles(ori — i)

jeli)

D1.j — PLi
le;l

3
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with €; = e(x) ~ %(ei +€), Orij = o (X)) ~ %((pk,i + @k,j). Then, we find the
following approximation:

Vii
/ Vo - Vordx~ » %ézj((ﬂk,j = ki) (P1j — Pui)- (2.100)
: jeri ~Y

If x; € 25, N 052, we have

/ e(pr —pe)Ver -ndo = / €(px — ¢ri) Ve -mjdo
av; ij

JEI(i) Vi
+ / €(ox — ¢k.i)Ve -ndo.
aV;iNas2

The second integral vanishes because either Vg; -n = 0, if V; touches the Neumann
boundary, or ¢ — ¢r; = 0, if V; touches a Dirichlet boundary, so we are led to the
same approximation (2.100).

In conclusion, the capacitance matrix is approximated by

Cou = Z Z ] —€ij(@k.j — ori) @ — @ui). (2.101)

i=1 jel(i) 2ley

In a similar way, we can approximate .7 (J). We can write

S(J) = —Z/ Vi - Jdx

i=1
=—Z|:/ (ka-ndcr—/ (ka-dei|
Vi

i=1 Vi

N

—Z/ (¢x — ¢r.i)J -ndo,

i=1

%

SO an approximation is given by

N
|Ui'| ; i
- Z Z _2; (Pr.j — i) (—Qjnij + 4Jpij)- (2.102)

i=1jel(i)
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In short, the coupling conditions can be written as:

dqp ~ -
A=Ap 3L AL Tp. Tp = Al()n + AS ()P,
Py pD D (9) »(@)p (2.103)

ap = Cpvp = CpAfu.

2.2.2 Electro-Thermal Effects at the System Level

The typical trend associating new technology generations with a reduced power
consumption has been reversed in the last decade making an accurate electro-
thermal analysis of ICs a necessity for a reliable and cost-effective design. To
support this need computer aided design (CAD) tools must provide dependable
means to simulate coupled electro-thermal effects.

The development of a robust algorithm for this purpose requires a high degree
of integration inside usual industrial design flows to be effectively usable, and
the possibility to account for 2D/3D heat diffusion to properly describe thermal
effects at the system level. In particular it should allow an efficient handling of
the space-time multiscale effects associated with the problem at hand. Figure 2.1
shows a brief sketch of a new strategy (originally proposed in [20]) to automatically
perform system level electro-thermal simulations inside an industrial design flow.

IC design 2D thermal PDE

i Coupled
lectrical/Thermal Network

thermal |
T2 | element (1)

Multiscale T Lo 20O
Electro-Thermal Simulation 3

Fig. 2.1 Automated design flow for the electro-thermal simulation of ICs. A thermal element
model is automatically constructed from available circuit schematic and design layout, permitting
the set-up and simulation of an electro-thermal network that accounts for heat diffusion at the
system level
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In this approach the electrical behavior of possibly each circuit element is modeled
by standard compact models with an added temperature node. Mutual heating is
then accounted for by a novel circuital element embedding a 2D or 3D diffusion-
reaction partial differential equation (PDE) in its constitutive relations to describe
heat-diffusion on a distributed domain. By imposing suitable integral conditions this
element is casted in a form analogous to that of usual electrical circuit elements,
so that its use in a standard circuit simulator requires only the implementation of
a new element evaluator, but no modification to the main structure of the solver.
This permits the automatic set-up and simulation of an electro-thermal network that
accounts for heat diffusion at the system level.

2.2.2.1 Definition of the PDE-Based Thermal Element Model

A suitable thermal element balancing power fluxes at junction temperature nodes is
required to extend a purely electrical description of a circuit to an electro-thermal
one. In the following it is shown how a multiscale model that fits such a purpose
can be derived starting from information that are readily available during IC design
phase, i.e. 2D or 3D layout geometry and possibly 3D package geometry.

As sketched in Fig. 2.2 this information is used to describe the overall physical
region where to simulate thermal effects as an open, bounded domain:

RcR! (d=203),

Fig. 2.2 Layout or package information from IC design are automatically converted into a
geometrical description of the domains in which suitable PDEs describing heat diffusion at the
system level are casted. Notice that while 6; and 6, refer to mean temperature values over £2; and
§2, respectively, 63 represents ambient temperature. (a) Inverter layout. (b) Extracted geometry
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and to associate each thermally active device with a subset related to its layout
positioning:

2r c Lfork=1,...,K

where its power flux is supposed to be dissipated. Each subset is required one to
fulfill the following properties:

int(§2) # @ Vk=1,...,K,
2 CR Yk =1,....K,
2N =0Vjk=1,....K, k#j
Furthermore it is supposed for either £2 and 2 (k = 1,..., K) to have Lipschitz

boundary. The unknowns considered in the thermal element model are the junction
temperature vector:

0 = [915---90K+I]T )

where the first K components are associated with each subset region while the last
one represents ambient temperature, the power density vector:

p=1[p.....p«]",

where each component represents the Joule power per unit area dissipated in each
region and the distributed temperature field 7'(x, ¢) on £2.

Assuming (-, ) to denote the usual 1*(£2) scalar product and 1 2, to denote the
indicator function of the set §2, then the distributed temperature field 7'(x,¢) is
linked to junction temperature nodes through:

1

|.le(T,l_qk) =6y fork=1,...,K,

i.e. 6 represents the mean value over §2; of 7'(x, ¢). In the same way the power flux
entering each node is related to the Joule power per unit area via:

(pk, lgk) = pk|9k| = Pk fork = 1, ey K.
The total power Py dissipated over §2; is thus equal, for every fixed time instant, to

the product of a mean power density pj times the area of each active region |§2]|.
Finally the power flux to ambient temperature node is defined to be:

K
Pxri == prls%l.
k=1
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to ensure energy conservation inside the thermal element. Though the decisions
to uniformly distribute the dissipated power Py inside §2; and define 6; as the
mean temperature over §2; are somehow arbitrary, they constitute a sound physical
approximation at a macro-scale level, if it is considered that usually:

diam(§2;) <« diam($2) fork =1,..., K.

Anyhow, other shapes for the power distribution inside §2;, as well as any other
means to define junction temperatures starting from the distributed field 7'(x, ) may
have been adopted in principle.

If packaging information is available, then heat-diffusion on a 3D domain is
supposed to be modeled by a quasi-linear PDE:

AT (x, 1) K ,
(T —=+ Z3T(x 1) =) ()1, (®)  in 2, (2.104)
k=1
where:
’ 9
LiT(x1) = —”Z; D; [K,-,-(T, x) D, T(x, z)], Di = g (2.105)

In (2.104) the term cy(T,x) represents the distributed thermal capacitance of
the material, while in (2.105) the terms «;(7,x) (i,j = 1,...,3) account
for possibly anisotropic heat-diffusion. A common assumption, stemming from
physical considerations, is that:

Kki(T,x) = Kk;i(T, x),

so that the associated tensor results to be symmetric. This PDE has to be comple-
mented by suitable boundary conditions that are, here and in the following, assumed
to be of Robin type:

aT(x,1)

on = R(T,0k+1) onas2. (2.106)
<
aT(x,1) .

In (2.106) the term TR denotes the conormal derivative of T'(x, ¢) on d§2 and

&
is defined as:

3
0T (x,t
%.%) = Z l’l,‘K,:,'DjT(X,I) s

ij=1

where n; is the i-th component of the normal outward oriented unit vector on 952.
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In the case that only layout information is available, or that package temperature
field is not of interest, then heat diffusion can be modeled by a quasi-linear PDE
similar to the one used in the 3D case:

K

+ LT 1) =) p()1g(x)  in2,
k=1

AT (x, 1)

¢y (T,x) o

the only difference being that now the operator .%, defined as:

2
LrTx) ==Y D [lei,-(T, x) D, T(x, z)] + (T, %) T(x,1),
ij=1

embodies a reaction term ¢(7, X) to model heat loss in the missing third direction.
Suitable boundary conditions are needed also in this case to close the model.

2.2.2.2 Analysis of the Thermal Element Model

The well-posedness of the thermal element model when externally controlled by
independent sources fixing the Joule power per unit area stems directly from its
definition in Sect.2.2.2.1. The reader interested in a broader treatment of this
subject is referred to [20, Chapter 3]. Existence and uniqueness of a solution can
also be proven in the case where the external independent sources fix the average
temperature over a region. In particular, a result of this type is given in this section.

In the case at hand heat-diffusion processes are restricted to the case of the linear
operator:

d
LT :=-Y. D, [KU(X)D jT(x)] +e®T(X), (2.107)

ij=1
where k;;(x), c(x) € L°°(£2) and:

c(x) >0 a.e.in 2,
ki(x) =kp(x) i, j=1,....d .
Furthermore it is assumed for .Z to be uniformly elliptic in £2, i.e. it exists 7 > 0

such that:

d

Z k()€ & > T |E]. (2.108)

ij=1
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for each & € R? and almost every x € £2. The PDE employed to describe thermal
effects is enforced in a weak formulation that reads:

K

d N

E(T’ v) +a(T,v) + &(T — Og+1, V)90 = Zpk(lxzk, v), (2.109)

k=1

where:
d

a(T,v) := / (Z k;j(x) D; T D;v) dx—}-/ c(x) T v dx. (2.110)

e - o

i,j=1

is the bilinear form associated with ., while (,-)s denote the L?(92) scalar
product. Under these hypothesis it is possible to prove the following:

Theorem 2.1 Given:

1. Ty € L2(R2),
2. 0, € (CO[O, t1] and 6, (0) consistent with Ty (k = 1,..., K),
3. Ok41 € Cl0, 4],

there exist unique:

1. T € C°([0,4,]; L*(£2)) N L*((0, t;); H' (£2)),
2. preClo.ty] (k=1,....K),

such that:

K

d . A
E(T’ v) +a(T,v) + (@T,v)ye = Z P, v) + (@0k+1,v)ae
k=1
forall v e H' (),

T (x,0) = To(x),
(T.1g,) = 6c(0)|2| fork =1.... K.

Readers interested in the proof of this theorem are referred to [20, Chapter 3.2],
where further considerations on the practical role played by Theorem 2.1 and its
elliptic counterpart are also given.

2.2.2.3 Evaluation of the Thermal Element Model

The structure most commonly adopted in the design of a software package for
transient circuit simulation is usually based upon a set of element evaluators that
provide a non-linear solver with the local Jacobian matrices and residuals needed
to assemble the linearized system corresponding to each Newton iteration. These
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local contributions, commonly referred to as stamps, completely define the behavior
of each circuit element and are usually represented in a table-like format [20,
Chapter 5]. In the following the stamp associated with the thermal element model
defined in Sect. 2.2.2.1 will be given.

Introduce to this aim the vectors:

0r = [01(tk). . ... Og+1(10)]",
P = [p1(). ..., pr(@)]",
Ti = [Te (). Ti (%) ... Tx ()]

associated with the thermal element unknowns at the time instant #;. The particular
structure of the vector Ty stems from the space discretization of the distributed
temperature field 7'(x,¢) with the patches of finite elements methods [34]. If the
linear operator (2.107) is assumed to properly describe heat-diffusion effects, and a
p-step linear multi-step method of the form:

P P
P+ fOW) )~ Y ey () +h Y By (i) te—s) -
j=0 j=0

is supposed to be used for time-discretization purposes, then the stamp associated
with the thermal element reads:

0k Iy
Jeo Jkr | Frs

Qro  Qur | Gk

Pk
ry = .

Assuming T to have nr components, and defining:

where:

@] 0

2 e REFXK quchthat 2 := o : ,
0 2]
=82y -+ —[2k]
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then it is possible to provide an explicit formulation for the entries referring to the
first line of the stamp:

T € REFUKAT with Jy 9 == [0] |
Tir € REFDET with Iy = [2 0] ,
F; € REH! with Fy := 2 p; .
The definition of the remaining entries results to be a bit more involved. Assume

{¢j, j = 1,...,n7} to represent the full basis set associated with the space
discretized vector T and define:

1---00
My e R with My :=1|:-. 1 o],
0---10
, 1
My € RFT with [My]; := W(%’ o).
1

The space discretized counterpart of the relation linking junction temperatures and
distributed temperature field reads then:

My — MiT=0.
Denote with:

0---0 b

B e R'TK+! with B = e )
0---0b,,

P e RHTXK Wlth [P]U = (IQ‘/-,(,bi) )

the matrices accounting for the PDE boundary conditions and heat generation terms,
respectively. Notice that only the last column of B has non-zero entries, as boundary
conditions depend only on the environment temperature. Assume finally A and C
to be the stiffness and mass matrix stemming from patches of finite element method
(for more insight on the construction of these matrices the interested reader is
referred to [20, Chapter 4]). The space discretized formulation of the heat-diffusion
equation reads then:

CT+ AT+ Pp+ B =0.
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Applying the linear multi-step time discretization introduced before it is possible to
write the Jacobian contributions as:

M
REFKE with Qg = |, 0 |
Qi € with Qy ¢ hBoB

0 Mr }

" RK—FH’[‘XK—H‘!’[‘ ith r =
Qrr € with Q. [h,BOP (@C + hBoA)

while defining:
P P
g = ZajCTk—j +hZ.3j (ATi—j + Ppi—; + BOi_;) .
j=1 j=1
RK—H’IT:

gives the following expression for the residual G €

0
Gi = — .
k |:h,3030k + I’Z,B()Ppk + (aoC + I’Z,B()A)Tk + gk:|

2.2.2.4 Analysis of the Coupled System

To conclude this section the existence and uniqueness of a solution to the whole
electro-thermal system is discussed. This result is of major importance to show that
under non-restrictive assumptions the extended electro-thermal netlist introduced in
Fig.2.1 enjoys the same smoothness of the original electrical netlist, that is here
formalized as:

d
Ac S+ Arr(Afe.0) + Aviv + Aviy + Asi(4fe.0) = 0.

d¢

v ATe =0,

Ale—v(t) =0, 2.111)
q—qc(A{e) =0,

¢—¢.>) =0

Notice that an additional dependence on junction temperatures is assumed for resis-
tors and controlled current sources. The electrical part has then to be complemented
by the balance of Joule power at the thermal network nodes:

|2k | px — Wi(0,e) =0fork =1,...,K, (2.112)
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by the thermal element interface conditions:
|26 — (T, 1) =0fork =1,...,K, (2.113)

and by the PDE describing heat diffusion:

d A < A
S (T0)+a(T,v)+&(T v)ae =) pr(lo, v) =8 (g, V)ae =0 Vv € H'(£2).
k=1
(2.114)
The electrical part (2.111) is supposed in the following to be index-1 for any
given # € C°[0,1,]. Defining Q¢ to be the orthogonal projector onto the kernel of
Ag and Pc to be its complement, then sufficient conditions to fulfill the index-1
requirement are [24]:

. ker(Ac, Ag, Ay)T = {0} . ker QL Ay = {0},

. i(ALe, ) uniformly continuous in # and Lipschitz continuous in A~ e,

. V() continuous,

. ¢, () and qc (-) differentiable functions of their arguments,

dqc(Ale) 3¢, (ir)
dALe) T d(iL)

. r(Ake, 8) uniformly continuous in @ and differentiable in A%e,

or(ALe, 0)
d(Age)

Under these assumptions the existence and uniqueness of a global solution to
an initial value problem with consistent initial conditions on [0, t;] follows from
standard results [35, Theorem 15]. Furthermore, for each component of the solution
in the time interval [0, t;] a bound of the form:

positive definite,

positive definite and uniformly continuous in 6.

lx(@)] < |da(@@))] + /0 ldp(8(z)ldz , (2.115)

holds, where d4(-) and dp(-) are continuous functions. Notice that the form
of (2.115) is due to the index-1 condition, thanks to which the time-derivatives of
0 (t) do not appear in the bound. In this case also the following a-priori bound,
uniformly in @, can be shown to hold:

[x(0)] = max |d4(6)] + |t| max |dp(9)] . (2.116)

where ¢ is a closed set, such that:

F=1seRK:|s| < n%ax]|0(t)| c¥ cRF . (2.117)
t€[0,t;
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The assumptions made on the thermal part of the system are:

1. g(x.1) € € ([0.1]. L*(92)).
2. Wk (:,-) continuous function of its arguments (k = 1, ..., K),

To provide system (2.111)—(2.114) with consistent initial conditions it is possible
to prescribe arbitrarily T(x,0) := Ty(x) € L2%(£2), Pce(0) and iz (0). Then
0 (0) is obtained from (2.113), Qce(0), iy (0), ¢(0), q(0) are computed from the
algebraic constraints of (2.111) once 0 (0) is known, and p(0) is finally determined
from (2.112).

The existence and uniqueness of a solution to (2.111)—(2.114) in a given time
interval ¢ € [0, ;] is investigated in the next:

Theorem 2.2 Consider system (2.111)—(2.114)with the further hypothesis that:
1. There exist Cy > 0 such that |W,(0,e)| < Cwfork =1,...,K.

Suppose furthermore that the assumptions outlined in the previous paragraphs on
the electrical and thermal part of the network are fulfilled. Then, given consistent
initial conditions, there exist a unique solution to an initial value problem on a given
time interval [0, t,] and:

1. Pce, ir, q and ¢ are differentiable,
2. Qce, iy, 0 and p are continuous,
3. The regularity of the PDE solution is at least:

T e L?((0,1,), H'(£2)) N C° ([0, t,], L*(2)) .

while:

%—f eL?((0,t). H'(£2)) ,

4. The energy estimate:

t 1 t
1T OIE20) + 1 / T D gy 4 < 1Ty + / st

holds for each t € |0, t] where:

K
S = S(Cw.0.2.8) = Cw Y_ V|2 +&1g0) 200 -
k=1

Proof In the following the so-called Faedo-Galerkin method is exploited to con-
struct a sequence of DAE systems that approximate the PDAE system (2.111)—
(2.114). The line followed stems directly from the one usually employed to prove the
well posedness of parabolic PDEs casted in a weak formulation (see [52, Chapter 11,
Theorem 11.1.1]).
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That being said, since H'(£2) is a separable Hilbert space it admits a complete
orthonormal basis {¢; } ;1. Define then:

VN = span{;,....Pn} .
Substitute the PDE appearing in (2.111)—(2.114) with the approximate problem:
d K
(T ) +aT, 0)+a(T" v)ie =3 pif (1o, v)—=G(g, v)ae =0 (2.118)
k=1
forallv € VN, where N > K in order to fulfill the constraints imposed by (2.113).

Writing:

N
TVx.1) = eV ()gs(x) . (2.119)
s=1

then (2.118) results to be equivalent to:

de" N N N
M=+ ac¥ — Bp" —F* () = 0. (2.120)

where the stiffness and mass matrices are defined as:
M e RVN with [M;] := [(¢i.9))] .
A e RVN with [Ay] := [a($;. i) + &), di)oc] .
B e RM  with [By] := [(1g,.¢1)]
while the known vector F¥ reads:
FY e [C°0.1,]]" with [FY] := [a(g. 1 )ae]
Finally the unknown vectors in (2.120) are:
p' (@) = [p{ (©)..... PR O]
@) =[N (@), ....eNO]T .

Similarly it is possible to substitute (2.119) in (2.113) and obtain the equivalent
system:

260" —BTcN =0, (2.121)
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where:
2 e RE¥*K with 2 := diag(|21],....|R2k]) .
and:
0N () = 0N (1),....08 O] .

Reformulating (2.112) in matrix notation:

2p¥ —-weV,eV) =0, (2.122)
with:

W@V, eV) = [W (0", eN), ..., Wk, eV)]",

it is possible to write the DAE system approximating (2.111)—(2.114) as:

d N
Ac% + Agr(ATeY, 0Y) + ALY + Ayil + Asi(ALeY,0Y) =0,
deV
7 — AEeN =0 s

AleN — V(@) =0,
q¥ —qc(Ale) =0,
oY —9, (1)) =0,
2pY —We",eN) =0,
20" — BTV =0,
N

dce

Mdt

+Ac¥ —BpY —FVN(1) =0.
(2.123)

Notice that M can be inverted as it is positive definite. Thus (2.120) defines an
explicit differential equation for the variable ¢V :

deN

— = M~ [AcY — BpY —FN(1)] . (2.124)

From (2.121) it holds:

oY = 27'BTcN | (2.125)
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due to the regularity of 2. Differentiating (2.125) and taking into account (2.124)
the following explicit differential equation is obtained for 8 :

N
=@ 'BT = _@27'B"M'[AcY — BpY —FN(1)] .
dt dt [ ¢ P ()]

Substituting (2.125) into (2.111) reads:

d A R
Acd—fl + Agi(A%e, V) + ALip + Aviy + Aji(ALe, c) = 0,

d¢
E — A{e = O,
Ale—V(@) =0, 120

q—qc(Ale) =0,
¢—¢.G(L) =0,
where:
t(A%e, V) :=r(Ake, 27'BTcV),
i(AZe,cV) ;= i(4le, 27 'BTc) .

The assumptions on the electrical part of the system ensure that only one differen-
tiation of (2.126) is needed to derive, through appropriate algebraic manipulations,
a set of explicit differential equations for the variables e, q, ¢, iy and iy. Finally
from (2.122) it stems:

p¥ =27 'wW@e" V).

Even here only one differentiation is necessary to derive an explicit differential
equation for pV. The index of system (2.123) results then to be one.
Defining the orthogonal projection:

Py :L2(2) > VYV,

it is possible to derive a set of consistent initial conditions for (2.123). In fact, it just
suffices to define the initial conditions for the approximate problem (2.118) as:

TV := Py(Ty) , (2.127)

and proceed as done in the original PDAE system. Notice that the initial condition
for system (2.120) equivalent to (2.127) is given by the solution of the linear system:

(MM (0)); = (To, ;) forj =1,...,N .
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As consistent initial conditions have been obtained, then (2.123) admits a unique
global solution [35].

To proceed with the Faedo-Galerkin method it is necessary at this point to
recover, for all the variables in (2.123), upper bounds in ]LZ(O, t;) that are inde-
pendent of N. These bounds will be employed afterwards to pass to the weak-limit
N — oo and determine then a solution to the initial PDAE system. Due to the
hypothesis made on the boundedness of |Wj (-, )| it is convenient to start from the
thermal part of the network, noticing that:

pY € C0,t,] CL*0,ty) k=1,..., K,
¥ eC'lo,y] cH'(O,4) k=1,....K,
hold, from which it follows naturally:
TV e H' ((0,1,), H'(2)) .

Choosing T as a test function in (2.118) gives:

(%TN,TN) +a(TV, V)Y +a(T", TV)s0 (2.128)

. TY) +a(g. T ) . (2.129)

M=

k=1

Exploiting the coercivity of the bilinear form it is possible to obtain:

1d ) 5
2dt ”TNHLZ(.O) +a|T" ”Hl(_rz) (2.130)
= (%TN,TN) +a(TV, Ty + (T, TV )0 | 2.131)

while from the continuity of the right-hand side in (2.128) and the hypothesis on the
boundedness of | Wy (-,-)| (k = 1,..., K) follows:

K

Y o pY (g, TV) +6(2, TV )so
k=1 (2.132)

K
< (CWZ V2| + @ ||g(f)||JL2(arz)) ”TN(t)HILZ(Q) :
k=1
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K
Recapitulating the definition of S(Cw,&, 2,g) = CWZ |26 +
k=1

@ |g@) |12 e) - and combining (2.130) with (2.132) it is possible to obtain:

b dt ”TN(t)HILZ(Q) +7 ”TN(t)HH @) = S(Cw. @, 2, 8) HT (Z)”ILZ(Q)

Integrating over (0,¢) with ¢t € (0,t;), employing Young’s inequality and taking
into account that:

N
175 ||]L2(Q) ”TO“]LZ(.Q)’

as TON is a projection of Ty onto a finite dimensional space, it follows then:

t 1 t
||TN(z)||sz(m + "/o ||TN(T)||§H1(Q)dr <1 Tollf2q) + ;/0 S*dv. (2.133)

The sequence 7% is thus bounded in L ((0, t;), H'(£2)) N L™ ((0, t;), L*(£2)) and
from (2.112) it is trivial to infer that also p" is bounded in the L*(0,t;) sense.
From (2.113) it is possible to obtain, after some algebra:

Iek (I)I2 ||TN( )”]LZ(Q) k = 13""K7

IS2 |2

and derive an upper bound in 1.2(0, t;) for 8" by means of (2.133):

1 1 [
O OF < 5 [ITiEg + 1 [ $r] k=1.K.

Also this bound does not depend on N. It is now possible to define:

Coi= max <|9 |2[|| Toll?s0) + i}/o szdf]),

and then:
9 .= {SERKZ|S|§\/C_0} .

As ¢ does not depend on N and fulfills condition (2.117) then the bound on the
variables of the electrical part is derived from (2.116). Notice that this is possible in
our framework due to the index-1 hypothesis made on (2.111). Finally, due to the
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continuity of the non-linear functions in (2.123) also the terms:
rV=r(AkeV, 0"), iV :=i(4leV,0"),
af i=qc(aleV) oY =0.G) |
WV = W@V, eV)
are bounded in the L?(0, t;) norm by a constant that is independent of N. At this
point upper bounds for every entity in (2.123) have been determined. Hence it is

possible to select a subsequence (still denoted with the N super-script) in which
(see e.g. [42]):

* TV converges in the weak* topology of L™ ((0,t;), L*(£2)),

« TV converges weakly in I ((O, t1), Hl(.Q)),

« eV i, q¥, ¢V, i), p" and 0" converge weakly in the L*(0, t;) sense,

o ViV, q¥, ¢2 and WY converge weakly in the L*(0, t;) sense.

Anyhow, to exploit weak convergence properties in order to construct a solution to
the original PDAE system it is still necessary to prove that:

r¥ —r(Ake 0), iV —~i(Ale 0),
9 = qc(Ae) . ¢y — ¢, () .
WV —~ W, e |,
when:
eV —~e, iy —i,, 0" ~90.

This will be shown in the following taking advantage of regularity results that hold
for the PDE part of this system. Indeed it will turn out that the convergence of the
DAE part of (2.111)—(2.114) is to be intended at least pointwise.

Let us start then multiplying the first term at the left hand side in (2.118) by:

v e CY(0,4]), ¥(t) =0,

and integrating by parts (j = 1,..., N):
wrdrTh i dv
[ (G @) v == [ o.0) G - @ v,

Passing to the limit in (2.118), choosing an arbitrary Ny > K and recalling that
T converges in L?(£2) to Ty while p) converges in L*(0,t;) to py, it is finally
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obtained:

t

u dy
- [ r@.0) G @dr = @gpro + [ ar g
0

0
ty y K
+ / ST (0.8 ¥ (T = / 0 ;pk(lgk,qu)wu)dr

5]
+/ a(g, ¢,)oe¥()dt  j=1,...,No.
0
(2.134)

Since the linear combinations of ¢; are dense in H'(£2), then (2.134) can be written
equivalently testing on each v € H!(£2). Thus:

T(x,t) € L? ((0,t;), H'(£2)) N L™ ((0,t,),L*(2)) . (2.135)

fulfills (2.114) with p; (k = 1,..., K) as source terms. From (2.135) it follows
also:

T(x,t) € L ((0,t;), H'(2)) N H' ((0.t,), H'(2)) , (2.136)
and using the arguments in [52, Chapter 11, p.369] and [43, p.23]:

T eC([0,4],L*(£2)) aa—f e L?((0.t), H'(22)) .

Define:

ATY@) =TV ~T@) . Ap) @)= pl () — pe(0) .

Subtracting (2.114) from (2.118) and choosing ATV (¢) as a test function reads:

1d
S IATY |

K
2 dt et a(ATN, ATY) + &||ATN||iz(ag) = Z ApY (1g,, ATV) .
k=1

Integrating over (0, ¢) and exploiting the coercivity of the bilinear form it is then
possible to obtain the following inequality:

|ATY )], < AKN (1) 0, (2.137)

(£2)

with:

K t
AKN (1) == || ATN(0) ||fm) +2)° [/O Apd (1) (g, ATN(I))dT] :
k=1
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As both sides of (2.137) are continuous, this inequality holds also in the form:

) N—o0
ATV - AKN(; 0.
max ATV (012 g, < max AKY (1) =

Introducing AGI?' = 9,?’ (t) — 6k (¢) and noticing that:

k=1,....K,

max |A8N (1)]? < max [ATY @)|?
tG[O,ﬁ]l k ( )| — |Qk|2 tG[O.ﬁ] H ( )”]LZ(Q)

it follows that the convergence of 8" to @ is not only weak, but uniform. Then, due
to the stability properties of (2.111) the electrical variables also converge to their
limit uniformly and not only weakly. In particular it can be inferred that:

e Pce,ir, q and ¢ are differentiable,
¢ (Qceandiy are continuous.

As at this point e and @ are known to be continuous, then it follows that WV
converges to W pointwise and thus p is also continuous.

Finally it remains to show that 7'(x,0) = 7y(x) in order to prove that the
constructed solution actually solves the initial value problem prescribed in the
beginning. Multiplying (2.114) by:

v eC'([0.4]). ¥() =0,

and integrating by parts it follows:

! a(T,v)¥(r)dt
0

- / 0 (T0).0) W wyde — (10).0)9(0) + /

t t K
+ /O Q(T(1),v)s¥(t)dt = /0 ;pk(lgk, V¥ (t)dt

t
+/ a(g,v)se¥(t)dt  Yve H(R),
0

thus, taking ¥ (0) = 1:
(T(0)—Typ,v) =0 YveH(2).

This implies 7'(x, 0) = Ty(x), and proves the existence and uniqueness of a solution
to a prescribed initial value problem for system (2.111)—(2.114).
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2.2.3 Multiphysics Modeling via Maxwell’s Equations

The mathematical model of circuit analysis is given by element relations connected
by Kirchhoff’s laws, yielding a system of DAEs. Each relation originates from
Maxwell’s equations, but typically it is simplified to avoid the simulation of PDEs,
where it is not necessary. But if an application demands distributed field effects,
e.g. eddy currents, those effects need to be reintroduced by a PDE, in which some
conducting parts are identified by circuit branches. We consider here two examples,
that are especially important in the analysis of magnetoquasistatic fields, the solid
and stranded conductor models. Finally the coupling of the networks DAEs with
the (magnetoquasistatic) field PDEs yields a system of PDAEs.

Let us start with the network model of circuits, as introduced in system (2.1).
[26], that yields a system of DAEs. We extend the current balance equation by two
additional vectors iy, € RMol and i € RNS", that describe the unknown currents
through Ny solid and Ny, stranded conductors

d
AC d_lq + ARI‘(A-II;II, Z) + ALiL + AViV + AII(Z) + Astristr + Asolisol =0,

d
d—t¢ —Aju=0, Alu—v() =0,
qa—ac(Afu,t) =0, ¢ — ¢ (iL.1) =0,

with consistent initial values for the node potentials u, charges q, fluxes ¢, and
currents ir, iv. We will address the whole system in the following more abstractly
by the semi-explicit initial-value problem

Vi =fi(y1.21,225), with y;(0) =yio
(2.138)

0 =gi(y1,21.22p),
with the unknowns
yii=(q9) z:=@i,iv) and 2y = (iur ko)
We assume that System (2.138) is an index-1 DAE, i.e., dg;/0z; nonsingular, which
is the case if several topological conditions are fulfilled, [24]. The field PDE will
describe a relation between the unknown currents z,; and the voltage drops

o AT o AT
Vs 1= AU and Vool i= AU,

that will serve as an external excitement of Maxwell’s Equations.
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2.2.3.1 Maxwell’s Equations

Maxwell’s equations can be applied to describe a wide range of electromagnetic
devices; in our focus are device parts that are typically embedded in electrical
circuits exhibiting significant magnetic effects and dissipation losses, but with a
disregardable displacement current. This kind of application is covered by the
magnetoquasistatic (MQS) subset of Maxwell’s Equations, [39], that is given by
the partial differential equations

VxE:—g, VxH=J,
dr (2.139a)

V-D=p, V-B =0,
with algebraic material relations

J=0FE , D =¢ys.E =¢E , B=pouH=puH,
(2.139b)

on a domain £2 and typically with the flux wall boundary condition

B-n, =0 onds2, (2.139¢)

where E = E (r,t) is the electric field strength, depending on its location in space
r = (x,y,z)" andtime ¢, similarly B = B (r, ) is the magnetic flux density, whose
normal component is vanishing at the boundary, since the vector n defines here
the outer normal at the boundary. H = H (r, t) denotes the magnetic field strength,
D = D(r,t) the electric flux density, p = p(r,?) the electric charge density and
J = D(r,t) the electric current density. The material parameters ¢ = &(r), 0 =
o(r), u = u(r, H) are rank-2 tensors describing the permittivity, conductivity and
permeability; the first two tensors are assumed constant but the permeability may
depend nonlinearly on the field strength. If we neglect furthermore hysteresis, the
Jacobian 0B /0H is symmetric positive definite, [38], and we can derive from the
second relation of (2.139b) the HB-characteristic

H =vB
with the (nonlinear) reluctivity v = v(r, B) acting as the inverse of the permeability.

Now when expressing the magnetic flux and the electric field in terms of the
magnetic vector potential A = A(r, ¢) and the electric scalar potential ¢ = ¢@(r,?)

B=VxA, E=-Vo——-. (2.140)
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Ampere’s Law may be equivalently given as the curl-curl equation
Vx(WVxA)=J. (2.141)

The curl-curl equation does not determine the potentials uniquely, because the
definitions (2.140) are still fulfilled after a gauge transformation. Typically one
defines a representant from the class of equivalent potentials as the desired solution
by enforcing an additional gauge condition, for example Coulomb’s gauge

V-A=0, (2.142)

which ensures on simply connected domains a unique solution of the problem in the
vector potential formulation, [14].

In the 2D case, where a planar model is embedded in an 3D environment both,
the magnetic vector potential A and the source current density J exhibit only
components in z-direction, which are perpendicular to the planar model in the x — y
plane, i.e.,

A=(004.) and J=(00J)" .

Thus the potential A fulfills automatically the Coulomb gauge

04, 04, A,

V-4 —
0x dy 0z

0 ’

since Ay, = A, = Ois trivial and A, is independent of z and therefore the potential
is uniquely defined without enforcing a gauge explicitly; this is in contrast to the 3D
case.

2.2.3.2 Conductor Models

In the following the models for the solid and stranded conductor are derived, whose
characteristics are determined by Maxwell’s Equations (2.139), but on the other
hand allow us to identify parts of the field domain £2 as branches in a circuit using
voltages Vo, Vo and currents igop, isyr, [13]. We denote the corresponding parts of
the domain by

Qsol,l C 2 and Qstr,k C 2 for 1 =< / =< Nsol, 1 =< k =< Nstr

and assume furthermore that they are mutually non-overlapping.

The solid conductor model describes the behavior of a massive bar of conducting
material, as shown in Fig.2.3b. For high frequencies there is a tendency for the
current density in the core of those conductor to be smaller than near the surface,
[39]. This phenomenon is called skin effect. It causes the resistance of the conductor
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al»>
sol

Fig. 2.3 Conductors Models. (a) Sketch of a 2D domain with two stranded and one solid
conductor, (b) solid conductor made of massive conducting material causing eddy currents and
(c) stranded conductor made of thin strands

to increase with the frequency of the current. A similar phenomenon appears in
a solid conductor when localized in the neighborhood of other current carrying
conductors. Also then, eddy currents and eddy-current losses appear in the solid
conductor. These effects are to be simulated in the following: the solid conductor
will serve as the device in a electrical circuit, where skin- and proximity effects are
considered.

The voltage drop along each solid conductor is applied as the potential difference
between two electrodes, i.e.,

Nsol

_V(p = Z Xsoll (Vsol)l

=1

where ., is the potential distribution function of the /-th solid conductor with
SUpp Xso1; = $2s01.- Inserting the voltage drop into Ohm’s Law, first equation in
(2.139b), and applying it as the only excitement of the curl-curl equation yields
(2.141)

Nsol

dA
o TYX(VxA) = ;axw (Veo); - (2.143a)

The current through the solid conductor is found by integrating the current density
over the electrodes. This is equivalent to integrating the quantity x. - J over the
whole computational domain, i.e.,

. dA
(is01); = / Xsors +J A2 = (Gso1);; (Vsol); — / OXsold " g d$2, (2.143b)
2 2
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for/ =1,..., Ny, where each entry of the positive definite diagonal matrix

(Gsol)l,l = [(JUXSOI,[ * Xsol,l ds2 . (2143C)

corresponds to the lumped DC conductivity of a solid conductor.

In contrast to the solid conductor, the stranded conductor is not built of a single
solid material, but consists of thin individual strands wound to form a coil, as
depicted in Fig. 2.3c. Each strand does not exhibit significant eddy currents because
of its cross section, which is assumed to be substantially smaller than the skin depth
related to the frequencies occurring in the model, hence the conductivity, which
introduces eddy current effects in the curl-curl equation, is assumed to vanish within
stranded conductors

dA
O' —
dr

=0 withk =1,..., Ny (2.144)
str k

We assume furthermore windings with constant cross-section and thus a homoge-
neous current distribution holds in the conductor domain, i.e.,

Nstr

J = Z Astrk (islr)k
k=1

where y ., is the winding function for the k-th stranded conductor with
SUPP Xswy = $2su.t, such that the curl-curl equation becomes

Nstr

Vx WV xA)=Y" g Gy - (2.145a)
k=1

The flux linked with the winding is given by

I//k Z/ Xstrk <A df2
2

and the total voltage drop along the stranded conductor consists of this induced part
and a resistive part, i.e.,

d
(Vsw)r = Rato)ge e (s + % , (2.145b)

where the diagonal DC resistance matrix Ry, can be computed from the model by

|
(Rstr)k,k = / -0 letr,k * Nstrk ds2, (21450)
@ far

and fi € (0,1] is the fill factor accounting for the cross-sectional fraction of
conductive versus insulating materials; in this equation the o~! is only evaluated
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in the domains Q244 (kK = 1,..., Ny), where 0 > Obut anywhere else in £2 the
inverse is not necessarily well defined due to non-conducting materials.

Now summing up all excitements for solid and stranded conductors, i.e.,
Egs. (2.143)—(2.145), and putting everything together, we obtain the following PDE
system

dA ,
ot Vx(WVxA4)= Zk: Xk (sew)g + ZI:UXSOLI (Vsol); (2.146a)
dA .
[ tuws - G 42 = Wy~ R -G (2.146b)
2
dA .
O Xsoll E e = (Gsol)l,l : (Vsol)l - (lsol)l s (2.146¢)
2

with Coulomb gauging, flux wall boundary and initial conditions
V-4A=0, Axngp =00nds2, A(r,ty)=Agatt =1. (2.146d)

Finally the coupling of the field PDE (2.146) and the circuit DAE (2.138) yields the
full field/circuit PDAE problem.

2.2.3.3 Discretization

Following the method of lines, a spatial discretization of the PDE has to be
applied first and a time discretization of the overall system in the second step. For
spatial discretization we apply the Finite Integration Technique (FIT), [63], which
translates the continuous Maxwell equations one by one into a space-discrete set,
called the Maxwell grid equations (MGE). The topology is approximated by a finite
number of cells V(n) for 1 < n < N.In3D those cells are hexahedra when applying
the simplest mesh, such that the scheme is equivalent to the finite-difference time-
domain method proposed by Yee, [66]. Other methods (FEM) are analoguously, see
[15].

The hexahedra discretization yields a cell complex G, composed of intervals
defined by equidistant distributed coordinates x;, y; and zx

G:{V(l’l) = V(lvjvk) | V(lvjvk) = [xisxi-i-l] X [yjsyj-i-l] X [Zkvzk-l-l];
i=1,....1-1;j=1,....J—-Lk=1,...,K—1},

where the three indices i, j and k are combined into one space index, which allows
us to number the elements consecutively:

n=n(,jk)y=i+G-0)-T+Gk=1)-1-J, (2.147)

suchthatn <N :=1-J -K.
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The intersection of two volumes is by construction either empty for non-
neighboring volumes or one of the following p-cells, where p € {0, 1,2, 3} denotes
the dimension of the geometrical object and w € {x, y, z} a direction in space:

¢ 0O-cell: a simple point P(n),
e l-cell: anedge L, (n),

e 2-cell: a facet A,,(n),

¢ 3-cell: a volume V(n).

Every object is associated with its smallest numbered connected point P(n). An
edge L,,(n) connects two in w-direction neighbored points P(n) and P(n") (n < n’)
and is always directed from P(n) towards P(n’). A facet A,,(n) is defined by P(n)
and the direction w, in which its normal vector points.

The basic idea of FIT is the usage of two grids, the primary grid G is supported
by the dual grid G, which is identically but shifted in x-, y- and z-direction by half
of a cell length, see Fig.2.4a. The definition of the dual p-cells, i.e., edges L,,(n),
facets A,,(n) and volumes V(1) is analogous to the primary grid (w € {x, y,z}). In
the following each primary p-cell of G will be related to one (3 — p)-cell of G.

As state variables of the FIT, we introduce electric and magnetic voltages and
fluxes. They are defined as integrals of the electric and magnetic field strengths and
flux densities over geometrical objects of the computational grid, with respect to the
directions w € {x, y, z}. The state variables are assigned diacritics (+) according to
their dimension p of the underlying object. The grid voltages over the edges read as

e,(n) :/E ds, a,(n) :/A ds, and h,,(n) =/H ds.
Ly(n) Liy(n) L)
The fluxes are located on the grid facets and read

b, (n) :/B dA ., d,(n) =/D dA, and  j,(n) =/J dA .

Aw(n) Aw(”) Aw(”)

primary
point™~~_|

o ]

S
dual
N \ ,,,,,,,,,,, cell

primary Somnt
cell p

primary point

Fig. 2.4 Examples for primary and dual grid cells in 3D and 2D discretizations. (a) Staggered
hexahedra. (b) Barycentric triangulation
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Fig. 2.5 Discretization of
Faradays Law

Y

>
e, (n +1f

e,(n) &0 +1)

b.(n)
y

kfx € (n) >

To simplify the notation we will build augmented vectors for each of the newly
defined quantities with a length of 3N, including every spatial direction. For
example the discrete electric field strengths are collected in

e=(e(l),....ex(N),e,(1),...,e,(N),e(),..., e.(N)". (2.148)
The remaining vectors a, h, ﬁ, d and T are defined analogously.
Using these notations we are able to discretize Maxwell’s Equations (2.139) in

terms of FIT. For example, Faraday’s law, Fig. 2.5, for a single grid facet A,(n) can
be written discretely as

em+e,n+)—e(n+1)—e,n) = —d%ﬁz(n) , (2.149)

which exploits the new order of numbering and is easily generalized to all facets.
The relations for all grid facets are collected in the matrix equation

éx.(n)
leoe—leo—11 é“‘("f]) z—d% ﬁzin) : (2.150)
&, (n) RS
c e,(n+1) b
- 2
e

Applying this procedure to all continuous MQS equations yields the MQS
Maxwell’s Grid Equations, where the differential operators are represented by
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the discrete curl operators C, C=C" and divergence operators S, S, which live on
the primary and dual grid, respectively

D)

Ce=——b, Ch=j,
dr (2.151)

Sd=q, Sh=0,

with the vector q containing the electrical charges allocated at the dual grid
cells, resembles closely the continuous system (2.139) and maintains several of its
properties.

The laws of the continuous magnetic vector potential (2.140) transfer to

Ca=bh and €= —%ﬁ —STo . (2.152)
with the discrete electric scalar potential ¢. The discrete potentials are not uniquely
defined, similar to the continuous ones, because the curl matrix C has a non-trivial
nullspace.

Working towards a complete discretization of Maxwell’s Equations, the material
relations (2.139b) have to be given in terms of the discrete quantities. This relates
the fluxes on the primary grid G to the voltages on the dual analogon G and vice
versa. Hence, the material relations establish a coupling between both grids, but their
construction requires approximations through averaging processes and here lies the
fundamental difference between the various discretization approaches, e.g. FEM
and FIT, [15]. FIT has the advantage, that for isotropic and anisotropic materials,
whose principal directions coincide with the mesh directions, the material matrices
are always diagonal.

For example the magnetic flux density B is related to the magnetic field strength
H through the permeability . In coherence with our earlier requirements we will
assume that there are local permeabilities p(n) for each grid volume V(n). When
we start with the definition of the discrete magnetic field strength in conjunction
with constitutive relation and averaging its value over the facet A,,(n) to | B|, we get
the integral quantity

h,,(n) :/H-ds :/,u_lB -ds

Ly (n) Ly ()
=i~ (n) [L,(n)| - |B| + O(h") (2.153)
= i\ (n) |L,(n)| - |B], (2.154)

with averaged permeabilities ji(n) that gives an error, whose order / depends on
the used discretization grid (in this particular case of a Cartesian grid / = 2) and
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the maximum length of the cell edges & := maxL,(n), with w € {x,y,z} and
1 <n < N.In asimilar manner, we derive for the magnetic flux density

ﬁAmZ/BdA
Ay (n)
= |Aw()| - |B| + O(h'*)
= [Aw(n)| - |B. (2.155)

Both Eqgs. (2.154) and (2.155) contain the averaged magnetic flux density | B|, which
is unknown. Eliminating this unknown through inserting one equation into the other
leads to

s A
bw(}’l) = p,(n) |I:w(n)| hw(n) s

=iy (n)

finally arranging of these permeabilities as a matrix gives

M,, := diag (fix (1), ... fie(N). (D)oo Ay (V). fio(D). - (V)

Similarly the other two material matrices are obtained, such that the laws can be
given as

(=)

=M,é€, d = M.,e, h=M,

Gt )

’

where M, M and M, are the (diagonal) matrices of conductivities, permittivities
and reluctivities. As before in the continuous case the first two matrices are assumed
to be constant, and the reluctivity matrix M,, = M, (b) may depend nonlinearly on
the magnetic flux. Furthermore the matrices of permittivities and reluctivities (for all
ﬁ) are positive definite, while the conductivity matrix is only positive semi-definite,
due to vanishing conductances in electrical insulators.

2.2.3.4 Discrete Vector Potential Formulation

Now having obtained a discrete version of Maxwell’s Equations, we can deduce the
discrete curl-curl equation with the same steps we used to derive the continuous
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formulation. The PDE (2.146) becomes the following space-discrete DAE

d ~ 0
MU d_tﬁ + CM\JCQ = Qslrlstr + MUQsoleol s (21563)
T+ d_ .
Qstraa = Vyr — Ryyrlyr (2.156b)
T do .
QsuMs aa = GsolVsol — Isol (2.156¢)
where the matrix Q = [Qsol, Qsi] is the discrete analogue to the characteristic

functions y in the continuous model: each column of this matrix corresponds to
a conductor model and imposes currents/voltages onto edges of the grid, while
each row in the transposed matrix Q' corresponds to the integration of the vector
potential over the domain £2 in system (2.146). The conductor domains shall not
overlap and we assume this to be true even after the spatial discretization, which
affects the coupling matrix as follows

(Q)n (Q),,; =0forallmand k # 1. (2.157)
Additionally we find especially for the stranded conductor coupling matrix

(Ms)sn (Qstr),,y = O forallm, k and [, (2.158)

which is a consequence of the disregard of eddy currents in stranded conductors,
see Eq. (2.144). The matrices of lumped resistances and conductivities are extracted
from the model, as explained in Egs. (2.143c) and (2.145c) and they read in their
discrete form as

Ry := QM Qu and Gl := Q) M, Quor . (2.159)

str

where M;j « 18 the pseudo-inverse of the conductivity matrix with conductivities
only in the stranded conductor domains, hence

(Moste) g (Qsol)yy = Oforallm, k, I and MM =0, (2.160)

o,Str

where MI st 18 the pseudo-inverse of My -

2.2.3.5 Gauging of the Curl-Curl Equation

In 3D the curl-curl equation (2.156a) has no unique solution since both the
conductivity matrix M, and the curl operator C have non-trivial nullspaces, and
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thus the matrix pencil
AM, + CM, C for A € R

is in general only positive semi-definite, but a gauging, can enforce positive
definiteness. For example a special Coulomb gauging, see (2.142), which applies
only to the non-conducting parts of the problem, is proposed in [18]

where M; is a special material matrix with artificial conductivities on the diagonal,
if the entry corresponds to a non-conducting material, such that all its columns are
in the nullspace of M. Using a Schur complement the restriction can by integrated
into the curl-curl matrix, which becomes for example

K, := CM,C — M;S"NSM;

and gives the grad-div regularization, [19]. Finally the matrix pencil AM, + K, is
positive definite for a simply connected domain £2 (without cavities), if the matrix
N is negative definite, [18].

The positive definiteness of the gauged matrix pencil can still be enforced, if
nonlinear reluctivities are considered, i.e., M, = M, (ﬁ). The structure and hence
the kernel of the nonlinear curl-curl matrix remain unchanged, as the following
derivative shows

d db -~ d

%(@Mu (ﬁ)Cﬁ) = (~3£<MU (ﬁ)ca) = C—ﬁ<M (E)ﬁ) (:

C,

| o
=

where both the reluctivity matrix M, (ﬁ) and the differential reluctivity matrix
M,q := dh/ db are still positive definite, [33]. In any case only the (constant)
nullspace of the curl-operator has to be covered by the gauging and thus it is
assumed in the following that

= d =
AM, + K, (b) and AM, + — (K (b)ﬁ)
da

are positive definite fora A € R.

2.2.3.6 Structure of the Coupled System

Having now transformed the field PDE into a uniquely solvable DAE, we discuss in
the following the coupling of the subproblems using a more abstract formulation.
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Lemma 2.1 The field system (2.156) is equivalent to the semi-explicit initial value
problem

V2 = (y2, 224, V1), with y2(0) = ya0.
0 = g24(y2, Z24), (2.161)

0 = 25, (¥2, 224, Z2p),

. a o a e (3 NG . T
where Y, .= P, 1yq .= 2,8, Zzp 1= (igr, Iso1) and vi := (Vgyr, Vol

Proof In a first step system (2.156) is reformulated, such that there are no
dependencies on derivatives in the two solid and stranded conductor coupling
equations (2.156¢) and (2.156b). In a second step the curl-curl equation (2.156a)
is split into equations coming from conductive materials and non-conductive
materials, since only the first materials did yield a differential term %ﬁ.

Equation (2.156b) is left-multiplied by Q..R_! and added to Eq. (2.156a), which
yields

str

(Ma + Qstr str Qstr) a + Kv (b)a - QerRS[r Vstr 1 MJQsolvsol s (21623)

where the new mass matrix M, + QmR;rl Q—Is—tr is still symmetric positive semi-
definite and can be interpreted as a special conductivity matrix, but it is obviously
less sparse.

Left-multiplying Eq. (2.162a) by Q! M astr and adding to Eq. (2.156b) gives

str
i — R/ QL M K, (b)a =0, (2.162b)

because the conductors do not overlap MU «Ms = 0, see Eq. (2.160) and due to the
definition of the lumped resistance matrix for stranded conductors Qslr o F Qo =
Ry in Eq. (2.145¢). Similarly a left-multiplication of Eq. (2.156a) by QSOl added to
Eq. (2.156c) gives

i — QI K,(b)a =0, (2.162¢)

because of the definition of the lumped solid conductor conductances Gy, =
Qsol GQsol-

Let us now split the curl-curl Equation (2.162a) according to the conductivity
of the materials. The symmetric positive semi-definiteness of the mass matrix
guarantees an orthogonal matrix 7 that transforms the mass matrix into its Jordan
Normal Form

7 (M, + QuR,'Ql,) 77 = (J” 0) ,



2 PDAE Modeling and Discretization 77

where J, is a diagonal matrix consisting of the (positive) eigenvalues of M, and

QR Q-Srtr. This transformation depends only on the topology, there is neither a

dependence on the vector potential nor on the time. Thus its application to the whole
Eq. (2.162a) gives automatically a splitting of the vector potential a into differential
and algebraic parts, that is constant in time

y2 1= P,a:=(10) 7a and L, = 2,a:= (01) 7a,

such that a = c@;ryz + o@—arzz“, while the currents are just collected in an additional
algebraic variable

) = (istrs isol)T .
The application of .7 to the right hand side of (2.162a) yields

y (QstrRS_trl Vstr + MU Qsolvsol)
=7 (Mo + QuR'Ql) 77 7 (Qur(Q Q)™ Ve + QuotVial)

- (JU 0) T (Quur(QL Qur) ™' Vatr + QuotVsot)

by just utilizing the properties (2.157)—(2.159) and thus the transformation of
Eq. (2.162a) using the new variables read

d
JU &y = _QUKV 32;)’2 - c@aliuoglzhl + 9{7 (QerRs_u—letr + MaQsolvsol)

0=2,K, 2y, + 2,K, 2] 75, . (2.163)

The first equation defines the function f, after a left-multiplication by the inverse J !
of the Jordan Normal Form, while the second Eq. (2.163) defines the first algebraic
constraint @,. Finally the definition of the additional algebraic constraint g,
follows immediately from Eqgs. (2.162b) and (2.162c¢).

Using the new abstract notation, the field/circuit coupled problem consists of the
two subsystems (2.138) and (2.161), i.e.,

Vi= fl(Yl,Zl,, and V2= fz()’z,lz,,
0= gl()’l,zl,, 0 = g>(y2. 22),

where the coupling terms are highlighted by boxes. Note, that the notation was
abused slightly, since the algebraic variables z; and z, contain more than the actually
needed node potentials u and the currents iy, and iy, through solid and stranded
conductors.

The coupled problems from electromagnetics are considered again in Chap. 2.
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2.2.4 Thermal and Quantum Effects in Semiconductors

In semiconductor technology, the miniaturization of devices is more and more
progressing. As a consequence, the simulation of the today nanoscale semiconductor
devices requires advanced transport models that take into account also quantum
effects and the heating of the crystal. These effects are not very relevant in microm-
eter devices, but they are crucial for the electric performance in the nanoscale case.

At semiclassical kinetic level the thermal effects are modeled by describing the
energy transport in solids with a phonon gas obeying the Peierls kinetic equation
while the charge transport is described by the Boltzmann equation, coupled to the
Poisson equation for the electric potential. However such a complex system is very
difficult to face from a numerical point of view and the simulations require long
CPU times not suitable for CAD purposes in electrical engineering. For this reason
simpler macroscopic models are warranted in order to use them in the design of
electrical devices. A physically sound way for getting macroscopic models is to
consider the moment system associated with the transport equations and obtain the
closure relations with the maximum entropy principle (hereafter MEP) [9, 53, 54].

Concerning the quantum effects, the typical physical situation we want to
describe is the case when the main contribution to the charge transport is semi-
classical while the quantum effects enter as small perturbations. For example, this is
reasonable for MOSFETs of characteristic length in the range of 10-20 nanometers
under strong electric field. Now the semiclassical Boltzmann equation for electrons
is replaced with the Wigner equation and a singular perturbation approach is used
with a Chapman-Enskog expansion in the high field scaling.

What follows is based on [56] and [57].

2.2.4.1 The Electron-Phonon System

At semiclassical kinetic level, the transport of energy inside the crystal is modeled
through quasi-particles called phonons (Fig. 2.6).

The electron-phonon system is described by the Boltzmann-Peierls equations for
the distribution functions of electrons and phonons, coupled to the Poisson equation
for the electric potential

9 e E _
3_{ + V() Vof = —= Vi f =C[f,2“). g™, (2.164)
ag(ac) dw (@) ag(ac) N )

el e R CA (2.165)
9 ) _
ga—z = §On[glm) gl f] (2.166)

E=-V.®, V(eV®)=—e(Cp(x)—n), (2.167)
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SEMICLASSICAL KINETIC PHYSICAL SYSTEM

ELECTRONS PHONONS
_— ENERGY
CHARGE
SCATTERING TRANSPORT
TRANSPORT -+ IN THE LATTICE
BOLTZMANN EQUATION\ / PEIERLS EQUATION
MOMENT SYSTEM

\

MACROSCOPIC MODELS VIA MEP

Fig. 2.6 Schematic representation of the electron-phonon system describing the coupling between
the charge transport and the crystal thermal effect in a semiconductor and general strategy for
getting macroscopic models

where ac and np stand for acoustic and non-polar optical phonons. f(x,Kk, ) is the
electron distribution function which depends on the position x € R>, time ¢ and
wave vector k. C[f, g\, g""P] is the collision operator of electrons with phonons
and impurities. We will neglect electron-electron interaction because it is relevant
only at very high density, usually not reached in the most common electron devices.
e represents the absolute value of the elementary charge. V, and V. denote the nabla
operator with respect to x and K, respectively.

We assume that the conduction bands of semiconductor are described by Kane’s
dispersion relation

22
, k € R,

1 h
Ek)y=—|—1++/1+4
(k) 7 + +a2

m*

with & (k) the energy measured from the valley minimum, m* the effective electron
mass, 7k the crystal momentum and « the non parabolicity parameter (for Silicon

1
a = 0.5¢V1). Consequently, according to the quantum relation v = 7 V& (k), the

hk
electron velocity is given by the relation v = —————.
m*4/1+ 405%
g = g(x,t,q¥) is the phonon distribution of type A (acoustic or non

polar optical) which depends on the position x, time ¢ and the wave vector q‘4).
S [gla) o) £]is the collision operator of phonons with electrons. The phonon-
phonon interaction is described by the relaxation time approximation.

The phonon energy sw¥ is related to q'4 by the dispersion relation. Here we
will consider a simplified isotropic model w = w(q), ¢ being the modulus of q. In
particular in the acoustic branch the Debye approximation @ = ¢ ¢ will be adopted
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with ¢ the Debye velocity, while in the optical branch the Einstein approximation
o = const will be used. Moreover we assume that the non-polar optical phonons
are described by the Bose-Einstein distribution.

Cp(x) is the doping density, considered as a known function of the position, € is
the dielectric constant and n(x, ¢) the electron number density

n(x,t) =/]R3 fdk.

The direct solution of the system (2.164), (2.167) is very expensive from a
computational point of view (for a deterministic numerical solution see [16, 30])
and not practical for electron device design. An alternative approach is to replace
the transport equations with a macroscopic model deduced as moment equations
of (2.164)—(2.166). These are obtained by multiplying (2.164) with a weight
function ¥ (k), (2.165) and (2.166) with a weight function 7(q) and integrating over
the first Brillouin zone.

We will consider the 8-moment electron system comprising the balance equa-
tions for the electron density, average crystal momentum, energy and energy-flux

‘3_’: L9 g’;‘/ ) _o. (2.168)

0pP) (90U g e (2.169)
ot dxi P ’

W) | 3 (n') ¥ neViE* = nCy. (2.170)
ot ax!

2(n5) + 2 (nF) +neE;GY = nC! (2.171)
ot ax' / w '

coupled to the 9-moment phonon system comprising the balance equation for the
phonon energy, average momentum density and the deviatoric part of its flux

% + 0k = P, 2.172)

ap; + 1 du 8N(,-k)
ot 3 0x; Xk
NGy | M

dt X

=P, (2.173)

= Py. (2.174)
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The basic quantities entering the electron equations are defined in the kinetic
framework as follows (the density has been already defined above)

Vi

1 ; . .
— / fv'd*k is the average electron velocity,
n Jgr3

w

% /R . &E(k) fdk is the average electron energy,
St = %/3 fv'&(k)d Kk is the energy flux,
R
P = % /R} fhk'dPk = m* (Vi + 2aSi) is the average crystal momentum.
The other electron quantities including production terms are given by
Lt

S| _ "
Ui=—[| fonk/dk, GV=-
n Jgs n Jgs h

0
—(Ev)d’k,
S5 6w
.. 1 .
Fi=— / foiv/ &(k)d* k
n Jgr3
nCy = / C[f.g"“, ¢"& (k) d’k, nC!) = / C[f.g"“), g"hk! Ik,
R3 R}
nCi, = / CLL g ), g™ & (k) k.
R3
The basic quantities entering the phonon equations are defined as follows
u= / hw g d* qis the phonon energy density,
RS
o 5 . .
O = hw— g d’ qis the phonon energy density flux,
R3 g
pi=h / g; g & qis the phonon momentum density,
RS
ho 3 . .
Ni = —4iqk & 4" qis the momentum flux density.
R 4
Phonon momentum flux can be decomposed into an isotropic part and a deviatoric

part Ny = 4 Si + N(iy. The deviatoric part of the momentum flux Ny, and its
flux are represented by

hw 3 o’ 3
Ny = /R} ?q«q,sgd q. Mgy = /RS ?q«qqu gd q.
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The phonon production terms are given by
Po= [ oS g™. ¢ a P= [ haSg*. g™, f1d
R3 R3

hw Y o
Py = A} P SIS S[g), g, f1d*q.

2.2.4.2 The Maximum Entropy Principle

The set of balance equations (2.168)—(2.174) does not form a closed system since
more unknowns appear than the number of equations. Therefore the problem of
prescribing suitable closure relations arises.

The maximum entropy principle (hereafter MEP) gives a systematic way for
obtaining constitutive relations. In the information theory framework the principle
has been formalized by Shannon [61]. In statistical physics, it has been introduced
in [22, 41] (see also [65] for a review). In [7-9, 49, 53, 54] the approach has been
applied to charge transport in semiconductors considering the phonons as a thermal
bath. Here the phonons are no longer supposed to be at equilibrium and therefore
one has to maximize the phonon distribution.

In the case under investigation, since it is assumed that the non-polar optical
phonons are described by Bose-Einstein distribution

ha(op) -1
= — 1 .
8BE [GXP ( ksTL ) i|

with 7 the lattice temperature, MEP can be formulated as follows. If a given

number of moments Mfl‘f ) ,A = 1,...,N of f as well as a given number of
moments M ég) ,B =1,...,M of g = g% are known, the distribution functions

which can be used to evaluate the unknown moments of f and g, correspond to the
maximum, ( fyg, guE), of the entropy functional

s(f.g) = —kp [/1;3 f(logf—l)d?’k—f-/l;3 (gln%—(y+g)ln(1+§))d3q:|

under the constraints
/]RS lpjle)(k)fMEd?) Kk = M;f), /]Rs lp[(;p)(q)gMEd?) q= Ml(ig)7

where 11//(16) (k) and llfl(gp ) (q) are electrons and phonons weight functions, respec-

tively, relative to the basic moments Mfl‘f ) and M g” ) k p 1s Boltzmann constant and
3

T



2 PDAE Modeling and Discretization 83

From a statistical point of view, fyr and gy represent the least biased estimators
of f and g that can be obtained using only the knowledge of a finite number of
moments of f and g. Assuming as fundamental variables for electrons, the density
n, the velocity V, the energy W and the energy-flux S, this procedure leads for
electrons to the non-equilibrium distribution (see [9, 53])

fouz = exp (—% - kWé"(k)) -7,

with! y = AVv' + A%v; &(k) where Lagrange multipliers associated with the
density, the momentum and the energy flux have the expressions

i:—l nh3

ks og W*—x/m)’ AV = b1 Vi + b1pSi, A = biaVi + by S;

while A" is the Lagrange multiplier related to the energy. It depends on W and it is
obtained by inverting the relation

W [ &JEAFab) (14 2a&)exp (-1 &) d&
[ JEA +al) (1 +2aE) exp (—AV £)dE

. . an ap apn .
The coefficients b;; are given by b1; = ——, b1y = ———, byy = — with
ij g Y D11 A 12 A 22 A
a — _ﬂ a — _i a — _ﬂ A = anda — a2
11 3m*d0’ 12 3m*d0’ 22 3m*d07 11422 12°

including dy and py defined by

dp = / EXVE (L +ad) (1 + 2a&) exp (—)LWé") dé&,
0

3 /00 [€ (1 + a&)]? &
Pk = 1+ 2a&

exp (—Awg) dé&.

For acoustic phonons, assuming as fundamental variables the energy u, the momen-
tum p and the deviatoric part of the momentum flux Ny, the following phonon
non-equilibrium distribution has been deduced as in [23]

3¢c2h 15hc u
= ) = + T pil; L (Nalit; - %)
8ME = EyE 8gBe + 8ap |:4I/lkBTL pili + SukpT, ijlil 3 s

IEinstein’s convention is used: summation with respect repeated dummy indices is understood.
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where

h
exp (kBC}fL )
2 9
hic

(e (57) =)
and 1 = (I, I, I3) belongs to S?, the unit sphere of R3. We assume as definition of
Ty, the Debye relation u = o TZ‘ .

The previous acoustic phonon distribution is valid up to first order in the
deviation from the equilibrium.

Putting fje and gy into the kinetic definition of the variables appearing in the

balance equations (2.168)—(2.174), one gets the desired closure relation in terms of
the fundamental variables n, V, W, S, u, p and N;).

+ _
8B =

2.2.4.3 Closure Relations: Phonon Subsystem

Each term is given by the sum of two contributions: one due to the acoustic and
another due to the non-polar optical phonons. The details can be found in [56].

Concerning the energy-flux one has Q,(:'C) =c? p,(:c), ](C"p ) = 0 wherefrom

Ok = ¢ px.
since p](("P ) = 0. Similarly, concerning the divergence of the deviatoric part, one has

M _ 22 0py
Xk 50x;y

The production of the energy and the production of the deviatoric part of the
momentum flux due to interaction between acoustic phonons and electrons vanishes

P = 0, P((;; ) — 0 while the production of momentum for this scattering
mechanism is given by

(ac) 4rch © 4
P = —nI V= [ @) (o) b W) + 41 @) b (W) g dg

s 7 /0 205(@) (Ao(q) bis(W) + A1(@) ba(W)) ¢* da,

(2.175)



2 PDAE Modeling and Discretization 85

D2

1672 p5 vs v/2(m*)*2d
silicon density, v, the longitudinal sound speed and

where I =

, with Dfl the deformation potential, ps the

oo oo
Ao (q) = [, kexp(—A" &) dk, A1 (q) = /; k& exp (—A" &) dk.
2 2

Since the non-polar optical phonons are described by the Bose-Einstein, the
production of momentum is zero along with the deviatoric part of the momentum
flux: P =0, P =0.

The energy production can be easily obtained by taking into account that the
total energy of the electron-phonon system must be conserved. Since the energy
production vanishes in the case of acoustic phonons, we have Pu("p ) = P, = —nCy,
where Cyy is the electron energy production.

The production terms of energy, momentum and the deviatoric part of the
momentum flux arising from the phonon-phonon (ph) acoustic interaction are
given by

(Ph) CON on _ Ly
PV =0. BTV =——pi Py =Ny,
where tg is the relaxation time for resistive processes and 7 is total relaxation time.
Summing up the above relations the production terms read as follows. The

production of energy, momentum and deviatoric part of the momentum flux read
as

Pu = —I’lCW,

P=ncPW.T) Vi +ncD w1y 5 — 2
R

N
Py =——"

where the coefficients ¢{” (W, T) and ¢\2 (W, Ty.) originate from Eq. (2.175).

2.2.4.4 Closure Relations for Electrons

The general expression of the production term for acoustic phonons based on fyg
reads as

(ac)
C,/,(e) =
2k 4
I / v W0 2ge + 1exp (-1 6) % (A1 4+ 451 &(k)) dg dk.
R’ JO
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The production of the energy is zero since the scattering is considered in the elastic

approximation C V(Ifc) = 0. The production of the crystal momentum is given by

i@y _ 2l OO w
C, ) = TV,- hk C (kyexp (=AY &) (b1 (W) + &b (W) dk
0

2nl

=S / Tk C (k) exp (—AY &) (bia(W) + Ebp(W)) dk,  (2.176)
0

where C (k) = fOZk q* 2gpe + 1) dg.
The production of the energy flux has the same structure

(bii(W) + &b1(W)) dk

i) 2wl y /oo ﬁ@@ C (k)exp (A" &)

‘ m* / 22
1+ 40[2m—*

' ===
2l ® hk & C (k)exp (—A" &)
/ p—y (bra(W) + Ebpu(W))dk.  (2.177)

0

4

3
3' m*

1440 Z’;kj

In the case of electron—non-polar optical phonon scattering we have the same
expressions already found in [9, 53] but with the lattice temperature which is no
longer constant.

Summing up the above results, the production terms in the electron moment
system can be written in general forms as the sum of terms due to productions of
acoustic and non-polar phonon—electron scattering (electron-electron scattering is
negligible). In particular, the production of energy, momentum and energy-flux read

Cw =CY,
Ch =YW T)V; + el W.T1)S:,

Cly = ¢ (W.TL)V; + ¢ (W. TL)S;.

where the coefficients ¢\ (W, ), ¢\ (W, T1.), ¢\ (W, Tp) and ¢ (W, T..) origi-
nate from Eqs. (2.176) and (2.177).

2.2.4.5 Limiting Energy Transport and Lattice Heating Model

Under an appropriate scaling, an energy-transport model for electrons coupled to
the crystal energy balance equation can be derived. Such a model comprises three
balance equations: one for the electron density, one for the electron energy density
and one for the crystal temperature. This allows a comparison with the existing



2 PDAE Modeling and Discretization 87

models, already known in the literature, for the lattice heating in presence of a charge
flow. We assume long time and diffusion scaling, that is with spatial variation on

large scale,
1 1
=o(z)v=2()

and that the variables vanishing at equilibrium are of first order
V=0@),S=0@), p=0(6), Ny =0 (),

4 being a formal small parameter which is related to the anisotropic part of fi (see
[53]). Moreover we suppose that

1 1
Cy =0 (8_2) and t=0 (8_2) (2.178)
The last assumptions have the following meaning. If we introduce the energy relax-
W —3kpTy

ation time Ty, one can write Cyy = — . Therefore relation (2.178); is

w
equivalent to require a long energy relaxation time. Since the experimental data
indicates T > Ty, it is quite natural to assume also (2.178),.

By proceedings formally as in [53], we write
t =8%, x=8% V=8V,8=68,p=35p, Ny =N,

and substitute into relations (2.168)—(2.174).

By eliminating the tilde for simplifying the notation, observing that C }; and C I’,V
are of order § and by putting equal to zero the coefficients of the various powers of
§ in the previous system, one gets again the balance equations (3.72) and (3.74) of
density and energy, and moreover

J . J .

—nV' =0, —nS' =0,

Btn Btn

1 9 (0) i @) y,i (e) qi
;WI’ZU = —¢F +C11V +C12S7

19 FOg. — EiGO ,(e)Vi (e)Si
P j=—e toy Vo teps.

The last two relations allow to express V and S as functions of n, W, Ty, and ¢.
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Concerning the phonon part, solving the previous compatibility conditions at
each order in § gives

ou  dc?pi

ou = —nCy. 2.179

TR P 2.179)

1 ou ») )

pi= gyt (n Vit ncl? S,-) , (2.180)

8N(,~k) 8N(,~k)

N _ 90V 2.181
Jt T ( )

a .

P _ . (2.182)

8xj)

We remark that, as expected in a diffusive regime, only the resistive processes

are relevant and that neglecting the convective part due to the electron flow

TR (n cif) Vi +ncg) Si) in (2.180) leads to the well known Peierls relation

1, du
Ok ——EC TRE-

Collecting all the previous results, the following energy transport model for
electrons coupled to the lattice energy equation is obtained

on .

37 Tdv@ev) =o. (2.183)

a(’;tW) + div(nS) —neV-V¢ = nCy, (2.184)
aT,

pcy B_IL — div[k(T)VT.] = H, (2.185)

0
where pcy = % with ¢y specific heat in Silicon at constant volume, k(77) =
L

2 ¢g is the thermal conductivity and

%pcvc
H = =nCy — cdiv (tk ne{'V + tenc(?s) (2.186)

is the crystal energy production.
The electron velocity and energy-flux have the same expression as in [54] but

with a lattice temperature which is not kept at equilibrium

V=D,W,Ty) Vlogn + Do(W, T)VW 4+ Di3(W, TL) V¢, (2.187)
S=Dy(W,Ty) Vlogn + Doy (W, T))VW 4+ Dys(W, T) Vg, (2.188)
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where

Du(W.Ty) = Dy [l F = U], DpW.T0) = Dy [l F' = U]

©) © _ 1
2¢7 EG] - DM T) = oo @
Cip G —CnCpy

Dai(W.Te) = Ds [ef{ F = U], Da(W.Tu) = Ds [¢l F' = U],

1
D23(W, TL) = DS C;)e — CS)EG] . Ds(W, TL) =

ey - e
The explicit form of the coefficients can be easily obtained when taking into the
account expressions reported in [9, 53].

In the literature several expressions of H have been proposed (see for more
details [60]). In [32] only the Joule effect has been included H = —en'V - E,
while in [1] the following formulation was suggested H = —div (E¢ n V), with
E¢ the conduction band edge energy. A different model has been given in [17]
H = —enV.-V¢,, with ¢, the quasi-Fermi electron potential. It is evident that the
previous models can cover only part of the effects present in (2.186).

In order to compare our results with those reported in [62], we sum up Egs. (3.74)
and (3.75), obtaining the balance equation for the total energy

d(nW aT,
W) oer SIE 4 div (S — k(TL)VTL) =
ot ot
~J-E—c2div (pne{'V + renci?)s) . 2.189)
where J = —enV is the current density. The production terms in Eq. (2.189) are

given by a Joule heating term and a divergence term. The argument of the divergence
operator can be written as

_PI‘IJ_PSnSa

6'2 TR Cif)

with P, =
e

cients. The main difference with [62] (eq. 31 therein, without holes and recombina-

tion-generation term), is that n S is not neglected. Moreover, P, and Ps have an

explicit expression directly related to the scattering parameters, and both electrons

and lattice have different temperatures.

and Ps = —c? g cg) a kind of thermoelectric power coeffi-
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2.2.4.6 Quantum Corrections

Besides the crystal heating, also quantum effects must been included in the
simulation of nanoscale devices. What follows is based on [57]. The starting point
is the single particle Wigner-Poisson system in the effective mass approximation
which represents the quantum analogous of the semiclassical Boltzmann-Poisson
system. In the following the explicit dependence on the lattice temperature will be
not written since the results does not change with respect to 77 .

In the effective mass approximation the Wigner-Poisson system reads as

W v Vew + 0w = . (2.190)
Jt m*
div (eVds) = —e(Cp(x) —n). (2.191)

where the unknown function w(x, v, t), depending on the position, velocity and time,
is the Wigner quasi distribution, defined as

W) = F ot o x— gl =
2m

2m*

1 h h ivy 33
e — — d’ ».
(2r)3 /;@ px+ 2m* ¥ 2m*r;,t) ¢ g

Here p(x,y) is the density matrix, which is related to the wave function v (x, ¢) by

p(x,y) = ¥ (x,0) ¥(y,1).

Z denotes the Fourier transform, given for function g(v) € L' (R?) by

Fewio = [ gwe™ ey,

v

and .7 ! the inverse Fourier transform
a—1 1 ive 3
T ] = —— [ h(e™d .
@) Jr

The potential @ is usually given by the sum of a self-consistent term @y, solution
of the Poisson equation (2.191), and an additional term @p which models the
potential barriers in hetero-junctions and is a prescribed function of the position.

As well known, w(x,v,?) is not in general positive definite. However it is
possible to calculate the macroscopic quantities of interest as expectation values
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(moments) of w(x, v, ¢) in the same way of the semiclassical case, e.g.

density n(x,t):/ w(x,v,t)d3v,
RS

1
velocity V(x,t) = / vw(x,V,t) v,
n(x,t) Jr3
1 1 *x 2 3
energy W(x,t) = - m* v wx,v,t)d’v,
n(x,t) Jr3 2
1 1 * 2 3
energy-flux S(x,t) = —m> vurwx,v,t)d’v.
n(x,t) Jr3 2

It is worth to mention that the previous definition of energy and energy flux are valid
only in the parabolic band, consistently with the effective mass approximation.
O|[®] represents the pseudo-differential operator

O v.0) = / o (x4 1) Rt
X,V, 1) = —— X+ —nt]—-®[x—=—1,
v h(2m)3 R} xR?, 2m* ! 2m !
wx, v, 1) e VI Py @y,

@'[w] is the quantum collision term. Its formulation is itself an open problem.
Some attempts can be found in [10, 28], but a derivation suitable for application
in electron devices is still lacking. Here we propose an expression which is a
perturbation of the semiclassical collision term, useful for the formulation of
macroscopic models.

As general guideline €’[w] should drive the system towards the equilibrium. If
we consider the electrons in a thermal bath at the lattice temperature 7, = 1/kgf,
the equilibrium Wigner function w,, has been found in [64].

For our purposes we locally parameterize the equilibrium Wigner function in
terms of the electron density. Up to first order in /2 on has

m*p 3/2 .
g =W + 0wy + 00 =t (L) e x

W B%e [A® 0P 4
%l—i_ 24 |:m* _'Bvrvsf)x,.axs}}—i_ﬁ(h)’

where

*pN 3/2
) _ m*p —B&
Weg —n(x,t)(zﬂ) e

is the classical Maxwellian.
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We suppose that the expansion
w=w? +a2wh 4 ok

holds. By proceedings in a formal way, as & + 0 the Wigner equation gives the
semiclassical Boltzmann equation in the parabolic band approximation

aw©
a1

+v-Vor® 4+ 2V, 0. Vo ® = gOO0]. (2.192)
m

At first order in A2 we have

RN P w©
Vo) + L v .vum_ ¢ =W,
TV Vaw +m* * oW 24m3 9 x; Xj xp dv; v Vi
(2.193)

awD
ot

with €'V to be modeled.
Since w® must be positive, being a solution of the semiclassical Boltzmann
equation, we make the following first assumption
Cw] = COWO + 1 VW] = Cew ] —mv (WD —wl)) + oY)
(2.194)
with  €c[w®] semiclassical collision operator (W@ > 0!)
and v >0 quantum collision frequency.
Remark 2.3 At variance with other approaches, only the #> correction to the

collision term has a relaxation form. This assures that as # +— 0 one gets the
semiclassical scattering of electrons with phonons and impurities.

The value of the quantum collision frequency v is a fitting parameter that can be
determined comparing the results with the experimental data.
We require that %[w] conserves the electron density (second assumption)

/ Elw]dv = 0.
]R3

Proposition 2.1 The collision operator €|w)] of the form (2.194) satisfies up to
terms O'(h*) the following properties:

1. Ker (€'[w)]) is given by the quantum Maxwellian

0 1 42,

Wieq) = Weq eq

with wig) the classical Maxwellian.
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2.
w©
—kg / OOl I ———— &y =
R? exp(—£27%)
*,,2
]R3
3.

1 _a 1 1 1
_ECK( )[w( )] (w( ) _ szq)) > 0.

Moreover the equality holds if and only if w is the quantum Maxwellian, defined
above.

Properties 1 and 3 are straightforward. Property 2 is based on the proof in [45—47]
valid in the classical case.

2.2.4.7 Quantum Corrections in the High Field Approximation

In the case of high electric fields, it is possible to get an approximation for w") by a

suitable Chapman-Enskog expansion. Let us introduce the dimensionless variables

. X . t . v . .

X = e = P v = —, with [y, 7o and vy = ly/t typical length, time and
0 0 Vo

velocity. Let /gy be the characteristic length of the electrical potential and 1/¢¢ the

characteristic collision frequency. After scaling the collision frequency according to

v = tc v, Eq. (2.193) can be rewritten as

1 ow®
i + @V. v,ow) + Yo [ivxq) - V,w®
to Ot ly lo Lm*

e P¥o  PwO :| 1

— - @ _ M
24m3 9 x; X; xx 0vi vy vk | tcv(w Weq).

We will continue to denoted the scaled variables as the unscaled ones for simplifying

the notation. Note that the scaling of w) is unimportant.

Let us introduce the characteristic length associated with the quantum correction
of the collision term (a kind of mean free path in a semiclassical context) [¢c = v t¢
We assume that the quantum effects occur in the high field and collision dominated
regime, where drift and collision mechanisms have the same characteristic length.

/
Therefore we set formally l_c = 1 and observe that in the high frequency regime
@
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lc . L .
the Knudsen number ¢ = — 1is a small parameter. Substituting in the previous
0
equation, we get

w»
o

e
+av- Vol + —v.@.v,uW
m*

e e 93> w©
C24m3 o x; Xj X 0V; V) Uk

=-v (w(l) - wi}])) .

The zero order in o gives

e RN 3 w©
C 24mP o x; Xj X 0V; V) Uk

q
$Vx¢ . VuW(l) = —V (W(l) — WSI))

and by Fourier transforming one has

w(l)(x, v,t) ="

1 [ ie PP

i - 10 Fw®
v+ Ly Vi@ 24m*38x,-xjxknn]nk W

+v.Zwl) ()]} (x,v.1).
Approximating w(® with fy;z, we obtain
w(x,v,t) ~ fue(x,v,t) + hzw(l)(x, v, 1), (2.195)

which will be used in the next section for evaluating the unknown quantities in the
moment system, associated with the Wigner equation.

In analogy with the semiclassical case, multiplying (2.190) by suitable weight
functions v, depending in the physical relevant cases on the velocity v, and
integrating over the velocity, one has the balance equation for the macroscopic
quantities of interest

9 ; o
5 /R}w(x,v,t) V(v) d V+VX/R3w(V)V wdlv

+%/R} Y (v) O@lwd’y = /R V() Ew]dv.
(2.196)

In the 8-moment model the basic variables are the moments relative to the weight

. 1 1
functions 1, m* v, — m* v2, = m* v2v.

2 2
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By evaluating (2.196) for ¥ = 1, under the assumption that the necessary
3.,(0)
moments of w)(x, v, ) and ld

with respect to v exist, one has
av; v vk

i/ @[q)]wdf”v:ivx-/ Vow® @y
m* R3 m* R3

PP 3w
| v / Vo @y — & / Y #v|=o,
m* e 24m3 0x; xj X Jgs 0v; vj vk

obtaining the continuity equation

9 I(nVi)

o T ox

=0. (2.197)

In order to get other moment equations we observe that from (2.195) it follows

e e R 33 w®
—V.®- v @y — —/ R
m* " /Rs YV Vow Y 24m3 9 x; xj xi Jgs v dv; vj vk Y

+v/ y(v) (W —wl)) Pv=0, (2.198)
]R3

for each weight function 1 (v) such that the integrals exist.
By taking into account (2.198), multiplying Eq. (2.190) by the weight functions

m*v, Lm*v?, %m* v2v, after integration one finds the balance equations for
momentum, energy and energy-flux

> 2

9 A(nU,
V) + (g U ek, =nC,, (WO,v "5, (2.199)
9 AnS;
(W) + % + ner(O)Ek =nCy (W), (2.200)
X
d(nF, ‘
—( Si) + (" ’) + 37 e*E,-W(0>:nnc;V,(Wm’,V,.‘O),S;O’). (2.201)

Here Vi(o), W© and § i(0) are the zero order components of the average velocity,
energy and energy-flux. Also for other quantities, the superscript (0) will mean zero
order with respect to #2. The components of the flux of momentum and the flux of
energy-flux are defined as

1
n(x,t)
1
T on(x.1)

Uj = m* v; v; w(x,v,1)d>v,

m ViV v 2w(x,v,t)dv.
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The production terms are defined as

nCé,:/sm*vi‘@”[W]dz”v,
R
1 * 2 3
nCy = —m v Ew]d’v,
R} 2

; 1
nnCl,, = —m*viv; €[w]d’v.
w R3 2

Remark 2.4 The quantum corrections affect only the free streaming part, while the
drift and production terms appear only at the zero order.

Therefore Cy (W), Czl;’ (W(O), V}(O), Sl.(o)) and Cj,, (W(O), V}(O), Si(o)) are as in

the semiclassical case.

The system (2.197), (2.199)—(2.201) is not closed because of the presence of the
unknown quantities Uj;, Fy;, C ;, Cyw and Ci,,. We solve the closure problem with
the approximation (2.195), assuming a collision dominated high field regime for the

quantum effects. The results are given by the following proposition

Proposition 2.2 [n the high field approximation one has

Ji=nVi =n VO + omY,

h2
w=wo_ hpe AD + O(hY),
24m*

W’ Be 0°®
i 12m* 0x;0x;
202 ,2
o _ h B e 5
! 24m*2y

h2e 0

—— — A®+ OGY,
8m*2v 9 x; +ow)

h2Be3

+ O0(h*),

Fo— O I® PP 0P

’® 00 09
— + — AP
ox;0x, dx, + d x; )

hz ez

0P

v 3m*3v? 9 x(; 0xj)0x, ax,  4m*3? 0x;0x; 0, x,

W Be’ (0 0P
12m*3p2
h2e? 0AD 0@ h2e
4m*3v2 Ox; Ox;y  24m*?

8x,~ 8xj

— — AP+ |V

(A@Sij—i-S

h’e (8A<1§ >

Cam*y \ oxg 7 0X( Xj Xk

’P
8x,~ an

Vk) + ﬁ(fﬁ)

*d

axi an
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In the previous relationships round brackets indicate symmetrization, e.g.

1

iGk) — =< iji ikj) »
Aigy = 5 (A + A)
1

Ay = B (Ajic + Aig + Ajic + Aji + A + Agi) -

Remark 2.5 In the limit of high frequency v — co one has the simplified model

Ji=nV =n VO + 0@,

hﬂ

W=wO-_—"—Ad+ 0",

hﬂe Po

U = U0 s, —
v v v 12m* axi 3Xj

+O(hY),

S, =80+ om),

e Ete)
F,=F9%_ AD S+ 5
! i 24m*2 ( i+ 0x; BXJ)

From Eq. (2.195) one sees that in the limit v —> oo, wl reduces to the quantum cor-
rection of the equilibrium Wigner function w ). The resulting quantum corrections
to the tensor Uj; are the same as those obtalned in [31] by using a shifted Wigner

function, but with the semiclassical contribution which contains also a heat flux, not
added ad hoc.

2.2.4.8 Quantum Corrected Energy-Transport and Crystal Heating
Model

Assuming the same scaling of Sect. 2.2.4.4, one gets (formally) the energy-transport
equations (3.72) and (3.74) with the closure relations

1 (e) Uik on 3Uik 0P
Vi=— — st —e—
A {CZZ |: n o0xy + Xk ox;
Fu n | OFi _ Se 0)0P
n dx; = Oxx  3m* ax; |}’

noo0xy dx,  3m* ax;

S =2 { © [ﬂa_”+@_5_€w<o>3£}

Usin U, _ 00
n o oxg Xk ax;
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where

A0 = e - el
If also the effect of the crystal heating need to be included, the lattice temperature is
no longer constant and one has to take into the account equation (3.75) as well.
The zero order terms are strictly valid in the parabolic band case (¢ = 0),
in particular the c( s A simple way to extend the results in the case of Kane
dispersion relatlon is to consider for the semiclassical part of V and S the
relations (2.187)—(2.188), but including the quantum corrections for Uy and Fj
according to the proposition 2.2.
For example, in the case v — 0 the complete model reads as

on AV
a ox!

8(nW) o(nS7)
ot ox/

=0,

+neViEX = nCy,

T
pcy a—f —div[k(T,)VT] = H
E=-V.d,
GACDS = —E(ND — NA —I’l),

along with the constitutive relations

a1 ow d
V, = Du(W®, 1) Og" + DTy S + DO, 1) 2
i Xi X;
1 (e) thg e 82¢> (e) h2 e 82¢> 8logn
+A |:( 2 12m* 0x; 0xi * 24m*2 Kt 0x; 0x dx
) (WBe &P 9 [ hle PP
(e) (e)
— A —[——= AP ; 5
T2 G axy (12m* 8x,~8xk) + axy (24m*2 ( et dx 8xk))i|
810gn A

Si = Dy (W, Tp)

+ Dy (WO TL) Wy Dy (W, Ty) o=

1 o h*Be 82¢> © h%e 0?d dlogn
A - AP 5,’ 5
+A |:(c21 12m* 9x;0xx ‘i 24m*2 Kt ox; 0xy X
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(e) (e)

+ — |/ | - — | ——= | A®P 8y + 5

el Xy (12m* 3xi8xk) ‘n Xk (24m*2 ( ¢ ox axk))i|
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If one introduces the equation of state

3
wO = EkB T, (2.202)

the previous energy-transport model can be written using the electron density and
temperature 7', besides the electrical potential, as variables. However, it is crucial
to remark that (2.202) is valid only in the parabolic band case (in analogy with the
monatomic gas dynamics) and it is not justified in the non parabolic case, e.g. the
Kane dispersion relation. In this latter case it is more appropriate to retain the energy
W as fundamental variable.
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Chapter 3
Simulation of Coupled PDAEs: Dynamic
Iteration and Multirate Simulation

Giuseppe Ali, Andreas Bartel, Michael Giinther, Vittorio Romano,
and Sebastian Schops

Abstract This chapter investigates the error transport in dynamic iteration schemes
for coupled DAE systems. The essential theory is developed in detail. Then the
results are applied to various coupled systems stemming from applications in
electrical engineering.

3.1 Aim and QOutline

In practice, we often have to deal with multiphysical descriptions of mathematical
models and as well with systems which exhibit widely separated time scales. A com-
mon approach for multiphysical systems is the application of dynamic iteration (or
co-simulation), which allows to treat each subsystem with a dedicated solver, and
also an according discretization. Furthermore, so-called multirate techniques can be
applied to specifically exploit different time scales.
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To reflect this, the aim of this chapter is twofold. First we address dynamic itera-
tion of spatially discretized PDAE systems, which are in fact coupled DAE systems.
We demonstrate the crucial differences between coupled DAE and coupled ODE
systems by investigating the splitting error of these coupled systems theoretically.
Then we apply the obtained knowledge to coupled systems from Chap. 2. Secondly,
a multirate strategy is discussed and studied numerically.

To this end, this chapter is organized as follows. It starts with the detailed theory
of dynamic iteration schemes for coupled DAE:s. First we consider a single window
and proof an error recursion for any investigated window. Then we treat multiple
windows and generalize the results. In the following section, we apply our results
to some of the DAE models introduced in Chap. 2: refined network models, electric
networks and Maxwell’s magnetostatic equations. Finally, a multirate method for
the coupled simulation of thermal effects in silicon devices is investigated.

3.2 Theory of Dynamic Iteration Schemes for Coupled DAEs

Here we address the time-domain solution of PDAEs by means of dynamical
iteration schemes. To explain the basic concept, let us suppose that we want to
solve an initial value problem for a system of PDAEs, on a time interval [0, z,].
To this end, the time interval [0, 7] is split in windows [t,, #,+1] with so-called
synchronization points #,, which satisfy: 0 = 7o < #; < --- < ty = t,. The windows
are treated sequentially and in each window the subsystems are solved iteratively.
Mathematically speaking, this leads to apply a dynamic iteration scheme.

Coupled systems as our PDAEs, see Chap.2, can be treated with coupled
simulators, each designed and tailored to the respective subsystem’s structure.
This is called simulator-coupling, co-simulation or distributed (time-)integration.
Compared to monolithic approaches, where the overall system is treated by any
standard integration the distributed computation offers potential w.r.t. parallelization
and incorporates adapted step sizes and orders to every subsystem automatically.

Although we have in mind applications to PDAEs, we will develop the theory
of dynamic iteration schemes for DAEs. For practical applications, all the results
presented in this Chapter can be extended to PDAE after performing suitable spatial
discretizations. A detailed example of this approach is given for PDAEs arising in
refined network modeling.

Iteration schemes were first applied to coupled ODE systems, including
multirate, multi-order, multi-method and dynamic iteration. For the latter, which
is our focus, convergence is unconditional (see [10]) if the windowing technique
is applied. However, the situation changes, when this methods are applied to
DAE:s. Here instabilities may occur and solutions can explode even if a windowing
technique is in use. Here convergence, that is, contraction of the corresponding
fixed point operator, can be guaranteed by fulfilling additional stability constraints.
This dates back to Lelarasmee [24] and was applied for single window convergence
[3, 22] and specially coupled systems for multiple windows in [1, 4]. We note that
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the stability restrictions where also encountered in the numerical analysis of DAE:s,
see [16, 21] and [1, 23].

Here we follow [4] with some more details to derive a general representation of
the error recursion for coupled systems. The preceding steps, e.g. for convergence
result, are as in [1]. Furthermore we aim at extracting the underlying principle:
algebraic to algebraic coupling is to be excluded or damped.

3.2.1 Description of Coupled Systems

After applying a suitable space discretization to the PDAE problems discussed in the
first chapter, we are faced with the following simulation problem: solve an initial-
value problems of semi-explicit differential-algebraic equations

y =1(y,z), (3.1a)
0=g(y,z), (3.1b)

where the dot denotes differentiation with respect to time. In this formulation we
do not distinguish between different subsystems, but all subsystems are comprised
within one system. As we will see, this is enough to treat dynamic iteration
schemes. It is specially well-applicable for linear PDE-parts, where space and time
discretization can be easily separated. Also a non-autonomous system can be casted
in this form, by introducing an additional equation: / = 1. We assume that this
problem, equipped with initial values

y(0) =yo, 2z(0) = zo, (3.2)

has a unique solutiony : [0,z.] — R"*, z: [0, ] — R" on the finite time interval
[0, .]. In a neighborhood of this solution the functions f and g are supposed to be
sufficiently often differentiable. Furthermore, it is supposed that

the Jacobian dg/0dz is non-singular, (3.3)

in the neighborhood of the solution. Hence system (3.1) has index-1. Moreover,
the initial values (3.2) have to be consistent, that is for our semi-explicit index-1
system (3.1), the explicit algebraic constraint (3.1b) is fulfilled for the initial data.
Next we discuss the representation of coupled systems. In multiphysics prob-
lems, system (3.1) is often directly given as a coupled system of r DAE subsystems

yi = fi(y.2), (3.4a)
0=g(y,z) (3.4b)
fori = 1,...,r, with yT = (y—{—,...,y—rr), ' = (z—{—,...,z—,r), T = (fT,...,f—,r),

gl = (g—{—, cee —,',—). In addition to the index-one assumption (3.3) for the whole
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system (3.1), we now assume that
dg;/0z; is non-singular foralli = 1,...,r, (3.5)

so that the equations g;(y,z) = 0 are locally uniquely solvable with respect to z;,
with other words: system (3.4) defines an index-1 system for unknown functions
¥i, z; assuming that all other variables y;, z; (j # i) are given as time-dependent
functions.

Sometimes system (3.1) may be given as r coupled ODE systems linked to only
one algebraic equation:

yi =fi(y.2), (3.6a)
0=g(y,2), (3.6b)
fori = 1,...,r. The index-1 assumption now again reads as in (3.3), that is, we

assume that dg/0z is non-singular in a neighborhood of the solution.

Sometimes a separation in subsystems is not a priori fixed by a simple partition
(e.g. (3.6)). This leads to the following notation, where some quantities are assigned
to several subsystems.

Overlapping modeling The structure (3.6) gives more freedom in a dynamic
iteration scheme by applying appropriate overlapping strategies [2]. For such a
strategy, the system is replaced by a number of overlapping subsystems, defined
by means of splitting matrices. As splitting matrices we introduce P; € R with
1 <Il; <n,andrank(P;) =[; fori = 1,...,r, such that the matrix

(P ...P,) € R"™*Xi%) has full rank n, (3.7)

(thus we implicitly require >, I; > n.). In this way, arbitrary parts P—i'—g of the
algebraic equation (3.6b) can be extracted, since it holds:

(Py,....,P.)'g=0 ifandonlyif g=0.

Next, we assign the extracted components to the i-th ODE subsystem to define r
overlapping DAE systems:

yi = fi(y. wi), (3.8a)
0 = Pg(y. w), (3.80)
substituting z by w; (fori = 1,...,r). Also z is split into further components

7; := P!z, such that it holds

w; =z = (1-P;P))z+P;Z. (3.9)
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This splitting is crucial for any modular time integration to come. Adding the
coupling equation (3.9) to the rth system, we obtain in fact:

yi =f(y.z.%), (3.10a)
0=2g(y.z1), (3.10b)

fori =1,...,r, with

fi(y.2.z) = f;(y. A—P, Pz +Pz;), i=1,...r
8(y.2.%) =P gy, A—PPHz+Piz) i=1,....r—1,
Plg(y, d—P,P))z +P,7,)

gvz2z):=|, [(I— S PPz + ZP,@}

J=1 J=1

If the original system (3.6) has index-1, then also system (3.10) has index-1. In
fact, the index-1 conditions for system (3.10) are:

P-,-r (0g/0z)P; regular,

p
Z P; P}— regular,
i=1

which are ensured by the index-1 condition (3.3), and by the definition of our
matrices P;, which satisfy condition (3.7).

Lastly, we notice: (a) according to our system (3.6), we have only overlap-
ping in the algebraic system; of course, more general situations are conceivable;
(b) the case of additional coupling equations can be also retrieved within the above
discussed case.

Next, we discuss several types of iteration schemes, which we can identify with
splitting functions.

3.2.2 Iteration Schemes for Coupled DAE Systems

The idea of our dynamic iteration schemes is now to work directly on the splitting
structure of system (3.1) given by either (3.4) or (3.6) to exploit the varying
properties of the subsystems via multirate and multimethod approaches.

Before going into the details of exploiting the special structure, we define a
generic dynamic iteration scheme in the following. In a first step we split the whole
integration interval [0, 7] into windows [t,,, ¢, +1] C [0,2.](n = 0,1,..., N —1 with
to = 0andty = 1,), of size H, := t,41 —t,. As already mentioned, this windowing
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technique guarantees convergence in the case of purely coupled ODE systems and
for DAE systems additional stability restrictions to be discussed play an important
role (for convergence and fast numerical computation of solutions).

Let us now consider a window [t,, #,+1] and suppose that the numerical solution

F.2)" : [0,1,] —> R xR™

has already been computed for ¢ € [0, ,,]. To get a numerical approximation in the
next window [t,,, t,+1],

y|(tn~,tn+l]’ Z|(tn~,tn+l]’

we proceed as follows:

* Extrapolation step: the iteration starts with

~(0) -
Yo | =@, (Yl“"—"’"]) with @, = (q’”), (3.11)
zn zl(fn—qun] qJan

where ®, : (:‘,,1’_01 — C!9 denotes an operator that extrapolates (¥, Z) continu-
ously from (#,—1, #,] to [t,, t,+1] with corresponding spaces

C ={.Dupq] - (v.2) € C,},
CH0:=C'([ty, tst1], R™) x C([tn, ta41], R™).

The most simple initial guesses are constant functions

FO0 =36, 200 =) (Fat €t

which results in approximation errors proportional to the window size H,.
Approximations of higher order may be obtained by using higher degree
polynomials. In any case, these extrapolation operators satisfy uniform Lipschitz
conditions independent of the window size (see [1]).

 [Iteration step: the k-th iteration step in the dynamic iteration scheme (with k =
1,...,k,) defines a mapping

Sk=1) (k) Sk=1)
Yn Yo . Yn ; Wy
-n]—1> = Lo with ¥, = , 3.12
(z,‘{‘ l>) (z;k>) (3 l>) =(u) e
W, : C}0 — C!0. Here we assume k,, to denote the finite number of iterations to

be performed in the n-th window ([t,,, #,+1]). Regarding the general setting (3.1),
the iteration operator W, is implicitly defined via splitting functions F and G by
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solving the initial value problem

~(k) — F(y(k) (k D ~(k) Z(k—l)) (3.13a)
0= G(y(k) ~(k n, *(k) Z(k D) (3.13b)

with initial value
(k)(t ) = y(k D). (3.13¢c)

The splitting functions F and G can be chosen as arbitrarily smooth functions
provided that they are related to the right-hand-sides f and g of the DAE system
(3.1) by the compatibility conditions

F(y.y.z,z) = 1(y,2), G(y.y.z,z) = g(y,2). (3.14)
As f, g are assumed to be sufficiently often differentiable, this is also assumed
for F and G.

Remark 3.4 Notice, that the analytic solution (y, z) is a fixed-point of the iteration
operator W, due to the compatibility conditions (3.14).

With these notations the dynamic iteration step for window [t,,f,+1] may be
written as composition of the above introduced operators:

(g’l(t,,,t,,Jrl]) (\.I,lk” od )((YI(tn ll‘n])) (315)

Z (1,1, 41] Z|(t,—y.1,]

We now come back to the question how to exploit the given structure of the
coupled DAE system. If the DAE system is given in partitioned form (3.4), we are
looking for numerical approximations

Y. = (yl,)u ey Yr.n)T, in = (Zl,na ey Zl‘.n)T

in split form. Now the iteration operator ¥, should reflect this partitioning. Instead
of (3.13), ¥, is now implicitly defined by the r initial-value problems

vO = B, §ED 70 70Dy, (3.16a)
0= G;FP,§k=b 70 k=D, (3.16b)
fori = 1,...,r, with initial value

¥ ) = 3570 @), (3.16¢)
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Again, all splitting functions F; and G; are related to the right-hand-sides f; and g;
of the DAE system (3.4) by the compatibility conditions

Fi(yv Y.z, Z) = fi (ys Z)v Gi(yv Y.z, Z) = gi(yvz)'
And it holds:
T =(F],...,F) and G’ =(G],...,G]).

In the notation of splitting functions, the following important classes of dynamic
iterations schemes for the coupled system (3.4) read as:

F; (50, §UD 700 70Dy _f(Yl(kn)’Z(k)) (3.17a)
GiG®, 540,75, 750 = g,(Y®), 20, (3.17b)
fori =1,...,r, with:

e Picard iteration:
k k—
Y =y,

(k) _ =(k—1
Zi,n - Z; )’

e Jacobi iteration:

(k) =(k=1) ck=1) =(k) =(k—1) k—1)\T
Y - yln veees Yio ln’yzn’yl+ln"“’y£n )) ’
(k) ~(k 1) ~(k 1) ~(k) ~(k 1) k DNT
Zi, _( ceen 2 ln’ztn’ i+1ln" ( ))

e Gauss-Seidel iteration:

(k) (k) (k) ~(k—1) (k=T
(yln"“’yln’yl-l—ln""’yf‘.n )) ,

(k) _ (k) (k) =(k—1) k INT

Z, = (zlqn,...,zi,n,ziﬂqn,.. ( ))

These techniques can be applied to the system derived from overlapping (3.8).
The involved multiple computation of certain quantities, enables higher flexibility
with respect to stability, as we will see. In the following we discuss a variant of the
Gauss-Seidel scheme.

Overlapping technique For a DAE system given in form (3.6) (with an overall
algebraic equation), overlapping was introduced in (3.10) with dynamic iteration as
the method of choice [2]. For a Gauss-Seidel-like scheme, this overlapping modular
time integration reads as follows. First, each subsystem

yi :fi(y17”‘7y1‘7wi)a (3183)
0="Plgy....y,, W), (3.18b)
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fori =1,...,r,is equipped with the relation
W, = I—P,P )z~ 4 PP 2",

introducing an additional stage vector Zl(.k) , which serves as an intermediate
approximation for components of z. Translated into splitting functions (and adding
the Gauss-Seidel scheme), this leads to system (3.16), with

F (y)(1k)’yl(1k 1) (k) "(k 1)) — f (Y(k) W(k)) l — 1’ co T

n’

G P, 3%, 70 75Dy = Pl (Y W), i =1 -1,

nn’

G, (y(k)’ (k=1) *(k) ~(k 1))

PTgr(Y(k) W(k))
=\ =k r ~(k—1) r k) | >
<z,, —(I—ZFIA,-P,-PI) A S ) 2 A )
where we have posed

(k) (k) ~(k) ~(k—1) ~(h—1\T
Y =@ Yipro o Yin Yigrnr -0 ¥ ﬁn ))

(k) =(1-P PT)z(k h 4 P; PTZ(k)
Thereby in the last algebraic constraint, we have introduced additional matrices
A; e R (G=1,...,r)

as free parameters for enforcing better stability properties. Notice that the special
choice P; = e;r, A, =1(G = 1,...,r) leads back to system (3.4), solved by
the Jacobi-like iteration scheme, while regarding the algebraic part only. Last, the
index-1 hypothesis, leads to the assumption that

the matrix Z AP; P}_ is regular. (3.19)

J=1

This is the case, if (A1Py,...,A,P,) has full rank.

The discussed method corresponds to a dynamic iteration for the overlapping
DAE systems (3.10), with slight generalization with respect to the free parameter
matrices.

Applying Gauss-Seidel, Jacobi or Picard like dynamic iteration schemes, as well
as overlapping modular time integration, to coupled ODEs convergence may always
be achieved using sufficiently small window sizes. In the application to coupled
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differential-algebraic equations, however, two additional contractivity conditions
have to be satisfied to achieve

* Convergence within one window, and
* A stable error propagation in the algebraic components z from one window to
another.

This will be the topic of the next sections, where we generalize corresponding results
of [1] obtained for a special coupled system to the general case of system (3.1).

3.2.3 Convergence and Stability

In the following we address the convergence of the above defined dynamic iteration
schemes. That is, we want to deal with (a) the error within one window, and
(b) the transport and amplification of error from window to window. To this end,
we introduce the related error notations. First, we derive the error recursions for the
error within one window, and prove convergence within each single window under
certain stability requirements. Secondly, we treat a finite number of windows and
prove the convergence under the related requirements.

We consider an analytic error recursion, thus error due to time integration are
not considered explicitly, here. We follow basically [1], but put everything in a
more general context as already started in[3]. Thus in fact, only Lemma 3.1 and
the exact definition of « differ from the preceding work. Here we adopt a more
general viewpoint, to reveal the most prominent structural properties.

3.2.3.1 Error Recursion

Following standard procedures in error analysis, e.g. [21], we define the global error
€yn(t), €,,(t) on the n-th time window (¢t € [t,,%,41]) as the difference of the
numerical approximation y(¢), z(¢) and the exact solutions y(¢), z(¢), where the
unknowns and hence the errors are split into algebraic and differential components:

(67)im (G 20) = ot (Bl (2.
€1n (Z—=2) [(t.,41] 2|41 .1,] Z(t,.,14)

Here the numerical approximation on the current time window is given by an
approximation on the previous time window, which is extrapolated by &, and then

ky-times iterated by the dynamic iteration operator (e.g. using the Gauss-Seidel
scheme).
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Classically, the global error is split into contributions from previous windows
due to error propagation ey ,, €, , and into the errors from the current window dy ,,
d,,,ie.,

€yn =€y, +dy, (3.20)
€,n = €z1p + dz,n7 .

where the propagated errors are described by

(ey’") = (W 0 @,) (yl(’"‘l*’"]) — (¥ o @,) (y'”"”"]) (3.21)

ezv" Zl(t,,—l,t,,] Z|(tn71~,tn]

and the local error contributions by

dyn) k, (Y|(t t]) k (Y|[t 1 ])
T)i= (0,0 d e e wintih) (3.22)
(dz,n ( " n) Zl(t,,,l,t,,] " Zl[tnsthrl]
The sum gives indeed global error, since the exact solution (y, z) is a fixed point
of ¥,.

To investigate the convergence of the dynamic iteration scheme applied to

system (3.1), we introduce a neighborhood %, , of the exact solution x|,
(¥.2)|(1,.4,4,1» defined for any given d > 0 by

stn+l] =

Uin = {(Y, Z) e Cnl’o : HY_YI[tn,thrl]Hz,oo’ iZ_ZI[l‘nvthrl]HZ,oo = d}’

with [|v]|2..0 = max, |v()|, where the maximum is taken on the interval of
definition of the vector function v(¢), and | - | denotes the vector 2-norm, that is,
the Euclidean norm. Furthermore, we assume:

Assumption 3.1 For our problem, there exists dy > 0 such that

o The splitting function F is Lipschitz-continuous in all

3.23
its coordinates on %y, » with constant Ly > 0, ( )
o The splitting function G is totally differentiable, and (3.24)
its derivatives are Lipschitz-continuous on g, n, .
o The partial derivative G, is invertible on %y, . (3.25)

The Lipschitz continuity means: for any fixed time ¢ and for any set of vectors
Y;.Y, € R", Z;,Z; € R%, [ = 1,2, that satisfy |Y; — y(@)|, |Z; — z(¢)|,
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IY; — y(0)|. |Zi —2z(t)| < do, it holds

F(Y1.Y1.Z1.2)) —F(Y2.Y2. Z5. Z)|
< Le(IY1 = Yo| + |Y1 = Yo| + |Z) — Zs| + |Z) — Zs))

To have a well-defined solution to (3.13), we have the second and third assumption;
it is analogous to the index-1 condition.

For 0 < d < d, let us consider arbitrary functions X := (Y, Z)T and X :=
(Y,Z)" € %, and denote their image after k dynamic iterations by

Y, =V X, Zy =V X,
ok k% 7k k % (3.26)
Y, = X, Z =V X

Do not confuse the above definition (3.26) with the notation in (3.17).
Let us denote distances of the y-component after k dynamic iteration by

Ak (X X)) = YE(1) — YEQ).

AF (X X)(0) = ZE () — ZE ().
8, (X.X) == || AF,(X. X)]|2.00-
8 (X, X) = || Ak (X, X)|]2.00-

(3.27)

Now, we deduce an estimate for the error when the dynamic iteration is applied to
the functions in %, ,. As in [3], we have

Lemma 3.1 (Error recursion) Given a DAE (3.1) — with initial conditions (3.2) —
and a dynamic iteration (3.13) with consistent splitting functions ¥, G. For the
current time window [t,,, t,+1] let Assumption 3.1 hold true. Then there are constants
C,c¢ > 0, such that for d < min{dy/C, 1/(2¢)}, H < Hy :==1/C, and

wEIX wkIx e 24,

implies
XN e (B SR ()i %) (3.28)
8,x.%) =T \ex %)) o) T
with
CH CH
Ko , (3.29)
(C CH+ozn)

an = (1+¢d) |G Guu—n|l2.00 + Cd. (3.30)
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Notice A7 '(X, X)(t,) = A9, (X, X)(1,) denotes the offset due to differing
initial values at the beginning of the n-th time window.

Proof We apply the technique used in [1, 3]. First we show
WX, WX € Uy = 85,(X,X), 85,(X.X) < Cd (3.31)

thus 81§,n (X, X), 85, (X, X) € %y, ». On the one hand, we investigate the differential

part (3.13a). To this end, we write this equation for any two sets of functions X =
(Y.Z)T and X = (Y,Z)" from %, which approximate the solution at the start
of the dynamic iteration. Here we take the difference, and time integrate over the
interval [z, 7], with ¢, < T < t,41. This gives for the k-th iterate, with k > 0,

|AF (X X)(0)] <148 X X) (1)

+LF[{|A LXK + |41 (X, K|

n

+ |A (X X)| + IA (X, X)|} (3.32)

using Lipschitz-continuity and consistency of F, and observing that the initial value
does not change in the iterations

AN X X) (1) =AY, (X X) (1)

On the other hand, the algebraic part (3.13b) can be solved for variable Z*) =
¢ (Y®  YE=D Z(*=D) due to Assumption 3.1. The Lipschitz continuity of ¢ (due
to the implicit function theorem on %4, ,,) leads to

|AK (X, X)| = [¢(Y®, YED zEDy _ gy @ y&=b zE=D)|
(3.33)

IA

L (145, XX + 145 (X, X)| + 145, (X, X))
for some L $> 0. Plugging this estimate into (3.32), we obtain

8y (X.X) <14y, X, X) (1)

+L0H<5k (X, X) + 651X, X) + 85,1(X, X))

where Lo := Lp(1 + L<i3)‘ Now solving for 81§,n (X, X) gives

- Lo
s XX) < 1+ ——
v )—( "1 LoH

Ly
+—
1—LoH

)|A LX) (1))

(5" (X, X) + 851X, X))



116 G. Alietal.

The smallness of H,i.e., H < Hy = C~!, implies for C > L,
HLy< HyLy<1.
This motivates the definition ¢, := 2Lo/(1 — LoHo) from which follows
5, XX = (145 H ) 145 X X))
+ H(sk "X, X) + 651X, X))
< AT X X (1)] + ¢y H (85,1 (X X) + 85,1 (X, X)), (3.34)

because the initial error at time ¢, is smaller than the maximal error on the whole
interval

| AN (X, X)(1,)] < 81X, X).

= %mn

Estimate (3.34) controls the error propagation for the differential variables, and it is
the first line of the estimate (3.28) with the global constant C > max {cy, Lo} =cy
(so far).

From the estimates (3.34) and (3.33), it is immediate to prove (3.31). In fact, by
hypothesis, the (k — 1)th iterates differ at most by 2d, so we have

85,(X, X) < 2(1 + 2¢, Ho) d,
. (3.35)
8, (X.X) < 2L;(3 + 2¢, Ho) d.

Thus (3.31) holds with
C > max {cy, 2(1 + 2¢, Ho)d. 2L (3 + 2, Ho) d} .
The error recursion estimate for the algebraic component, in the second line of
estimate (3.28), can be deduced from the following homotopy of the kth iterates: let

0 € [0, 1], and let us put

YOO 1) = oYk (1) + (1 - 0)YE (0).
200 (1) .= 0ZE (1) + (1 — 0)ZE (1).

For the splitting function of the algebraic part, we use the short notation

IG
G(0) := G(Y®? yk=Db 700 7k=DE6)  and  Gu() = a0
u
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for any argument u of G. Notice that G(0) = G(1) = 0. Thus a version of the
fundamental theorem of calculus yields:

0 =G(1) - G(0)
1
= / (Gy(k)(Q)Al;,n (X, 5() + Gy(k—l)(Q)Ak (X, X)
0
+ G (0) A%, (X, X) + Gy (0) 4571 (X, X) ) o, (3.36)

since —Y(k) 0 = Ak (X X), and so forth. The upper bound of d in terms of d, i.e.,
Cd < d,
allows us to use the Lipschitz continuity of G,& on %y, (inside the integral

of (3.36)). We denote the corresponding constant by L. Together with the above
estimate (3.31), we obtain for any time ¢ € [t,,, £, +1]

1Gu(0) = Gu(d)] = L |6X5@) + (1= OYE()
—0YE (1) — (1= B)YE@)
o+ 0ZET )+ 1 - 0)ZE ()
- 0z (1) - (1= Dz o))
= Lor10 - 01(14%, (X R0] + 4% X X)|

+ 145, (X X)| + |45 X X)) < ¢pd
(3.37)

(This defines ¢, in the obvious way.) The operator G;kl) (0) exists due to Assump-
tion 3.1. Left-multiplication of (3.36) by G;,l) (0) yields:

1
0= [ 640)((6400) + [Go (8) = G O)]) A, (X,
(Gz(k—l)(0)+[ 26— (0) — Gu— 1)(0)])A (X X)
+ (Gyw (0) + [Gyw () — Gy (0)]) AT, (X, X)
(

Gy (0) + [Gyumn (8) = Gy (0)]) A1 (X, X)) .

The matrices G;,f), G-, Gy(k), Gy(k—l y are uniformly bounded on %, ,. Let the
constant be denoted by cg,. Now, this equation is (partially) solved for the first bit of
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Ak (X, X). Using
G G l2 = [IGi) Gu—n][2(0)
= |G Gur [[, (Y5 (0). Y3 (1), Z3 (1), Z3, (1))

and applying the maximum norm in time as well as (3.37) gives
5, %) = (1165 Guanloo + 5) 555X K)
¢ ~
+ 5 d8,00X) + e (8, (X X) + 87, (X, X))

with ¢, 1= (cgd + ¢;) ¢ and ¢ 1= 2cgc,. Inserting the estimate for 81§,n (X, X)
(3.34), we deduce, having H and d small enough, such that d < 1/(2¢), the
estimate

kXX) <(1+ cd)ch(|A {XX) (1) + (1 + ¢y H)8E (X, X)) (3.38)

+ (1 + &d)(cney H + 116} Gyuonl 200 + d)8 "X, X)
< (1 + &d)en(2 + ¢, Ho)sk, (X, X) (3.39)

- _ ¢
+(1+ cd)(chcyH + ”Gz(kl) G- |]2.00 + Ed) 3k (XX,

(H < Hy). Finally, summing up, the global constant C should be large enough to
state (3.31) from (3.34), (3.35) and to obtain from estimate (3.39) the claim (3.28)
with (3.29). Hence we conclude

C > max {cy, 2(1+ 2¢,Ho)d. 2L;(3 + 2¢, Ho) d

(1 + éd)en2 + ¢y Ho), (1 + éd)cpey. g}

Then (3.34) and (3.39) yield the recursion (3.28), our claim. |

When iteratively applying Lemma 3.1, one can deduce the following rather
technical result, which is proven for an analogous recursion in [1]:

Proposition 3.1 (Recursion Estimate) Ler the splitting functions fulfill the
assumptions of Lemma 3.1 and o, < 1, C > «, then there is a constant Cy
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such that
8, (X X)) _ (CAEC + Hp™ D acHpk 80,(X.X)
8, (X, X))~ 4cuy! tE 4 (un — an)* ) \87,(X.X)
1+ CoH .
+ ( T ) 80,(X. K) (1)
C() ’
(3.40)
with
(otn, H) + 2CH (3.41)
Mn = LUy, =0 T —— .
s+ VH

is satisfied for all k > 1 and for all H < H,.

This result is proven for a similar setting in [1]. It is established using the same
arguments as in the proof of Theorem 3.1 for the local error: the iteration error is
determined by the powers of its matrix K as given in (3.29) and the computation of
the eigenvalues and eigenvectors as in (3.44) proofs the claim.

Next, we will employ the above estimates to show that the mapping is indeed a
fixed-point operator.

3.2.3.2 Contraction and Local Error

We consider in this section the local error as defined in Eq. (3.22) only, where the
error of a single iteration starting from exact data is analyzed

kn
dyJ’ = Ay,n (X|[tnvtn+l]’ ¢7’X|(tn—lstn])’

and analogously for d,, with x := (y, z)T in both cases. We follow [3] and the
strategy from [1] to proof the following result, that is already predicted in [19].
It shows that the crucial point in the coupling lies in the algebraic-to-algebraic
coupling, which is represented by the additional DAE-contraction factor «.

Theorem 3.1 (Contraction) The splitting functions shall fulfill the assumptions of
Lemma 3.1 including the index-1 assumption. Furthermore, let X denote our exact
solution. Then for d and H < Hy small enough the map

8y Kl PoXl 1) > 85 Rl 401- Pl 1.,0) (3.42)
is strongly contractive for all k provided that

IG ) Gy |12.00 < 1. (3.43)
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Proof We show contractivity for the constant extrapolation with )7,50) =y(t), zﬁ,o) =
Z(t,), from which the contraction for any higher order polynomial extrapolation
follows automatically.

By induction we setup the error recursion (3.28) in %, ,,: as induction basis, we
have for k = 0 and t € [t,, t,+1]

IAg,n(X“thnJrl]’ Qx| (1, .0, (7) = i/ f(y, z) dr | < csrH,
tﬂ
where ¢y := ||f(y,Z)||2,00. Then the index-1 assumption implies for z

|Ag,n(x|[tn~,tn+1]’ q>nx|(tn71~,tn])|(t) = i¢(q>y,nxl(tn71,tn]) - ¢(Y)i
L¢‘q’y,nx|(tn—1,tn] - Y‘
< crLgH;

IA

thus choosing H sufficient small, such thatc s (Ly + 1) Hy < 1 (and H < Hy), we
obtain an extrapolation, which lies in the neighborhood of the solution: ®,x € % ,,.

Recall the definition of the matrix K (3.29), which denotes an upper bound on
the error recursion. Now, the mapping (3.42) is contractive if the spectral radius
p(K) < 1. The eigenvalues of K are

1
Aia(K) = E(an Y2CH+ ,/a5+4c2H), (3.44)

Therefore o, < 1 is sufficient for contraction provided that d and H, are small
enough. Inspecting (3.30), this translates into:

IG ) G [l2.00 < 1.
Eventually applying Lemma 3.1 iteratively and using

8;’),n(xl[tnstn+l]’ q)nxl(tnflstn])(t”) = 0

concludes the proof. O

Remark 3.5 (Convergence Order of Iteration) The eigenvalues of K, defined in
(3.29), suggest a certain order of convergence (i.e., for the asymptotics as H —
0) for the dynamic iteration (3.13): For the rate of convergence, we use Taylor
expansion of the square root term in A(K) (3.44) and find

a2 +4CH = o, (1 +2CH/a2) + O(H?).

This suggests a order of o, + O(H), if o, does not vanish and 4 C*H < o?2. For
o, = 0, we have order v/ H.
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We notice: convergence of the DAE-distributed time integration depends on the
stability of the algebraic-to-algebraic component coupling (3.43) (and, of course,
depends on the mentioned hypothesis). Thus modeling coupling is important for
DAEs and should be organized if possible in a way, s.t. contractivity (stability)
is directly given. The following important special case avoids these kinds of
dependencies:

Corollary 3.1 (Simple Coupling) Let the hypothesis of Lemma 3.1 be fulfilled.

(i) If no algebraic constraint depends on an old algebraic variable, i.e.,
G-y =0 (3.45)

then contraction is archived with o, = 0.
(ii) If no algebraic constraint depends on an old algebraic or a differential
variable, i.e.,

Gz(k—l) = 0 and Gy(k—l) = 0 (3.46)

then the contraction is archived with convergence order H .

Proof We discuss (3.36) for the special cases in which the given partial derivatives
vanish.

(i) The assumption G,«—1y = 0 gives the following estimate for the algebraic part
replacing (3.39)

85,(X.X) = <C 851X, X) + CH 88,1 (X. X).
This is (3.28) with o, = 0. This result is in the spirit of the numerical DAE-

theory (cf. [21]).
(i)) Analogously Gyi-1) = G- = 0 yields

8, (X.X) = (1+ éd)en (145 XX (1)] + ¢, HE, (X X))
+ (1 4 éd)eney H 851X, X)

N/

replacing (3.38). This give the error recursion

8y, (X.X) <CHS8 ' (X.X) + CH 8}, (X.X) + C|A),,(X. X)(1)]

which unveils a contraction operator K = ¢ (H) and hence implies a
convergence order of H, cf. Remark 3.5. Only the initial offset cannot be
improved.

|
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Now still following the strategy from [1], we prove estimates for the local
and propagated errors, and conclude from those results the overall stability and
convergence of the method for the nth time window.

Proposition 3.2 (Local Error) Let the assumptions of Lemma 3.1 be fulfilled, then
the recursion (3.40) with w, (3.41) of that Lemma holds. Moreover, then there is for
a sufficiently small H < Hy a constant Cq~, independent of H, a,, and k,, such that
the local error is bounded by

where the right-hand-side is given in terms of the extrapolation errors

0. 0,kp—2) <0
8)1 'ZM’I;‘IZIX( )Sy,n (X|[t,,,t,,+1], q>nx|(tn71sl‘n])

kn_
+ 1 8 Kl i1 PuXl 1,10

Proof The proof of Theorem 3.1 showed that ®,X|(,_, 1,] € %a,» for H sufficiently
small. Therefore applying Proposition 3.1 to the specific functions

X = X040 and Xi= @xg, )

where x = (y, z) is the exact solution. Notice 80 (X, X)(t,) = 0 holds, since the
initial values are equal. Summation of the two equatlons in (3.40) yields the claimed
estimate. O

This proves convergence for one window (for k, — 00), since u, < 1 for H
sufficiently small. Next, we have to address the error transport, since the iteration is
stopped after a finite number of iterations and we are not performing k,, — oo in
the numerical treatment.

3.2.3.3 Stability and Convergence for Windowing Technique

To obtain convergence and stability of the method on multiple windows it is crucial
to control the error propagation from the previous window to the current one, hence
we need to inspect

e)’v" = Al;zll’t(q)nxktnflatn]’ ®ni|([n,1,[”])

and the similar expression for e,, (here x denotes the analytic solution and X an
approximation). The following result is again a consequence of Proposition 3.1

(cf. [1]):

Proposition 3.3 (Propagation Error) Let an continuous extrapolation (3.11) be
given, that is of accuracy O(H) and satisfies a uniform Lipschitz condition (with
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constant Lg) and a dynamic iteration (3.13), which fulfill the assumptions of
Proposition 3.1 with u, < 1, then there is a constant Ce» > 0, such that the
propagation error is bounded by

||ey,n|| < 1+ Ce* Ce'H . ||€y,n—l|| (3.47)
ezl Ce O+ ||€zn—1]
with o, depending on the Lipschitz constant Lo of the extrapolation operator

) = Lo (Ui + (1n — oty)*") (3.48)

Proof When applying Proposition 3.1 to the extrapolation of exact and erroneous
functions of the previous time window

X = an|(tn71atn] and X = q)”i|(tn71stn] N

we will have an offset in the initial values (at #,), which is bounded by the total error
on the interval

1AY 1 (@aXl 1,15 Pl ) @D =< 1Y = Fl 11001

Furthermore the extrapolation operator is a uniformly Lipschitz continuous mapping
with Lipschitz constant L, hence we have

52(q>nx|(t,,71,t,,]7 q)ni|(t,,71,t,,]) S L<I> (”y - yll(fn—qun])

| |z - i' |(tn—lstn]
eyn—
(o),
| |ez,n—1 | |
that completes together with Eq. (3.40) of Proposition 3.1 the proof. O

Now bringing all pieces together, we obtain the following result on stability and
convergence

Theorem 3.2 (Stability) Let a continuous extrapolation ® (3.11) be given, that is
of accuracy order O(H) and satisfies a uniform Lipschitz condition (L), further
a dynamic iteration (3.13), where the splitting functions ¥, G are consistent and
for the current time window [t,, t,+1] let Assumption 3.1 hold true, furthermore the
contractivity constant is bounded

o, <a<l1 and Loa

<a
and the numerical solution remains close to the exact solution

lleymll + |l€zm|| <d for0<m <n,
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then there is a constant C* > 0, independent of n and H, such that the total error
on the time window [t,, t,+1] is bounded by

||€y,n|| + ||€zn|] < C*Oglﬁiﬁn 5?,1 <d (3.49)

all for a sufficiently small step size 0 < H < H,.
Proof According to Eq.(3.41) we have u, = «, + O(H) and by assumption
Loak" < @, hence

oy = Lo (1) + (tn — 0)*") = Lo (o + O(H)" + O(H)™)) < 1,

and therefore the maximum is bounded as well

o' = max o, <1.
0<m<n

Now combining the results from Propositions 3.2 and 3.3 yields

lleynll < 1+ Ce CeoH . [leyn—1l| T Cy- H&?
||€z,n|| B Ce* a* ||€z,n—1|| Cd*g,?
and this proves the left half of (3.49), the right bound is enforceable since the

extrapolation error §0 = ¢&'(H) decreases with the step size. O

One can use Theorem 3.2 to prove by induction that the numerical solution
remains close to the exact solution, analogously to the application in [1], then the
overall convergence and stability follows by

Corollary 3.2 (Global Convergence and Stability) Let the assumptions of Theo-
rem 3.2 be fulfilled, then there is a constant C*, such that the estimate holds

117 = yllos) + 12— 2llps) < C* - max &,

0<n<N

where 8° is the extrapolation error on the m-th window.

This result shows convergence and stability, since the global error can by controlled
in terms of the step size H, which determines the extrapolation error.

3.3 Applications in Electrical Engineering

In this section we show how the dynamic iteration theory can be used to study the
convergence of iteration schemes for the main coupled models introduced in the
previous chapter. These problems basically stem from chip design.
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3.3.1 Refined Network Models

We consider an electric network with semiconductor devices, modeled by drift-
diffusion equations. The electric network is described by the MNA equations, which
can be written in the form:

d
Ac 3/9¢ (ALu) + Agr(Afu) + ALip + Aviy + Asif +4 =0,
d
390 —Aju=0, (3.50)
AIT,u —vy = 0.
This system is supplemented with initial data for the differential part,
Pcu(ty) = Pcugy, ir(t) =1iLp. (3.51)

Here, we have Pc = I — Q¢, where Q¢ is a projector onto the null-space of AT,
and we are assuming index-1 conditions for the uncoupled MNA system.

The above equations are coupled, through the current term A, to the drift-
diffusion equations which describe the devices contained in the circuit. Here, as an
exemplification, we use the space-discretization derived in the previous Chapter, by
means of the Box Integration method. Then, assuming for simplicity that the circuit
contains a single device, this device will be described by the time-dependent vectors
¢, n, p, comprising the values of the electric potential ¢, the electron concentration
n and the hole concentration p, evaluated on the inner grid points, and by the time-
dependent vectors ¢a, n?, pa, comprising the values of ¢, n and p on the boundary
grid points. As we have seen in the previous Chapter, these vector functions satisfy
the following equations:

Ag$ +AL¢” = by(n, p),
A% +¢° = b} (up),

d
Ao + Ay (@)n + Al (¢)n? = b, (n, p),
dr (3.52)
A’n+n® =0},
dp F) 9 __
AoE + A, (#)p + AL (@)p" = b, (n. p).

A’p + p’ =b).
These equations must be supplemented with initial data for the differential variables,

n(to) = ng, p(to) = po- (3.53)
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The MNA equations (3.50) and the device equations (3.52) are coupled by
means of appropriate relations which express, on the one hand, the boundary
electric potential up in (3.52) in terms of the network variables (network-to-device
coupling), and on the other hand, the device current source term A in (3.50) in
terms of the device variables (device-to-network coupling). The network-to-device
coupling is given by:

up =Shu. (3.54)

The device-to-network coupling is more involved. In Chap. 1 we have introduced
two alternative formulations. In the first formulation, the device-to-network cou-
pling relation is given by:

d¢

A =Apip, ip=A°"—
plp 1p ar

+ AL (@)n + A7 (9)p. (3.55)

with Ap = SpAp. This formulation is problematic, because of the appearance of
the time derivative of ¢, which is an algebraic variable for the uncoupled device
system. Thus, after the coupling, the set of differential variables generally differs
from the union of the differential variables for the network and the device system,
considered as uncoupled.

For this reason, we consider the alternative formulation,

d - - -
A =Ap(CpAlu) +ApTp, Jp=A;(9)n+A; )P (3.56)

In this formulation, it is simpler to see that the differential variables for the coupled
system are Pcu, iz, n, p, provided the additional condition

ATQc =o. (3.57)
Under this condition, we can identify the differential and algebraic components,
and we set
b= (P s (2,
17 1y
and

<

w

]
QU
I
—
N
N—
N
QU
I
S I
ISR
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Then, using the standard reduction to differential and algebraic equations, by means
of appropriate projectors, the two systems of equations can be written in the
following form:

y(’ = C(y(’szcwx)s
0= gc(ye,Ze),

. (3.58)
Ya = ta(ya.2aq),
0 =gi(ya,2a,up),
with
A = A(ya.zq) == Ap[AS(@)n + AS () pl.
Also, we have
up =S], (Pcu+ Qcu) = Sp(ye + zc),
so the above system becomes
yC = f:‘((yc‘szc‘v ydvzd)v
0= 2 Ze),
g (Ye,2c) (3.50)
d =%i(ya.2a),

0=g;(Ya,2d,¥c,Zc)-

Next, we apply the dynamic iteration theory, expounded in this Chapter, to the
coupled system (3.59), by using the Gauss-Seidel method. We can use to different
strategies: circuit-device iteration, and device-circuit iteration. For the circuit-device
coupling, we have!:

(k) f*(yﬁk), iik), yfzk n, ~fik 1))
(k) (k)

0=g(yc ', 2 ), (3.60)
(k) _ (k) ~(k) ’
=1 (yd 2, ),

k k) ~(k) ~(k
0=g: ",z 3070

We can observe that in this case the matrix G, «—1 is identically zero. Thus, by
Corollary 3.1, this scheme leads to an unconditionally, strongly contractive map.

IFor simplicity we omit the subscript 7.
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By contrast, if we consider the device-circuit iteration scheme, we have

Vo =1aGy. 7)),

0= g (y(k 1) Z(k 1) ~(k) ~(k))
§O = G050,

0=g@F", zif‘))

and the condition (3.43), in Theorem 3.1, which ensure the contractivity of the
dynamic iteration map, is verified if and only if

—1
og* og*
3 | <1
0z, 0z,

Explicitly, this condition is equivalent to

ob,
(Ag — AaAa)‘ SDQC <1, (3.61)

where, by definition, we have

31’5)1 _ 1, if x; EFD’J',
Oup,; ~ | 0, otherwise.

The matrix Ay — Aa A? depends on the space-discretization, so the above condition
implies a smallness assumption on the spacing of the grid, unless ST Q¢ = 0. This
condition is stronger than the additional topological condition (3.57) and in general
is not satisfied.

In conclusion, the circuit-device iteration scheme is preferable to the device-
circuit scheme.

3.3.2 Electro-Thermal Coupling

Similarly, the coupling of heat effects with electric systems plays an important role
in electric circuit simulation, see Sect.2.2.2 and, e.g., [3, 14]. Spatial discretization
of certain thermal models (e.g. for heat conduction) can yield a DAE-ODE coupling.
This type of coupling is less problematic, since no coupling via old algebraic
variables will occur. Therefore no contraction is needed in this case, see, e.g., [3]. In
other models, e.g. with patches, the situation is a bit more complicated—for details
we refer to [14].
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3.3.3 Coupled System of Electric Networks and Maxwell’s
Magnetoquasistatic Equations and Their Properties

3.3.3.1 Introduction

Let us apply the dynamic iteration theory to the field/circuit coupling as introduced
in Sect. 2.2.3.

There are two subproblems, on one hand the electric circuit and on the other
hand the magnetoquasistatic field problem (“eddy current problem”). The circuit
equations can abstractly by described by the semi-explicit initial value problem

Ve =fe(ye, Zc,in),  with y.(0) =yco
(3.62)

0 =g (ye 2, im),

similar to the derivation in Sect.3.3.1. We assume an index-1 circuit, i.e., the
topological conditions as given in [17] to be fulfilled, such that

gc

0z,

is nonsingular. (3.63)

The unknowns are given by

T e e NI e . . T
Ye :=(q,9), z.:= (uip,iy), in = (s, isol)-

where u denotes node potentials, q charges, ¢ fluxes and ip, iy currents through
inductances and voltage sources. The additional variables iy, and i, define currents
through stranded and solid conductors and are treated separately since they are
determined by the field model. This field model describes a relation between those
currents and the voltage drops

AT AT
Vs 1= AU, Veol = AU

by one common PDE for the whole domain §2 and an additional differential

equation for the coupling of each stranded (k = 1, ..., Nyq) and solid conductor
(I =1,..., Ns) in the corresponding subdomains §2y; x and £25; to the circuit
0A .
O'W =+ V x (VV X A) = Zk: Xstr,k (lstr)k + Z[:O—XSOLI (VSOI)[ (3643)
0A .
Xstrk * W d2 = (Vsu‘)k - (Rstr)k,k : (lstr)k s (3.64b)
Q

04 .
[ 5 42 = Gy ) — G (3.640
2
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with Coulomb gauging, flux wall boundary and initial conditions
V-4=0, Axn; =0o0nds2, A=Agatt =1y, (3.644)

where A denotes the magnetic vector potential, n  is the vector normal to the
boundary, v = v(A) the reluctivity tensor and o the conductivity tensor vanishing
on stranded conductor domains, i.e.

04

- =0 3.65
’ at Qs k ( )

since it is assumed that the diameter of the individual strands in the those conductors
is thinner that the skin depth. Each distribution function x ., and x, , distributes
the current in the corresponding conductor domains $2g; x and §2, . The diagonal
matrices

1
(Rstr)k,k = / -0 Xstrk X str, de2 and (GSOI)[ | — / O Xsoll * Xsol,ld‘Q
2 fslr 2

describe lumped DC resistances R, for stranded conductors using the fill factor
fse € (0, 1] and DC conductivities Gy for the solid conductors.

According to Sect.2.2.3.3, the spatial discretization of the field PDE yields a
DAE, describing a unique vector potential in time. The discrete field problem reads
in the FIT notation, [12]

d _ _
Moaﬁ + K, (b)ﬁ = Qstrlslr + MGQsoleol (3663)
Qerd a Vstr — Rstrier (366b)

d .
Qsol a = Gso1Vsol — Isol, (3.66¢)

where a denotes the discrete magnetic vector potential with consistent initial value
a(0) = ay, the mass matrix M, is symmetric positive semi-definite describing
the conductivities, K, is a symmetric curl-curl matrix composed of the discrete
curl-operators and the reluctivities. We assume a regularization on K, e.g. by the
Coulomb gauging, such that

ol (aMG + %(KV(E)Q))e >0 foralle s 0anda # 0. (3.67)

which ensures a (symmetric) positive definite matrix pencil and hence allows for
the application of iterative solvers, e.g. Krylov subspace methods, [13]. The matrix
Q = [Qsol, Qsir] is the discrete counterpart to the characteristic functions x in the



3 Simulation of Coupled PDAEs: Dynamic Iteration and Multirate Simulation 131

continuous model, it imposes currents and voltages onto edges in the computational
grid.

The matrices of lumped resistances and conductivities can be extracted from the
discrete field model by

Ry == QM Qu and Goot 1= Q! M, Qs (3.68)

str sol

where M('," <« 18 the pseudo inverse of a conductivity matrix with positive conductiv-
ities in the stranded conductor domains.

3.3.3.2 Coupling Analysis

To apply the schemes of Sect.3.2 to the field/circuit coupled problem we need to
verify, that the DAE index of the field problem is one, see Eq.(3.4), and that the
contractivity condition (3.30) is fulfilled. Here comes the decomposition of the field
system into differential and algebraic parts into play: according to the Lemma the
field system (3.66) can be interpreted as the semi-explicit initial value problem

Ym = fm (Yma Zyyq, Vc)7 with Ym (0) =Y¥Ym.,o0,
0= Sina (Yma Zma)a (3.69)
0= Zmb (ym s Zima,s zmb)s
where y,, := Psa, Zna := 25Q, Zyp := (i, isol),Tand Ve i = (Vgqr, Vsol)T Now using
this semi-explicit problem formulation we obtain the following result

Lemma 3.2 The field System (3.66) is an index-1 DAEs, i.e.,

gm .
—— is nonsingular,

Zn
for given voltages Vg, and v and the matrix pencil of the curl-curl equation (3.67)
is positive definite.

Proof The DAE-indices of Systems (3.66) and (3.69) are equal, since the second
system was obtained only by merely algebraic operations, proof of Lemma 2.1,
hence it is sufficient to consider the more abstract system only; with the definitions

gn = (&mna> gmh)T and Zn = (Znas th)T
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the index-1 requirement corresponds to the non-singularity of the Jacobian

agma agma agma
“Sma ZSma Sme g
ag;m _ azma azmh _ azma
0z, 0gmp OZmp 0gmb I '
azma azmh BZma

where the upper left vanishes, since there is no coupling in the algebraic part of
the curl-curl equation. The lower right block 9dg,,,/9z,,;, = I is the identity, since
the function g, is just an assignment of the currents through solid and stranded
conductors and hence trivially regular. On the other hand the upper left block coming
from Eq. (2.163) reads

agmﬂ _ a
g OZa

- % (QUKV(ﬁ)ﬁ)

(QUKU PTys + QGK‘,QIZW,)

o)

which is surely regular since the matrix pencil was assumed to be positive definite
and thus the transformation

—1T d b)a 2
9, (A (Mo + Qsersu— Qstr) + ﬁ(K\} (b)a)) Qa

is still positive definite because 2! has full rank and the mass matrix does not
contribute by construction to this submatrix

2 (Mo + QuR/Ql) Z; = 0.

Hence we obtain the positive definiteness of % (KV (ﬁ)ﬁ), furthermore this shows

the regularity of the minor 0g,,,/ 0, and thus we have finally proven System (3.66)
being an index-1 DAE. O

Theorem 3.3 The field/circuit coupled system (3.62)+(3.69), i.e.,

Ve = fc'(yc'vzc’7 and Ym = fm(YmaZm77
0=gc(yC,Zc,, 0= gm(Ym,Zm),

is index-1, if the circuit fulfills the index-1 assumption (3.63), and the matrix pencil
of the underlying curl-curl equation (3.67) is positive definite.

Proof We proceed similarly to the proof of Lemma 3.2, where we inspected the
algebraic constraints for the field DAE. For the algebraic constraints and variables
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of the whole coupled system

g:= (2.8 = (8 8 &w) and  z:= (2,2y) = (Ze, Zpar Zo)

follows analogously the Jacobian

g, 0g. g, 0g.
g | 0z, 0z, | _ | 0z, 0z,
9 o 0 | T |y e |

0z, 0z, 0z,

which is nonsingular, because the index-1 assumption for the circuit guarantees the
regularity of dg./0dz. and finally Lemma 3.2 gives the regularity of dg,,/0z,,. O

To allow the coupling of already existing simulator packages, the coupled system
(3.62)+(3.64) is split such both that sub-problems can be computed independently.
The dynamic iteration method will call each simulator to integrate the sub-problem
on a time window and then exchange the obtained voltages and currents at the
synchronization points. During the computation of a sub-problem on a window
the data of the other system is frozen and represented by a source. Since each
system describes for current/voltage relations, we have to decide which quantities
are considered as known for each branch and conductor. This question is crucial
for the field/circuit coupling since the DAE-index of the field system and hence the
applicability of the dynamic iteration method depends on this decision:

Corollary 3.3 The field system (3.60) is index-1, if all voltages (Vyo1, Vsi) are given,
and in all other cases, i.e., given (i), Vor), (Vsol, isyr) or (ison, isi), it is at least
index-2.

Proof The first part for given voltages is proven by Lemma 3.2, since the currents
Z,, 1n (3.69) can be obtained by just evaluating the algebraic equation

0= Emb (Zm s Zima,s zmb)

but if instead a current is prescribed, then the function f, depends on an unknown
voltage (Vg Or Vgo1) and hence the coupling equation g,,, must be differentiated once
with respect to time to obtain a hidden algebraic constraint for the missing voltage,
such that the overall system is at least index-2. O

That it is just index-2 has been shown for the case of given currents in solid
conductors in [37] and more generally in [34] was proven, that (3.66) is in fact an
index-2 Hessenberg system, [8], with some additional algebraic (index-1) equations
due to the singularity of the mass matrix.
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3.3.3.3 Field-Circuit Scheme
Now having obtained semi-explicit index-1 formulations of both sub-systems,
(3.62) and (3.69), we give a more abstract description of the coupling that fits into

the framework of dynamic iteration methods in Sect.3.2.2, i.e., System (3.4).
On hand we have the circuit DAE-IVP

y T
o] 0w ve= 67
0= gc()’c,Zc,), 7. : ( T T -T)T

u, iy, iy
and on the other hand the field DAE-IVP

ym = m(ymszmas)v Ym(o) = Ym,Os Ym = L@Uﬁv

0= gma(ymv zma)v Zpa = Qoﬁs
T T\
0= gup(Ym» Zima> Zmp) Zp = (lstr’ lsol)
where a slight abuse of notation is introduced when inserting all algebraic circuit
unknowns z. into f,,, instead of only the actually needed voltage drops v.
Let us discuss a dynamic iteration of Gauss-Seidel type on the time interval
[0,2.], with 1 < n < N windows [t,,%,+1] C [0,?.] and adequate initial values

for each window
Yen Ye(tn) )
)= =:y(t,).
(ym,n) (Ym (tn)

We start each iteration with the integration of the field DAE-IVP. It depends on
data from the circuit DAE-IVP (denoted by y., z.). These missing data, i.e., the
voltage drops v at the conductors, are unknown at start time. Hence we extrapolate
the initial value to the current time. We choose the following constant extrapolation
of the differential variables

(0)
(y&s;’) = Dy (Y1) = ¥(0a), (3.70)
Ymon

from which a consistent supplement z(l(,),; and zg for the algebraic variables is

obtained. Providing this data the field system can be solved for the first time (k = 1)
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on the time window [t,,, t,,+1]

¥’ = Gyl [ 287D ¥ (0) = Yo,

0=g, a(y(k) z(k)) (3.71a)

k
0 =gy, 2. 7,,).

ma?’

Having obtained a first algebraic iterate z (at k = 1) for the currents iy, and iy
we may continue to solve the circuit subsystern

¥O = £, 20 125 1), yO0) = yen,

mb

(3.71b)

k
0=g.00.2". |2, |).

¢ L 5| 2y

After the first iteration the functions y*) and z¥) (k = 1) are obtained and we may
restart the scheme for k + 1 until k,, sweeps of the n-th time window are completed.
After that we proceed to the next time window (n + 1) and start again with the
constant extrapolation (3.11) and the following k,+; Gauss-Seidel iterations, until
the end of the integration interval [0, #,] is reached.

In this application of the Gauss-Seidel-Scheme the splitting functions, as intro-
duced in Eqgs. (3.13), are defined as the mappings

(k) (k) (k)
0 =1 () (k=1 . fo(ye ' ze ',
F(y®,y* =1 20 2Dy .= ( ) (15) (?bl)))

m(ym s Zma s L

and

k k k
g.(y! ),Zf; ),z;b)

Gy®,y* D 2™y = g,.vW. 2k
k k k
g (Y 2 2Ny

where G does not depend on an old algebraic variable z*~D. Therefore Corol-
lary 3.1 applies here

Corollary 3.4 The dynamic iteration scheme (3.71) is is unconditionally stable on
the time interval [0, t.].

By contrast, if we consider the circuit-field Gauss-Seidel scheme or a Jacobi-
Scheme, we have to deal with the partial derivatives as in the case of the device-
circuit scheme in Sect. 3.3.
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3.3.3.4 Multimethod and Multirate Benefits

Besides advantages in software engineering, there are other benefits for the coupling
of simulation packages: the most important are benefits due the use of problem-
specific methods for time integration (multimethod) and the possibility of different
step sizes (multirate) for each subproblem. Thus adaptive time stepping schemes
will apply automatically the time step sizes, that are inherently given by the
subproblem and not the minimum of all those step size as in the monolithic
approach. This will yield a computational more efficient integration.

The benefit of the multimethod approach is obviously present since the packages
for field simulation are commonly applying the implicit Euler scheme or implicit
Runge-Kutta schemes for time integration, [28], while circuit simulators are typi-
cally based on schemes from the BDF family, [21].

The advantage due multirate behavior depend highly on the specific configuration
of the problem considered, since different time scales do not occur in the field/circuit
coupling as natural as in the thermal coupling (Sect.3.3.2), where the effects are
clearly from multiphysics. In contrast to this, the described phenomena of the
field/circuit coupling originate all from Maxwell’s equations and hence there is no
guarantee of multirate effects. Even if present, e.g. due to switches or filters, the
partition of the subsystems according to the network DAE and field PDE model
does not necessarily correspond to time constants of different magnitude. Moreover
a partition into fast and slow switching components would require to split the circuit
at arbitrary nodes and could hence destroy the advantages of the simulator coupling
approach.

Anyhow if the circuit contains only a small number of devices that are active at
a time, while others remain latent and the field model belongs to such a latent part,
then the computational expensive solution of the PDE can be obtained using less
time steps than the circuit solution requires. This weak coupling will be naturally
exploited by the dynamic iteration method, if the step sizes for the time integration
of the sub-problems are chosen accordingly (or are automatically determined by an
adaptive time integrator) and increase its efficiency when compared to a single-rate
integration method.

For such configurations an efficient special case of the dynamic iteration method
is the multirate co-simulation, where only one sweep (k, = 1) is made, but
obviously smaller synchronization steps have to be chosen.

3.3.3.5 Numerical Example

Let us discuss a classical example from engineering: a transformer is excited at its
primary coil by an alternating voltage source with ver = 250V at f = 50Hz
and is connected to a rectifier circuit at its secondary coil with a load resistance
of Rip,a = 100 €2, Fig.3.1a. The diodes are described by Shockley’s model with
I, = 10pA. The transformer is represented by a PDE in 3D, discretized by EM
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Fig. 3.1 (a) Example circuit: rectifier. (b) Field model: transformer

Studio from CST Software,” where each coil is connected to the circuit using the
a stranded conductor model.

The simulation software was implemented within the COMSON DP and applies
either the classic monolithic strategy or the dynamic iteration method by using
Gauss-Seidel’s scheme. Simulation results are presented in Fig. 3.2.

3.3.3.6 Summary

In this section we shown how nonlinear index-analysis of DAEs can be used to
prove the convergence of dynamic iteration methods applied coupled problems. In
the case of Maxwell’s magnetoquasistatic equations coupled to electric circuits we
find that there is no dependence of the algebraic equations on previous algebraic
iterates. This guarantees an index-1 problem in the case of monolithic coupling
and furthermore proofs convergence and stability of the proposed dynamic iteration
scheme. To obtain this result it is not even necessary to validating the contractivity
condition given in Sect. 3.2.3.

3.4 Coupled Numerical Simulations of the Thermal Effects
in Silicon Devices

In this section we analyze the discretization of the model presented in Sect. 2.2.4,
describing the coupling between the transport of electrons and the heating of the
crystal lattice. Results of the simulation of a MOSFET with a nanoscale channel are
presented and the influence of the thermal effects on the electrical performance is
analyzed. This section is based on reference [30, 31] where the interested reader can
find more details.

2see http://www.cst.com/
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Fig. 3.2 Numerical Example. Error plots with respect to the reference solution. (a) Input (dashed)
and output (solid) voltages of the reference solution, obtained by monolithic simulation with step
size H = le — 5. (b) Error in output voltage in multirate co-simulation with window size H =

le — 4. (¢) Error in output voltage in multirate co-simulation with window size H = le — 5.
(d) Error in output voltage in dynamic iteration with 3 sweeps and window size H = le — 4.
(e) Error in output voltage in dynamic iteration with 3 sweeps and window size H = le — 5.

(f) Error in output voltage in monolithic simulation with step size H = le — 4. (g) Error in output
voltage in monolithic simulation with step size H = le — 5
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In addition to the model presented in Chap. 2, also the holes will be included with
a simple drift-diffusion equation.
The complete mathematical model is given by the equations

aa_;: +div(nV) = —R, (3.72)

g—’t’ +div(pVy) = —R, (3.73)

9 (gtw) +div (1S) + ngV - Vo = nCy, (3.74)
pcVaa% —div[K(T,)VT,] = H, (3.75)

E=-V¢, eAp=—q(Np—Ni—n-+p), (3.76)

with n and p the electron and holes density respectively, W the electron energy, 71,
the lattice temperature, ¢ the electrostatic potential and E = —V¢ the electric field.
Np and N4 are the density of donors and acceptors respectively (assumed as known
function of the position). ¢ is the elementary charge, p the silicon density, ¢y the
specific heat, Cy the energy production term, which can be written in a relaxation
form as

W — W

Cy=———, (3.77)
Tw

with Wy = 3/2kpT;, and Ty (W) the energy relaxation time. kg is the Boltzmann
constant and € is the dielectric constant.

The closure relations for the electron velocity V, the energy flux S, the thermal
conductivity K (7 ) and the crystal energy production term H have been obtained in
[32, 33] by employing MEP and are reported in Chap. 2. The holes are described by
a standard drift-diffusion model with constant mobility. V,, is the velocity of holes.

Since the electron production terms are slowly changing with respect to kg 77,
we adopt the simplification that they are evaluated at 7; = 300 K.

The phonon energy production is given by

H=—-10+Ps)nCwy + Ps J-E, (3.78)
where Ps = —c? 1z cg) plays the role of a thermopower coefficient and tg is the
phonon relaxation time in resistive processes.

R is the generation-recombination term (see [35] for a complete review)
which splits into the Shockley-Read-Hall (SRH) and the Auger contribution (AU)
R = RSFH 4 RAU where

)
RSRH = P ni . RAU = Ccnn + CC (n - n2)’
T+ 1)+ 0 (p + p1) ( pp) (0 =1

(3.79)
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We will take the values C,, = 2.8x1073! cm®s™!and C,, = 9.9x 107 cm 657!
In our numerical experiments we set n; = p; = n;, n; being the intrinsic
concentration. The expressions of 7, and 7, we will use are [35]

=m0 W (3.80)
"y ND(YZ)V‘FNA(Y) LA ND(V])V-I—NA(V)’ :
n P

where 7,0 = 3.95 x 107%, 7,0 = 3.25 x 107%s, N;¥ = N9 = 7.1 x 10'%cm 3
At the source and drain contacts the Robin boundary cond1t10n

T’
- kLa—nL = R; (T — Tow). (3.81)

is assumed, Ry, being the thermal resistivity of the contact and 7, the environment
temperature. We use no-flux condition for the temperature on the lateral boundary
and oxide silicon interface and Dirichlet condition at the bulk contact. The electron
energy at the source, drain and bulk contacts is set equal to the lattice energy. The
other boundary conditions needed for integrating the Mosfet model are described
in [29].

3.4.1 The Numerical Method

The crystal lattice temperature 7; changes much slower than other variables. For
instance the typical relaxation time for the temperature in our simulations is in the
order of thousand picoseconds, while relaxation time of the other fields is in the
order of picoseconds. We exploit this double-scale behavior by applying a variant
of the multirate integration scheme [18, 20] which is a popular choice in coupled
electro-thermal circuit simulation [5]. For the simulation of the transient response
of the model we solve the balance equations by adopting the following multirate
integration scheme:

* Step 1. We first integrate the balance equations for electrons and holes with the
crystal lattice energy and the electric field frozen at the time step k — 1. This gives
the density of the electrons and holes and the electron energy at the time step k
and schematically can be written as

ok

-t F@* "', 1™ =0, (3.82)
with % = (n, p, W).Here k = 1, ..., N is the index of the integration interval
[tk—1, tx], with ty = 1,1 + At, At being the time size of the synchronization
window.
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* Step 2. We integrate the lattice energy balance equation with n and W given by
the step 1

ATk
pcVa—tL —div[K(T)VTf] = H#*. Tf) (3.83)

along with the Poisson equation with n = n* and p = p*.

For steps 1 and 2 different time steps for the numerical integration over the interval
[t—1, tx] are used. Typically the time step for integration of (3.83) we can use is 100
times larger than the time step for (3.82).

This sequence can be considered as steps of a splitting technique [26] and we
expect that such a numerical scheme is a stable first-order approximation with
respect to time, as confirmed by the numerical experiments presented in the next
section.

34.1.1 Step1

The numerical scheme is based on an exponential fitting like that employed in the
Scharfetter-Gummel scheme for the drift-diffusion model of semiconductors. The
basic idea is to split the particle and energy density currents as the difference of
two terms. Each of them is written by introducing suitable mean mobilities in order
to get expressions of the currents similar to those arising in other energy-transport
models known in literature [6, 7, 11, 25, 36]. A simple explicit discretization in time
with constant time step proves satisfactorily efficient and avoids the problem related
to the high nonlinear coupling of the discretized equations of [27]. The equations
are spatially discretized on a regular grid. The details of the numerical scheme can
be found in [29]. Here a brief account is given.

For the sake of simplicity, the numerical method is presented only for the electron
part, putting equal to zero the generation-recombination term. The inclusion of holes
and the coupling with electrons is performed straightforwardly in an explicit way.

First the current density J = nV and the energy-flux density Z = nS are
rewritten as

J= J(l) _ J(Z)’ 7 =70 _732 (3.84)
and then each term is put into a drift-diffusion form

m - 2 _ @ _ 92 ok

1 = Z§aU) - gnvgl. I D[V(nF) anw] (3.85)

Z0 = U NvuFy —gnlvg |, 20 = 2 vy — gnvg], (3.86)
D v’ D C

with D = cq1¢2 — c12021.



142 G. Alietal.

We introduce the grid points (x;,y;) with x;41 — x; = h = constant and
Yj+1 —Y; = k = constant, and the middle points (x;, y;+1/2) = (x;,y; £ k/2)
and (x;+1/2,y;) = (x; £ h/2,y;). A uniform time step Az is used and we set
Ml{.j = u(xi,yj,lAt).

By indicating with J, and J, the x and y component of the current density
J and by Z, and Z, the x and y component of Z, we discretize the balance
equations (3.72) and (3.74) up to terms of order O (h?, k2, At) in the bidimensional
case as

nitt —nl n (J)i+1/2) — (Jx)i=1/2,) n (J)ij+12— y)ij—1/2

=0,
At h k
(3.87)
W) = W)L (Zoivijag = (Z)icing | (Zy)ijrya— (Zy)ij-1
+ + +
At h k
Uit + Un)imiy2) Gitry — i-1
1 2 2h
B q(Jy)i,j+1/2 + (Jy)ij-12 Pij+1 — Pij-1 + o Wij =W _
2 2k (tw)ij
(3.88)

The variables without temporal index must be considered evaluated at time level /.
In order to evaluate the components of the currents in the middle points, let us
consider the sets

Livipaj =[x, xig1] X [Vj—12. ¥j+12s Lij+iy2 = Xici2, Xig] X [y, ¥+l

and expand JU r=1,2.in Taylor’s series in I;41/2,;

aJ" 3J"
JOx,y) ~ (I ig1)0 ) +(x=xi11/2) ( e ) +(—y;) (8_
i+1/2.,j i+1/2,j

and Jy("), r =1, 2, in Taylor’s series in I; j +1/2

. . aJ(’) 3](’)
T y) & (D)2t (x—xi) ( Ebyc ) +(y=yj+1/2) ( ay :
i,j+1/2 i,j+1/2

First, we introduce Ur = U(W)/q, which plays the role of a thermal

potential (see [29] for more details) and indicate by U7 its piecewise constant
UWij)+UWiq1,))
2q

approximation, which is given by Uy = in the cell 7; +1/2,; and by
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Ur = %;U(W”) in the cell /; j11/2. Then we introduce the local mobilities

c» C12 Ci1 Cl2
= —=nU, = ——nF, = ——nkF, =——nU,
g11 ) g12 ) 821 ) 822 )
(3.89)

where ¢, is a piecewise constant approximation of ¢,,p,q = 1,2, given by ¢, =
Wit Wiy z Wijt W1
Cpg (%) in the cell [;415; and by Tpy = ¢pq (#) in the cell

I; j+1/2, and, as in [15], the local Slotboom variables
Skr = €Xp (—¢/UT) g k,r=12
that satisfy

Vsi, > —exp (—¢/Ur) I, Vsy ~ —exp(—¢/Ur)H” r=12.
(3.90)

From the x component of (3.90);, one has

0s1-(x, ;)

o ~ —exp(—¢/Ur) J(x,y;) =

— 97"
—exp (—d)/UT) (Jy)),-+1/2,j + ()C — Xi+1/2) ( P

) + 0(Ax, Ay) ¢,
i+1/2,]

which, after integration over [x;, x;+1] and some algebra, gives

(g1r)i+1,; — (g1r)ij
h

I Nit12; = —zit1/2, cothziyi/a

(g1r)iv1; +(g1r)ij

=12 3.91
; (3.91)

+Zit+1/2.)

where Zi+1/2.) = %

Likewise by evaluating the y component of (3.90), and integrating over
[vj.yj+1] we find

. (@1r)ij+1 = (g11)i;
(Sij 412 = =i coth g jprp = k -

(g1r)ij+1+ (g1

=1,2 3.92
A (3.92)

+Zij+1/2
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where z; j41, = % With the same procedure the following discrete

expression for the components of the energy flux are obtained

(g2r)i+1.j — (&2r)ij

(Hx(r))i+1/2,j = —Zi+1/2,jcothzi 11/ ; A
i (ng)i+l,jh+ (82r)ij ’ (3.93)
(H{)ijr1/2 = ~2ij+1/200thz 172 (gzr)i’ij_ (&)
2 (821~)i,j+1k+ (g2r)ij , — 1.2 (3.94)
The error in formulas (3.91)-(3.94) is O (h, k).
The Poisson equation is solved by replacing it with
¢ —div (V) = g(Np — N4 — n). (3.95)

The solution of (3.95) as ¢t — 400 is the same as that of the original Poisson
equation, at least in the smooth case.

If we introduce a time step A7 and set ¢ = ¢(x;,y;,rAf), (3.95) can be
discretized in an explicit way as

. N 1
¢Zj+1 = ¢; + €Al [ﬁ (¢it1; —2¢i, + di-1,) + =l (i j+1— 26 + dij—1)
+q(Cij —ni ;)] (3.96)

with the notable advantage to take easily into account the different types of boundary
conditions, that will be considered in more detail in the next sections. The price to
pay is that at each time step, we need to reach the stationary state of (3.95) by using
a time step satisfying the CFL condition, usual for parabolic equations,

1

1 1
wte

Af <

R —

However the computational effort is comparable with that required by direct
methods.

34.12 Step2

A coordinate splitting technique [26] is used for the solution of the lattice energy
equation for the variable u = kgT with time step Aty. The splitting technique
allows an efficient usage of stable implicit time schemes. The procedure contains
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two steps with the two sub operators

un+l/2 —u" 9 aun+l/2 kB
y— = — | K(T7 = H"t12, 3.97
pcy Alr I [ (17) I i| ( )

it g nt12 P u 1 kg
S — T —H"t! 3.98
per 2 ay[m aﬂ*z (3.98)

This scheme is absolutely stable and approximates the equation of the lattice energy
with first order accuracy in time. For the approximation of the spatial derivatives, the
standard stencil with three points has been chosen. For instance, the approximation
of (3.98) is the following

Atr | Kij + K
pevi T = pey u";rl/z + k—zT |:—l'] 5 l']H(u?jil i Th—
Kij + Kij- Lt ! )}
2 1] 1
kp At 3 kg
+_B_T(1 + P )nn+l Wi;;+1 _ n+1 + —At Jn+1 Ezn-H?
2w y 2 J

where K, i.j = K(Ty ;). Of course such a discretization is valid in the interior points
of the mesh.
The Robin boundary condition (3.81) is approximated as

Wt u +1

—kp - = Ry ! — kg Tom). (3.99)
Here we have assumed that at the portion of boundary where the Robin condition
holds, one has j = 0 and the closest interior points have j = 1.

The obtained linear system can be solved efficiently with the tridiagonal matrix
factorization procedure.

3.4.2 Numerical Simulation of the Crystal Lattice Heating
in MOSFETs

We apply the above numerical method for the simulation of the heating of the crystal
lattice in a MOSFET described by the MEP model.

We have modeled the thermal conductivity with the fitting formula K(7;) =
1.5486 (T /300 K)™** V A/em K and have set ¢y = 703m?/s>K (see [35]). The
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Fig. 3.3 Schematic
representation of a ¥ (um) gate
bidimensional MOSFET source ﬁ drain
— §i0, ——
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mobility of holes has been considered as constant and equal to 500 cm?/V s. More
details about the values of the physical parameters can be found in [30].

The shape of the device is shown in Fig. 3.3. The length of the channel (x4 — x;
in the figure) is L., the length of source and drain (x; — x¢) is L = L./2.
We will consider L, = 50nm and L, = 200nm. The source and drain depths
are 0.1 wm. The gate oxide is 20nm thick. The substrate thickness is 0.4 pm.
An environment temperature T,, = 300K has been considered. In most of our
numerical experiments we will take Ry, = 1078 K m%*/W as in [9].

The doping concentration is

ny in the n* regions

N - N =
p(x) A(x) —p_ = —10"%cm™3in the p region

(3.100)

with abrupt junctions. We will consider different values of n 4 in the simulations.

First a MOSFET with 200 nm channel length has been simulated. The stationary
solution is shown in the Figs. 3.4-3.8. The distance between gate and source (x; —
x1) and between drain and gate (x4 — x3) is 25 nm. The thermal resistivity of the
contact is set equal to Ry, = 10~% K m?/W. The donor concentration is ny =
10"7¢m™3. In Fig.3.4 one can see a relatively small heating of the crystal, just a
maximum of about 7° above the environment temperature. The maximum of the
crystal temperature is attained near the drain contact where also the maximum of
the electron energy is observed (see Fig.3.5). It is worth remarking that there is
almost no influence of the device self-heating on the current through the device as
shown in Fig. 3.8, where the characteristic curves with the lattice temperature fixed
at 300K are compared with those obtained with varying 77 .
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Fig. 3.4 Stationary solution of the lattice temperature in the MOSFET with channel of 200 nm by

setting Ry, = 1078 Km*/W
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Fig. 3.5 Stationary solution of the electron energy in the MOSFET with channel of 200 nm by

setting Ry, = 1078 Km?/W

As second example we have simulated a nanoscale MOSFET device with a
channel of length 50 nm . The gate length is 45 nm and the gate voltage Vpg = 0.8 V.

The donor concentration is 7+ = 10'7cm™. In the Figs. 3.9 and 3.10 is

plotted the

stationary solution of the lattice temperature and the electron energy. In contrast to
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Fig. 3.6 Stationary solution of the x component of current in the MOSFET with channel of 200 nm
by setting R, = 1078 Km*/W

Fig. 3.7 Stationary solution of the y component of current in the MOSFET with channel of 200 nm
by setting R, = 1078 Km?*/W

the previous case, now the lattice temperature raises up to 380 K in the area near the
gate. We argue that this temperature raise should depend, beside the strength of the
electric field, on the density of the hot electrons and might be higher for higher
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Fig. 3.8 Drain current for Vpg = 0.4, 0.6, 0.8, 0.9 V. The current increases by increasing Vpg
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Fig. 3.9 Stationary solution of the lattice temperature in the MOSFET with channel of 50 nm by

setting Ry, = 1078 Km?/W

doping concentration. In order to investigate this assumption, a simulation with
ny = 5x 10"7cm™3 has been performed too. As expected one can see in Fig.3.11
that the maximum lattice temperature attains about 550 K. In Fig. 3.12 the result of

the lattice temperature for the even higher donor concentration 7 4

10" cm™3 is

reported. The maximum lattice temperature achieves about 700 K, confirming the

dependence of it on the density of the electron current.



150 G. Alietal.

0.7 —
0.6 -
0.5

0.4

<
S
S

0.3 o

energy (eV)

=X

0.2

<=
S = e e 7 0
SE==r s ==

0.05

Fig. 3.10 Stationary solution of the electron energy in the MOSFET with channel of 50 nm by
setting Ry, = 108 Km?/W
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Fig. 3.11 Stationary solution of the lattice temperature in the MOSFET with channel of 50 nm by
setting 74 = 5 x 10" cm™3 and Ry, = 1078 Km?>/W

By shrinking the dimension of the device the thermal effects have also a non
negligible influence on the current through the device. In Fig.3.13 current A$
voltage characteristics for the device with ny = 10" cm™ are shown. With
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Fig. 3.12 Stationary solution of the lattice temperature in the MOSFET with channel of 50 nm by
setting 74 = 10" cm™3 and R, = 1078 Km*/W
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Fig. 3.13 Drain current with constant and varying lattice temperature in the MOSFET with
channel of 50 nm by setting 74+ = 10'%¢cm™ and Ry, = 1078 for Vpg = 0.4, 0.6, 0.8, 0.9 V.
The current increases by increasing Vpg

increasing electric field strength, we observe a rising deviation of the characteristic
curves corresponding to a constant lattice temperature from those with varying 77 .

The lattice temperature in the device is also strongly influenced by the thermal
resistivity of the contact Ry,. This value depends on the manufacturing process. In
Figs.3.14 and 3.15 the lattice temperature is shown for Ry, = 107 Km?/W and
Ry, = 107 Km?/W with ny = 107 cm™3.
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Fig. 3.16 Simulated inverter circuit

3.4.3 Coupled Circuit-Device Simulation

At last a case of coupling between a Mosfet and a circuit is present. We simulate
the heating of a transistor in the electrical circuit representing an inverter. The
inverter circuit is plot in Fig.3.16. Input voltage on the gate contact is (in Volt)
Vin = 0.3cos(wt) + 0.5, with frequency @ = 27 10° rad/s and power voltage
Vag = 1V. The width of the transistor (length in the orthogonal direction with
respect to the considered 2D cross section) is set equal to 200 nm. Modified nodal
analysis gives us for the output voltage V,,,:

dV(m Vou - V .
¢ dt - tR Yt jVin Vo 1) = 0, (3.101)

where current through the transistor j(Vj,, Vou,t) is computed by the energy-
transport model. We refer for instance to [9] for details of device-circuits coupled
modeling algorithm.

The output voltage simulated with and without transistor self heating and
maximum temperature in the transistor are plot in the Fig.3.17. One can see that
lattice temperature in the transistor does not achieve 400 K as we have observed in
the single transistor simulation. It can be explained with smaller average voltage
at the gate and consequently smaller average electrical field. However there is still
a shift in the minimum values of the output voltage and a clear indication of the
crystal heating.
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Fig. 3.17 On the left input and output voltages versus time. On the right maximum value of the
lattice temperature in the MOSFET versus time

References

10.

. Arnold, M., Giinther, M.: Preconditioned dynamic iteration for coupled differential-algebraic

systems. BIT 41(1), 1-25 (2001)

. Arnold, M., Heckmann, A.: From multibody dynamics to multidisciplinary applications.

In: Garcia Orden, J., Goicolea, J., Cuadrado, J. (eds.) Multibody Dynamics. Computational
Methods and Applications, pp. 273-294. Springer, Dordrecht (2007)

. Bartel, A.: Partial Differential-Algebraic Models in Chip Design — Thermal and Semiconductor

Problems. Forschrittsberichte. VDI-Verlag, Diisseldorf (2004)

. Bartel, A., Brunk, M., Giinther, M., Schops, S.: Dynamic iteration for coupled problems of

electric circuits and distributed devices. SIAM J. Sci. Comput. 35(2), B315-B335 (2012)

. Bartel, A., Giinther, M.: Multirate co-simulation of first order thermal models in electric circuit

design. In: Schilders, W., ter Maten, E., Houben, S. (eds.) Scientific Computing in Electrical
Engineering SCEE 2002, Mathematics in Industry, pp. 23-28. Springer, Berlin (2004)

. Ben Abdallah, N., Degond, P.: On a hierarchy of macroscopic models for semiconductors. J.

Math. Phys. 37, 3306-3333 (1996)

. Ben Abdallah, N., Degond, P., Genieys, S.: An energy-transport model for semiconductors

derived from the boltzmann equation. J. Stat. Phys. 84, 205-231 (1996)

. Brenan, K.E., Campbell, S.L.V., Petzold, L.R.: Numerical solution of initial-value problems in

differential-algebraic equations. SIAM, Philadelphia (1995)

. Brunk, M., Jiingel, A.: Numerical coupling of electric circuit equations and energy-transport

models for semiconducotrs. SIAM J. Sci. Comput. 30, 873-894 (2008)
Burrage, K.: Parallel and Sequential Methods for Ordinary Differential Equations. Clarendon,
Oxford (1995)



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Simulation of Coupled PDAEs: Dynamic Iteration and Multirate Simulation 155

Chen, D., Kan, E., Ravaioli, U., Shu, C.W., Dutton, R.: An improved energy-transport model
including nonparabolicity and non-maxwellian distribution effects. IEEE Electron Device Lett.
13, 26-28 (1992)

Clemens, M.: Large systems of equations in a discrete electromagnetism: formulations and
numerical algorithms. IEE Proceedings - Science, Measurement and Technology 152(2), 50—
72 (2005). doi:10.1049/ip-smt:20050849

Clemens, M., Schuhmann, R., van Rienen, U., Weiland, T.: Modern Krylov subspace methods
in electromagnetic field computation using the finite integration theory. Appl. Comput.
Electromagn. Soc. J. 11(1), 70-84 (1996)

Culpo, M.: Numerical Algorithms for System Level Electro-Thermal Simulation. Ph.D. thesis,
Bergische Universitdt Wuppertal (2009)

Degond, P, Jiingel, A., Pietra, P.: Numerical discretization of energy-transport models for
semiconductors with nonparabolic band structure. SIAM J. Sci. Comput. 22, 986—1007 (2000)
Deuflhard, P., Hairer, E., Zugck, J.: One-step and extrapolation methods for differential-
algebraic systems. Numer. Math. 51, 501-516 (1987)

Estévez Schwarz, D., Tischendorf, C.: Structural analysis of electric circuits and consequences
for mna. Int. J. Circuit Theory Appl. 28(2), 131-162 (2000)

Gear, C., Wells, R.: Multirate linear multistep methods. BIT 24, 484-502 (1984)

Giinther, M.: Preconditioned splitting in dynamic iteration schemes for coupled dae systems in
rc network design. In: Buikis, A., Ciegis, R., Fitt, A. (eds.) Progress in Industrial Mathematics
at ECMI 2002, Mathematics in Industry, pp. 173-177. Springer, Berlin (2004)

Giinther, M., Rentrop, P.: Multirate row methods and latency of electric circuits. Appl. Numer.
Math. 13, 83-102 (1993)

Hairer, E., Wanner, G.: Solving Ordinary Differential Equations II: Stiff and Differential-
Algebraic Problems. Springer Series in Computational Mathematics. Springer, Berlin (1996)
Jackiewicz, Z., Kwapisz, M.: Convergence of waveform relaxation methods for differential-
algebraic systems. SIAM J. Numer. Anal. 33, 2303-2317 (1996)

Kiibler, R., Schielen, W.: Two methods for simulator coupling. Math. Comput. Model. Dyn.
Syst. 6, 93-113 (2000)

Lelarasmee, E., Ruehli, A., Sangiovanni-Vincentelli, A.: The waveform relaxation method for
time domain analysis of large scale integrated circuits. IEEE Trans. on CAD of IC and Syst. 1,
131-145 (1982)

Lyumkis, E., Polsky, B., Shir, A., Visocky, P.: Transient semiconductor device simulation
including energy balance equation. Compel 11, 311-325 (1992)

Marchuk, G.: Splitting and alternating direction method. In: Ciarlet, P, Lions, J. (eds.)
Handbook of Numerical Analysis. Vol. 1: Finite Difference Methods (Part 1) and Solution
of Equations in R” (Part 1), pp. 197-462. North-Holland, Amsterdam (1990)

Marrocco, A., Anile, A., Romano, V., Sellier, J.M.: 2d numerical simulation of the mep energy-
transport model with a mixed finite elements scheme. J. Comput. Electron. 4, 231-259 (2005)
Nicolet, A., Delincé, F.: Implicit Runge-Kutta methods for transient magnetic field computa-
tion. IEEE Trans. Magn. 32(3), 1405-1408 (1996)

Romano, V.: 2d numerical simulation of the mep energy-transport model with a finite
difference scheme. J. Comput. Phys. 221, 439-468 (2007)

Romano, V., Rusakov, A.: 2d numerical simulations of an electron-phonon hydrodynam-
ical model based on the maximum entropy principle. Comput. Meth. Appl. Mech. Eng
199(41-44), 2741-2751 (2010)

Romano, V., Rusakov, A.: Numerical simulation of coupled electron devices and circuits by
the mep hydrodynamical model for semiconductors with crystal heating. Il Nuovo Cimento C
(2010). doi:10.1393/ncc/i2010-10573-5

Romano, V., Scordia, C.: Simulations of an electron-phonon hydrodynamical model based
on the maximum entropy principle. In: Roos, J., Costa, L.R.J. (eds.) Scientific Computing
in Electrical Engineering SCEE 2008, Mathematics in Industry. Springer, Berlin/Heidelberg
(2010)



156 G. Alietal.

33. Romano, V., Zwierz, M.: Electron-phonon hydrodynamical model for semiconductors. 2741—
2751 (2008) doi:10.1016/j.cma.2010.06.005

34. Schops, S., Bartel, A., De Gersem, H., Giinther, M.: DAE-index and convergence analysis of
lumped electric circuits refined by 3-d magnetoquasistatic conductor models. Preprint 08/06,
Bergische Universitat Wuppertal, Wuppertal (2008)

35. Selberherr, S.: Analysis and simulation of semiconductor devices. Springer, Wien/New York
(1984)

36. Stratton, R.: Diffusion of hot and cold electrons in semiconductor barriers. Phys. Rev. 126,
2002-2014 (1962)

37. Tsukerman, L: Finite element differential-algebraic systems for eddy current problems. Numer.
Algorithms 31(1), 319-335 (2002)



Part 111
Model Order Reduction

MOR techniques are very well established in the electronics design community
since nearly two decades. The main drivers have been the coupling of circuit
simulation with electromagnetic problems by using the PEEC concept, and cap-
turing parasitic effects due to interconnect on ICs. The subsystems generated this
way are linear but very large. Furthermore they exhibit properties like passivity,
controllability and observability, which must be maintained in the reduced order
model. Based on sound mathematics, remarkable progress has been achieved in the
development of methods and codes.

Chapter 4 gives an overview of current methods, concepts and properties.
Chapter 5 is devoted to Parameterized Model Order Reduction: aiming at design
optimisation including yield improvement in the COMSON project, it is natural
to ask for MOR techniques which propagate relevant design or technological
parameters from the original system to the reduced order model. Chapter 6 deals
with more advanced topics: nonlinear networks and multi-terminal circuits.
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Model Order Reduction: Methods, Concepts

and Properties
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Abstract This chapter offers an introduction to Model Order Reduction (MOR).
It gives an overview on the methods that are mostly used. It also describes the main
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concepts behind the methods and the properties that are aimed to be preserved.
The sections are in a prefered order for reading, but can be read independentlty.
Section 4.1, written by Michael Striebel, E. Jan W. ter Maten, Kasra Mohaghegh
and Roland Pulch, overviews the basic material for MOR and its use in circuit
simulation. Issues like Stability, Passivity, Structure preservation, Realizability are
discussed. Projection based MOR methods include Krylov-space methods (like
PRIMA and SPRIM) and POD-methods. Truncation based MOR includes Balanced
Truncation, Poor Man’s TBR and Modal Truncation.

Section 4.2, written by Joost Rommes and Nelson Martins, focuses on Modal
Truncation. Here eigenvalues are the starting point. The eigenvalue problems related
to large-scale dynamical systems are usually too large to be solved completely.
The algorithms described in this section are efficient and effective methods for the
computation of a few specific dominant eigenvalues of these large-scale systems.
It is shown how these algorithms can be used for computing reduced-order models
with modal approximation and Krylov-based methods.

Section 4.3, written by Maryam Saadvandi and Joost Rommes, concerns passiv-
ity preserving model order reduction using the spectral zero method. It detailedly
discusses two algorithms, one by Antoulas and one by Sorenson. These two
approaches are based on a projection method by selecting spectral zeros of the
original transfer function to produce a reduced transfer function that has the
specified roots as its spectral zeros. The reduced model preserves passivity.

Section 4.4, written by Roxana lonutiu, Joost Rommes and Athanasios C.
Antoulas, refines the spectral zero MOR method to dominant spectral zeros.
The new model reduction method for circuit simulation preserves passivity by
interpolating dominant spectral zeros. These are computed as poles of an associated
Hamiltonian system, using an iterative solver: the subspace accelerated dominant
pole algorithm (SADPA). Based on a dominance criterion, SADPA finds relevant
spectral zeros and the associated invariant subspaces, which are used to construct
the passivity preserving projection. RLC netlist equivalents for the reduced models
are provided.

Section 4.5, written by Roxana Ionutiu and Joost Rommes, deals with synthesis
of a reduced model: reformulate it as a netlist for a circuit. A framework for model
reduction and synthesis is presented, which greatly enlarges the options for the re-
use of reduced order models in circuit simulation by simulators of choice. Especially
when model reduction exploits structure preservation, we show that using the model
as a current-driven element is possible, and allows for synthesis without controlled
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sources. Two synthesis techniques are considered: (1) by means of realizing the
reduced transfer function into a netlist and (2) by unstamping the reduced system
matrices into a circuit representation. The presented framework serves as a basis for
reduction of large parasitic R/RC/RCL networks.
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greatly influenced by interaction with additional research on MOR, first at Philips
Research Laboratories and (from october 2006 on) at NXP Semiconductors (both
in Eindhoven). There was direct project work with the TU Eindhoven, with the
Bergische Universitit Wuppertal and with the Royal Institute of Technology (KTH)
in Stockholm:

* R. IONUTIU: Model order reduction for multi-terminal Systems — with applica-
tions to circuit simulation. Ph.D.-Thesis, TU Eindhoven, 2011, http://alexandria.
tue.nl/extra2/716352.pdf.

* M. SAADVANDI: Passivity preserving model reduction and selection of spectral
zeros. MSc. Thesis, Royal Institute of Technology (KTH), Stockholm. Also
published as Technical Note NXP-TN-2008/00276, Unclassified Report, NXP
Semiconductors, Eindhoven, 2008. [In September 2012, Maryam Saadvandi did
complete a Ph.D.-Thesis at KU Leuven, Belgium, on Nonlinear and parametric
model order reduction for second order dynamical systems by the dominant pole
algorithm.]

* M.V. UGRYUMOVA: Applications of Model Order Reduction for IC Modeling.
Ph.D.-Thesis, TU Eindhoven, 2011, http://alexandria.tue.nl/extra2/711015.pdf.

* A. VERHOEVEN: Redundancy reduction of IC models by multirate time-integra-
tion and model order reduction. Ph.D.-Thesis, TU Eindhoven, 2008,
http://alexandria.tue.nl/extra2/200712281.pdf.

» T. Voss: Model reduction for nonlinear differential algebraic equations, MSc.
Thesis, University of Wuppertal, 2005. Unclassified Report PR-TN-2005/00919,
Philips Research Laboratories, September 2005.

[Afterwards, Thomas VoB3 did complete a Ph.D.-Thesis at the Rijksuniversiteit
Groningen, the Netherlands, on Port-Hamiltonian modeling and control of
piezoelectric beams and plates: application to inflatable space structures, 2010,

http://catalogus.rug.nl/DB=1/SET=1/TTL=4/REL?PPN=326-918639.]

'Coupled Multiscale Simulation and Optimization in Nano-electronics, COMSON — EU-FP6
MCA-RTN Research and Training Network Project, 2006-2010, http://www.comson.eu/.


http://alexandria.tue.nl/extra2/716352.pdf
http://alexandria.tue.nl/extra2/716352.pdf
http://alexandria.tue.nl/extra2/711015.pdf
http://alexandria.tue.nl/extra2/200712281.pdf
http://catalogus.rug.nl/DB=1/SET=1/TTL=4/REL?PPN=326-918639.
http://www.comson.eu/

162 A.C. Antoulas et al.

Here Roxana Ionutiu was partially funded by the COMSON project. Apart from
TU Eindhoven she also worked with Thanos Antoulas at the Jacobs University in
Bremen. Roxana Ionutiu appears several times as co-author in this chapter and in the
following ones. Also Maryam Saadvandi appears as co-author of a section. Work by
the others is found in the reference lists at each section.

Parallel to the COMSON Project research on MOR was done within the
O-MOORE-NICE! project.> The Marie Curie Fellows, Luciano De Tommasi
(University of Antwerp), Davit Harutyunyan (TU Eindhoven), Joost Rommes (NXP
Semiconductors), and Michael Striebel (Chemnitz University of Technology), inter-
acted actively with the COMSON PhD-students. They contribute to several sections
as co-authors, together with researchers from the staff from NXP Semiconductors
(Eindhoven), TU Eindhoven, Bergische Universitit Wuppertal and the Politehnica
Univ. of Bucharest.

The Politehnica Univ. of Bucharest greatly acknowledges co-operation with
Jorge Fernandez Villena and Luis Miguel Silveira of INESC-ID in Lisbon. They
appear as co-author in the next chapter. Jorge Fernandez Villena was partially
funded by the COMSON project. Work in Bucharest and in Lisbon also did
benefit from financial support during earlier years from the following comple-
mentary projects: FP6/Chameleon, FP5/Codestar, CEEX/nEDA, UEFISCSU/IDEI
609/16.01.2009 and POSDRU/89/1.5/5/62557.

The fourth co-author acknowledges the ENIAC JU Project /2010/SP2(Wireless
communication)/270683-2 Artemos, Agile Rf Transceivers and front-Ends for future
smart Multi-standard cOmmunications applicationS, http://.artemos.eu.

The COMSON project did directly lead to four Ph.D.-Theses on MOR-related
topics:

e Z.ILIEVSKI: Model order reduction and sensitivity analysis. Ph.D.-Thesis, TU
Eindhoven, 2010, http://alexandria.tue.nl/extra2/201010770.pdf.

e S. KULA: Reduced order models of interconnects in high frequency integrated
circuits. Ph.D.-Thesis, Politehnica Univ. of Bucharest, 2009.

e K. MOHAGHEGH: Linear and nonlinear model order reduction for numerical
simulation of electric circuits. Ph.D.-Thesis, Bergische Universitit Wuppertal,
Germany. Available at Logos Verlag, Berlin, Germany, 2010.

e A. STEFANESCU: Parametric models for interconnections from analogue high
frequency integrated circuits. Ph.D.-Thesis, Politehnica Univ. of Bucharest,
2009.

2Operational MOdel Order REduction for Nanoscale IC Electronics (O-MOORE-NICE!) —
EU-FP6 MCA-ToK Transfer of Knowledge Project, 2007-2010, http://www.tu-chemnitz.de/
mathematik/industrie_technik/projekte/omoorenice/index.php?lang=en


http://.artemos.eu
http://alexandria.tue.nl/extra2/201010770.pdf
http://www.tu-chemnitz.de/mathematik/industrie_technik/projekte/omoorenice/index.php?lang=en
http://www.tu-chemnitz.de/mathematik/industrie_technik/projekte/omoorenice/index.php?lang=en

4 Model Order Reduction: Methods, Concepts and Properties 163
4.1 Circuit Simulation and Model Order Reduction

Speaking of “circuit models”, we refer to models of electrical circuits derived
by a network approach.? In circuit simulation the charge-oriented modified nodal
analysis (MNA) is a prominent representative of network approaches used to
automatically create mathematical models for a physical electrical circuit. In the
following we give a short introduction to circuit modeling with MNA. For a detailed
discussion we refer to [22].

In charge-oriented MNA, voltages, currents, electrical charges and magnetic
fluxes are the quantities that describe the activity of a circuit. The electrical circuit
to be modelled is considered to be an aggregation of basic network elements: the
ohmic resistor, capacitor, inductor, voltage source and current source. Real phys-
ical circuit elements, especially semiconductor devices, are replaced by idealised
network elements or so-called “companion models”. The basic network elements
correlate the network quantities. Each basic element is associated to a characteristic
equations:

e Resistor: I = r(U) (linear case: [ = % -U)

* Capacitor: I = ¢ withg = g¢(U) (linear case: I = C - U)

e Inductor: U = ¢ with ¢ = ¢, (I) (linearcase: U = L - 1)

¢ Voltage source: U = v(¢) (controlled source: U = v(Ucy, Ley» 1))
¢ Current source: I = 1(¢) (controlled source: I = 1(Ueyi, Icy, 1))

where U is the voltage drop across the element’s terminal, / is the current flowing
through the element, g is the electric charge stored in a capacitor and ¢ is the
magnetic flux of an inductor. The dot *~ on top of a quantity indicates the usual
time derivative d /dt on that quantity.

All wires, connecting the circuit elements are considered to be electrically ideal,
i.e., no wire possesses any resistance, capacitance or inductance. Thereby, also
the volume expansion of the circuit becomes irrelevant, the electrical system is
considered being a lumped circuit.The circuit’s layout, defined by the interconnects
between elements, is thus reduced to its conceptional structure, which is called
network topology.

The network’s topology consists of branches and nodes. Each network element
is regarded as a branch of the circuit and its terminals are the nodes by which it is
connected to other elements. Assigning a direction to each branch — the direction
of the current traversing the corresponding element — and a serial number to each
node, we end up with a directed graph representing the network. As any directed
graph, the network can be described by an incidence matrix A. This matrix has as

3Section 4.1 has been written by: Michael Striebel, E. Jan W. ter Maten, Kasra Mohaghegh and
Roland Pulch. For additional details we refer to the Ph.D.-Thesis [33] of the third author.
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many columns as there are branches, i.e., elements and as many rows as there are
nodes in the circuit. Each column of the matrix has one entry +1 and one entry —1,
displaying the start and end point of the branch. As all other entries are 0, the matrix
A is sparse.

Usually, one circuit node is tagged as ground node. As a consequence, each
branch voltage U between two nodes / an m can be expressed by the two node
voltages e; and e,,, which are the voltage differences between each node and the
ground node. From this agreement, the node voltage of the ground node is constantly
0 and therefore the information stored in the corresponding row of the incidence
matrix becomes redundant and this very row can be removed. Hence, frequently by
the term incidence matrix, one refers to the reduced matrix A, given by removing
the row corresponding to the ground node.

As each branch of the network represents one of the five basic network element
resistor (R), capacitor (C), inductor (L), voltage and current source (V and I,
respectively), the indicence matrix can be described as an assembly of element
related incidence matrices:

A= (AC7AR7AL5AV5A1)7

with Ag € {0, +1,—1}">"2 for 2 € {C,R, L, V, I}. Here, n, is the number of
nodes (without the ground node) and nc, ..., n; are the cardinalities of the sets of
the different basic elements’ branches.

The Kirchhoff’s laws, which relate the branch voltages in a loop and the currents
accumulating in a node, namely Kirchhoff’s voltage law and Kirchhoff’s current
law, respectively, are the final component for setting up the MNA network equations:

d
Acd—tq+ARr(A,§e) +Api, +Apty +Ani(t) =0, (4.1a)
d ¢ —Ale=0 (4.1b)
dr e '
v(t) — A‘T,e =0, 4.1¢)
q—qc(Ace) =0, (4.1d)
¢—¢,0)=0. (4.1e)

It is worthwile to highlight the subequations (4.1a) and (4.1c). The former is
the personification of Kirchhoff’s current law, stating that for each network node
the sum of branch currents meeting is identically zero. The latter reflects the
functionality of voltage sources: dictating branch voltages.

The unknowns q, ¢, e, 2, , 1y, i.e., the charges, fluxes, node voltages and currents
traversing inductors and voltage sources, respectively — each of them functions of
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time ¢ — are combined to the state vector x(t) € R" of unknowns, of dimension
n=nc+ny+n,+ny + ny. Then, the network equations (4.1) can be stated in
a compact form:

< s + j(x0)) + Bu() =0, @2)

where q,j : R" — R" describe the contribution of reactive and nonreactive
elements, respectively.* The excitations defined by the voltage- and current-sources
are combined to the vector u(z) € R™ with m = ny + n;. The excitations are
assigned to the corresponding nodes and branches by the matrix B € R,

If the circuit under considerations contains only elements with a linear character-
istic equation, the network equations can be written as’

Ex(¢) + Ax(¢) + Bu(z) = 0, (4.3a)
with
AcEAL 00 ARYAL AL Ay A 0
E = 0 0|, A= -AT 0 0], B=|0 0 |. (43b)
0 00 —-AL 0 0 01,

where ¢, £, ¥ are basically diagonal matrices containing the individual capacitors,
inductances and conductances (inverse resistances) of the basic network elements.
I,,, is the identity matrix in R"V>"",

We arrive at this formulation by eliminating the charges and fluxes. Hence the
unknown state vector here is X = (eT, l{, tIT,)T and the excitation vector is u =
@r vhHr.

It is straightforward to see that the structure of the matrices E, A € R and B €
R" is determined by the element related incidence matrices Ac, Ag, A;, Ay, A;.
As there is usually only a week linkage amongst the network node, i.e., nodes are
connected directly to only a few other nodes, these incidence matrices are sparse
and so are the system matrices in (4.3a) and the Jacobian matrices dq/dx, dj/dx €
R™" of the element functions in (4.2), respectively.

“Note that the meaning q in (4.1) and (4.2) is different: in the prior it is an unknown, in the latter
it is a mapping.

>Note that A in (4.3a) does not refer to the incidence matrix A. Furthermore the composition of
the unknown x in (4.2) and (4.3a) can be different. In the latter, taking into account the linear
characteristics for capacitors and inductors, the time derivatives of the charges and fluxes can be
expressed by the time derivative of the node volages e and the inductor current z; directly. In this

case the unknown state vector amounts to x = (e’ t{, lg)T eR"withn =n, +ny +ny.
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In general, real circuit designs contain a large number of transistors. In the
course of setting up the network equations such semiconductor devices are replaced
by companion models that consist of a larger number of the basic network
elements. Here especially resistors with nonlinear characteristics emerge. Hence,
the “mathematical image” of an integrated circuit is usually a nonlinear network
equation of the form (4.2).

However, also linear network equations of the form (4.3a) are fundamental
problems in the design process. As mentioned above, one disregards the volume
extension of a circuit and considers wires as electrically ideal. At the end of
the design process, however, there will be a physical integrated circuit. Even on
the smallest dies there are kilometers of wiring. These wires do have an electric
resistance. As the actual devices are getting small and smaller, capacitive effects
introduced by neighbouring wires can not be neglected just as little as inductive
effects arising from increasing clock rates.

In fact these issues are not neglected. At least at the end of the design process,
when the layout of the chip has to be determined these effects are taken into
account. In the parasitic extraction from the routing on the chip an artificial linear
network is extracted which again is assumed to be a lumped and comprise of ideal
wires. However, the resistances, capacitances and inductances that are present there
describe the effects caused by the wiring on the actual circuit. A characteristic of
these artificial networks is their large dimension: here n can easily be in the range
of 108,

The impact of the effects on the behaviour of the actual circuit are accounted for
by coupling the linear parasitic model to the underlying circuit design.

If the electrical circuit comprises reactive elements, i.e., capacitors and inductors,
the network equation (4.2) or (4.3a), respectively, forms a dynamical problem
for the unknown state vector x. Usually, however, the system matrix E, or the
Jacobian d q/dx, respectively, does not have full rank.® Dynamical systems with
this property, i.e., systems consisting of differential and algebraic equations are
called differential algebraic equations (DAE), or descriptor systems. DAEs differ
in several senses from purely differential equations, causing problems in various
aspects. A requirement for the solvability of the network equation is the regularity
of the matrix pencil {E, A}. The matrix pencil is called regular, if the polynomial
det(AE + A) does not vanish identically. Otherwise {E, A} is called singular matrix
pencil. Then a normal initial-value problem for the linear DAE (4.3a) has none or
infinitely many solutions. The regularity of the matrix pencil can be checked by
examining the element related incidence matrices [15].

SThis is easy to see from inspecting the first subequation — the node-current relation — of the MNA
equation (4.1): a network node for instance, that is not the starting or end point of a capacitor
branch causes a row equal to zero in the incidence matrix A¢ and therefore the node-current
relation for that node is an algebraic equation only.
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In the context of numerical time integration, needed to solve the network
problem in time domain, worthwhile stressing that the initial value has to be
chosen properly — x(0) has to satisfy the algebraic constraints — and that numerical
perturbations can be amplified dramatically. Hence, numerical methods have to
match the requirements posed by the differential-algebraic structure.

For a detailed analysis of DAEs we refer to the textbook [29]. A detailed
discussion of solving DAEs can be found in the textbook [24].

4.1.1 Input-Output Systems in Circuit Simulation

We recall that the origin of the network equations in nonlinear or linear form is a
real circuit design, ment to be simulated, i.e., tested with respect to its performance
under different circumstances. Nowadays, complex integrated circuits are usually
not designed from scratch by a single engineer. In fact, large electrical circuits are
usually developed in a modular way. In radio frequency applications, for instance,
analogue and digital subcircuits are connected to each other. In general several sub-
units of different functionality, e.g., one providing stable oscillations another one
amplifying a signal, are developed separately and glued together. Hence, subunits
possess a way of communication with other subunits, the environment they are
embedded in.

To allow for a communication with an environment, the network model (4.2)
(or (4.3a)) has to be augmented and transfered to a system that can receive and
transmit information. Abstractly, the output of a system can be defined as a function
of the state and the input:

y(t) = h(x(1),u(r)) € R” .

In circuit simulation, however, usually the output is a linear relation of the form:
y(1) = Cx(1) + Du(1),

with the output matrix C € R”" and the feedthrough matrix D € R”",

The excitation, we mentioned above, i.e., the last term Bu(z) in the network
model (4.2) (or (4.3a)) can be understood as information imposed on the system,
in the form of branch currents and node voltages. Therefore we call u(¢) the input
and B the input matrix to the system.

Hence, an input-output system in electrical circuit simulation is given in the form

0 = Ex(7) + Ax(¢) + Bu(?), (4.4a)
y(t) = Cx(t) + Du(z), (4.4b)
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if only linear elements form the system. If also nonlinear elements are present, we
arrive at systems of the form:

d
0= d—tq(x(l)) + j(x(¢)) + Bu(z), (4.5a)
y() = Cx(t) + Du(z). (4.5b)

The input to state mapping (4.4a) and (4.5a), respectively, is a relation defined by
a dynamical system. Therefore, the representation of the input-output system (4.4)
and (4.5), respectively, is said to be given in state space formulation. The dimension
n of the state space is referred to as the order of the system.

Frequently the state space formulation in circuit design exhibits a special
structure.

* Often there is no direct feedthrough of the input to the output, i.e.
D=0¢eR”™", (4.6a)
* We often observe
p=m and C =BT e R™". (4.6b)

In full system simulation, individual subcircuit models are connected to each
other. To allow for an information exchange, done in terms of currents and
voltages, each subcircuit possesses a set of terminals — a subset of the unit’s
pins.

From a subcircuit’s point of view incoming information is either a current
being added to or a voltage drop being imposed to the terminal nodes. The former
corresponds to adding a current source term to (4.1a), the latter corresponds to
adding a voltage source to (4.1c). Information returned by the subsystem is the
voltage at the terminal node in the former case or the current traversing that
artificial voltage source in the latter case. Having a detailed look at the MNA
network equations (4.1) and the composition of the state vector x(¢), it is easy to
understand that in this setup, assuming that there are no additional sources in the
subcircuits, the output matrix is the transpose of the input matrix.

4.1.2 The Need for Model Order Reduction

Clearly, mathematical models for a physical circuit are extracted for a purpose. In
short, the manufacturing process of an electrical circuit starts with an idea of what
the physical system should do and ends with the physical product. In-between there
is a, usually iterative, process of conceptual designing the circuit in the form of a
circuit schematic, that comprises parameters defining the layout and nominal values
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of circuit elements and, choosing the parameters, testing the design, adapting the
parameter, . . ., etc.

Testing the design means to analyse its behaviour. There are several types of
analysis we briefly want to mention in the following. For a more detailed discussion
we refer to [22].

e Static (DC) analysis searches for the point to which the system settles in an
equilibrium or rest condition. This is characterised by d /dt x(¢) = 0.

* Transient analysis computes the response y(¢) to the time varying excitation u(¢)
as a function of time.

* (Periodic) steady-state analysis, also called frequency response analysis, deter-
mines the response of the system in the frequency domain to an oscillating, i.e.,
sinusoidal input signal.

* Modal analysis finds the system’s natural vibrating frequency modes and their
corresponding modal shapes;

» Sensitivity analysis determines the changes of the time-domain response and/or
the frequency-domain response to variations in the design parameters.

Transient analysis is run in the time domain. Here the challenge is to numerically
integrate a very high-dimensional DAE problem.

Both the frequency response and the modal analysis are run in the frequency
domain. Hence, a network description in the frequency domain is needed. As this
is basically defined only for linear systems’ we concentrate on linear network
problems of the form (4.4). The Laplace transform is the tool to get from the time
to the frequency domain.

Recall that for a function f : [0, 00) — C with f(0) = 0, the Laplace transform
F : C — Cis defined by

F(s) 1= ZLf}(s) = /0 F(0)e™"dr.

For a vector-valued function f = (fi,..., fy)7, the Laplace transform is defined
component-wise: F(s) = (ZL{f1}(s), ..., L{f}(s)T.

The physically meaningful values of the complex variable s are s = i@ where
o > 0 is referred to as the (angular) frequency. Taking the Laplace transform of
the time domain representation of the linear network problem (4.4) we obtain the
following frequency domain representation:

0 = sEX(s) + AX(s) + BU(s),
Y(s) = CX(s) + DU(s),

.7

7 Applying those types of analysis to nonlinear problems involves a linearisation about some point
of interest x in the state space.
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where X(s), U(s), Y(s) are the Laplace transforms of the states, the input and the
output, respectively. Note that we assumed zero initial conditions, i.e., x(0) = 0,
u(0) = 0 and y(0) = 0.

Eliminating the variable X(s) in the frequency domain representation (4.7) we
see that the system’s response to the input U(s) in the frequency domain is given by

Y(s) = H(s)U(s)
with the matrix-valued transfer function

H(s) = —CGE+A)"'B+D eCr. (4.8)

The evaluation of the transfer function is the key to the frequency domain based
analyses, i.e., the steady-state analysis and the modal frequency analysis. The key
to the evaluation of the transfer function, in turn, is the solution of a linear system
with the system Matrix (sE + A) € C"™" 3

Note that at the very core of any numerical time integration scheme applied in
transient simulation we have to solve as well linear equations with system matrices
of the form «E 4 A were o € R depends on some coefficient characteristic to the
method and the stepsize used.

It is the order n of the problem, i.e., the dimension of the state space that
determines how much computational work has to be spend to compute the p output
quantities. Usually, the order n in circuit simulation is very large, whereas the
dimension of the output is rather small.

The idea of model order reduction (MOR) is to replace the high dimensional
problem by one of reduced order such that the reduced order model produces an
output similar to the output of the original problem when excited with the same
input.

Before we give an overview of some of the most common MOR techniques we
specify the requirement a reduced order model should satisfy. Again, we just briefly
describe some concepts. For a more detailed discussion we refer to the textbook [1].

4.1.2.1 Approximation
The output of the ersatz model should approximate the output of the original model

for the same input signal. There are various measures for “being an approximation”.
In fact these different viewpoints form the basis for different reduction strategies.

8Note that here we see the necessity of {E, A} being a regular matrix pencil.
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We give first a Theorem (for an ODE) that confirms how an approximation in
the frequency domain leads to an accurate result in the time domain. Let 1, C R
be a closed interval (but may be I, = {wo} or I, = R). For convenience we
assume single input u(¢) and single output y(¢), with transfer function H(s) in the
frequency domain between the Laplace transforms U(s) and Y (s). Let H (s) be the
approximation to H(s) which gives Y (s) = H(s) U(s) and y(¢) as the output
approximation in the time domain.

Theorem 4.1 Let |[u(?)|[12(0,00)) < 00 and U(iw) = 0 for o & I,. If the
system (4.4a) consists of ODEs, then we have the estimate

. 1 . s I 1
max|y() = 50 = (- [ 1HGo) = Aio)Pdo ([ Pt @)
>0 2w Jy, 0
Proof We obtain by using the Cauchy-Schwarz inequality in L(1,,)

max |y (1) — y(1)| < max|i/(y(iw) _ Y (iw)e® do)
t>0 >0 27 R

IA

maxi/ [Y(iw) =Y (iw)| - '] dw
>0 27T R
1 -
= —/ |H(iw) — H(iw)| - |U(iw)| do
27 R

1 -
= E/{@ |H(iw) — H(iw)| - |U(iw)| dw

IA

%(/Iw H(iw) - H(z‘w)Pdwﬁ(/Iw UGo)P dw)t

IA

- /1 |H(G0) ~ (i) Pdw)’ /0 " P,

This completes the proof. O

We note that for I, = R the above error estimate is already found in [23],
also for parameterized problems. In [42] the more general case [, is considered
and applied to Uncertainty Quantification for parameterized problems. In MOR the
error estimate becomes often small in an interval I, sufficiently close to the used
expansion point.

Besides producing similar outputs, the reduced order model should behave
similar to the original model in various aspects, which we discuss next.

4.1.2.2 Stability

One of the principal concepts of analyzing dynamical systems is its stability.
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An autonomous dynamical system, i.e., a system without input is called stable if
the solution trajectories are bounded in the time domain. For a linear autonomous
system the system matrices determine whether it is stable or unstable. Considering
for instance the network equation (4.3a) with B = 0 we have to calculate the
generalized eigenvalues® {1;(A,—E),i = 1,...,n} of the matrix pair (A, —E) to
decide whether or not the system is stable. The system is stable if, and only if, all
generalized eigenvalues have non-positive real parts and all generalized eigenvalues
with Re(A; (A, —E)) = 0 are simple.

4.1.2.3 Passivity

For input-output systems of the form (4.4), stability is not strong enough. If
nonlinear components are connected to a stable system it can become unstable.

For square systems, i.e., system where the number of inputs is equal to the
number of outputs, p = m, a property called passivity can be defined. This property
is much stronger than stability: it means that a system is unable to generate energy.

Here, an inspection of the system’s transfer function yields evidence if the system
is passive or not. A necessary and sufficient conditions for a square system to be
passive is that the transfer function is positive real. This means that

* H(s) is analytic for Re(s) > 0;

e« H(s) = H(s), forall s € C;

 The Hermitian part of H(s) is symmetric positive, i.e.: H? (s) + H(s) > 0, for
all s with Re(s) > 0 [50]. Here " means the transposed conjugate complex:
Al = AT,

The second condition is satisfied for real systems and the third condition implies the
existence of a rational function with a stable inverse. Any congruence transforma-
tion applied to the system matrices satisfies the previous conditions if the original
system satisfies them, and so preserves passivity of the system if the following
conditions are true:

* The system matrices are positive definite, E, A > 0.
« B=CT,D=0.

These conditions are sufficient, but not necessary. They are usually satisfied in the
case of electrical circuits, which makes congruence-based projection methods very
popular in circuit simulation.

For a matrix pair (A, B) A is a generalized eigenvalue with a generalized eigenvector v, if Av =
ABv.
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4.1.2.4 Structure Preservation

For the case of having a circuit made up of linear elements only we have seen
in (4.3b) that the system matrices exhibit a block structured form. Furthermore we
recognized that the system matrices are sparse. In fact, the same properties hold for
the linear case (4.3a) also.

As a consequence, the matrices of the form (§E + A) that have to be decomposed
during the different modes of analysis exhibit already a form that can be exploited
when solving the corresponding linear systems.

If the full system (4.4) is replaced by a small dimensional system, it would be
most desirable if that ersatz system again has a structure similar to the structure
of the full problem. Namely, a block structure should be preserved and the system
matrix arising from the reduced order model should be sparse as well, as it can be
more expensive to decompose a small dense matrix then a larger sparse one.

4.1.2.5 Realizability

Preserving the block structure, as just mentioned, is crucial for realizing a reduced
order model again as an RLC-circuit again. Another prerequisit for a reduced order
model to be synthesizable is reciprocity.'® This is a special form of symmetry of
the transfer function H. We will not give details here but refer to [44] for a precise
definition and MOR techniques and to [6] for other reciprocity preserving MOR
techniques.

There is an ongoing discussion if it is necessary to execute this realization (also
referred to as un-stamping). It is worthwhile mentioning two benefits of that

* An industrial circuit simulator does in fact never create the MNA equations.
Actually, a circuit is given in the form of a netlist, i.e., a table where each line
correspond to one element. Each time a system has to be solved, the simulator
runs through that list, evaluates each element and stamps the corresponding value
in the correct places of the system matrix and the corresponding right-hand side.
If a reduced order model is available in the form of such a table as well, the
simulator can treat that ersatz model like any other subcircuit and does not have
to change to a different mode of including the contribution of the subsystem to
the overall system.

* A synthezised reduced order model can provide more insight to the engineers
and designers than the reduced order model in mathematical form [52].

10A two-terminal element is said to be reciprocal, if a variation of the values of one terminal
immediately has the reverse effect on the other terminal’s value. Linear characteristics obviously
have this property.
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4.1.3 MOR Methods

We recall the idea of model order reduction (MOR):

Replace a high dimensional problem, say of order n by one of reduced order
r < n such that the two input-output systems produce a similar output when excited
with the same input. Furthermore the reduced order problem should conserve the
characteristics of the full model it was derived from.

In fact there is a need for MOR techniques in various fields of applications and
for different kind of problem structures. Although a lot of effort is being spent
on deriving reliable MOR methods for, e.g., nonlinear problems of the form (4.5)
and for linear time varying (LTV) problems — these are problems of the form (4.4)
where the system matrices E, A, ... depend on time  — MOR approaches for linear
time systems, or, more precisely, for linear time invariant (LTI) systems, are best
understood and are technically mature.

The outcome of MOR applied to the linear state space problem (4.4) is an ersatz
system of the form

0 = Ez(r) + Az(r) + Bu(r), (4.10a)
§(t) = Cz(r) + Du(r), (4.10b)

with state variable z(7) € R’, output y(¢) € R” and system matrices E.A e R,
B € R C e R”™ and D € R”. The order r of this system is much smaller
than the order n of the original system (4.4).

There are many ways to derive such a reduced order model and there are
several possibilities for classifying these approaches. It is beyond the scope of this
introductory chapter to give a detailed description of all the techniques — for this we
refer to [3] and to the textbooks [1, 7, 51] and the papers cited therein.

We classify MOR approaches in projection and truncation based techniques. For
each of the two classes we reflect two methods that can be seen as the basis for
current developments. Note, that actually it is not possible to draw a sharp line. In
fact all MOR techniques aim at keeping major information and removing the less
important one. It is in how they measurure importance that the methods differ. In
fact several current developments can be regarded as a hybridization of different
techniques.

4.1.4 Projection Based MOR

The concept of all projection based MOR techniques is to approximate the high
dimensional state space vector x(¢) € R" with the help of a vector z(t) € R" of
reduced dimension r < n, within the meaning of

x(t) ~ X(t) := Vz(t) withV € R™,
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Note that the first approximation may be interpreted as a wish. We will only aim
for y(r) ~ y(t) = CVz(t) + Du(¢). The columns of the matrix V are a basis
of a subspace .# < R", i.e., the state space M , the solution x(¢) of the network
equation (4.4a) resides in, is projected on .#. A reduced order model, representing
the full problem (4.4) results from deriving a state space equation that determines
the reduced state vector z(¢) such that X(¢) is a reasonable approximation to x(¢).

If we insert X(¢) on the right-hand side of the dynamic part of the input-output
problem (4.4a), it will not vanish identically. Instead we get a residual:

r(t) := EVi(t) + AVz(t) + Bu(f) €R".

We can not demand r(¢#) = 0 in general as this would state an overdetermined
system for z(¢). Instead we apply the Petrov-Galerkin technique, i.e., we demand
the residual to be orthogonal to some testspace #'. Assuming that the columns
of a matrix W € R™" span this testspace, the mathematical formulation of this
orthogonality becomes

0=W'r(t) = W' (EVi(r) + AVz(t) + Bu(t)) €R’,

which states a differential equation for the reduced state z(¢).

Defining
E:=W/EVeR™, A:=W/AVeR™,
B:=W/BeR>*, (:=CVeR™, (4.11)
D:=D e R?",

we arrive at the reduced order model (4.10).

To relate V and W we demand biorthogonality of the spaces ¥ and #  spanned
by the columns of the two matrices, respectively, i.e. W'V = I,. With this, the
reduced problem (4.10) is the projection of the full problem (4.4) onto ¥ along # .
If an orthonormal V and W = V is chosen, we speak of an orthogonal projection
on the space ¥ (and we come down to a Galerkin method).

Now, MOR projection methods are characterised by the way of how to construct
the matrices V and W that define the projection. In the following we find a short
introduction of Krylov methods and POD approaches. The former starts from the
frequency domain representation, the latter from the time domain formulation of
the input-output problem.

4.1.4.1 Krylov Method

Krylov-based methods to MOR are based on a series expansion of the transfer
function H. The idea is to construct a reduced order model such that the series
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expansions of the transfer function H of the reduced model and the full problem’s
transfer function agree up to a certain index of summation.

In the following we will assume that the system under consideration does not
have a direct feedthrough, i.e., (4.6a) is satisfied. Furthermore we restrict to SISO
systems, i.e., single input single output systems. In this case we have p = m = 1,
i.e., B =Dband C = ¢/ whereb, ¢ € R", and the (scalar) transfer function becomes:

H(s) = - GE+A)"'b €eC,

As {E, A} is a regular matrix pencil we can find some frequency sy such that
soE + A is regular (for a good discussion on how to choose such “expansion points”
S0, see [17]). Then the transfer function can be reformulated as

H(s) =1, — (s —s9)F) " 'r, (4.12)

withl:= —¢f,r := —(soE + A)"'band F := (soE + A)'A.
In a neighbourhood of sy one can replace the matrix inverse in (4.12) by the
corresponding Neumann series. Hence, a series expansion of the transfer function is

o0
H(s) = Y my(s —s0)* with my :=1Fr eC. (4.13)
k=0

The quantities my for k = 0,1, ... are called moments of the transfer function.

A different model, of lower dimension, can now be considered to be an
approximation to the full problem, if the moments my. of the new model’s transfer
function H(s) agree with the moments m, defined above, fork = 1, ..., q for some
q € N.

AWE [38], the Asymptotic Waveform Evaluation, was the first MOR method that
was based on this idea. However, the explicit computation of the moments my,
which is the key to AWE, is numerically unstable. This method can, thus, only be
used for small numbers g of moments to be matched.

Expressions like F¥r or 1F* arise also in methods, like Krylov-subspace-
methods, which are used for the iterative solution of large algebraic equations. Here
the Lanczos- and the Arnoldi-method are algorithms that compute biorthogonal
bases W, V or a orthonormal basis V of the uth left and/or right Krylov subspaces

G (FT 0T, 1) = span (1T,FT 17 (FT) 1T) :
,(F,r, ) :=span (r,Fr, ... Py,

for u € N, respectively in a numerically robust way.

The Krylov subspaces, thus “contain” the moments m1; of the transfer function
and it can be shown, e.g., [2, 12], that from applying Krylov-subspace methods,
reduced order models can be created. These reduced order models, however, did not
arise from a projection approach. In fact, the Lanczos- and the Arnold-algorithm
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produces besides the matrices W and/or V whose columns span the Krylov
subspaces .#; and/or JZ;, respectively, a tridiagonal or an upper Hessenbergmatrix
7, respectively. This matrix is then used to postulate a dynamical system whose
transfer function has the desired matching property.

Concerning the moment matching property there is a difference for reduced order
models created from a Lanczos- and those created from an Arnoldi-based process.

For a fixed ¢, the Lanczos-process constructs the gth left and the gth right
Krylov-subspace, hence biorthogonal matrices W,V € R" 7. A reduced order
model of order ¢, arising from this procedure possesses a transfer function H(s)
whose first 2¢g moments coincide with the first 2¢ moments of the original problem’s
transfer function H(s), i.e. my = my for k = 0,...,2¢ — 1. Hence, the Lanczos
MOR model yields a Padé approximation.

The Arnoldi method on the other hand is a one sided Krylov subspace method.
For a fixed ¢ only the gth right Krylov subspace is constructed. As a consequence,
here only the first ¢ moments of the original system’s and the reduced system’s
transfer function match.

Owing to their robustness and low computational cost, Krylov subspace algo-
rithms proved suitable for the reduction of large-scale systems, and gained consid-
erable popularity, especially in electrical engineering. A number of Krylov-based
MOR algorithms have been developed, including techniques based on the Lanczos
method [9, 19] and the Arnoldi algorithm [36, 56]. Note that the moment matching,
mentioned above, can only be valid locally, i.e., for a certain frequency range around
the expansion point so. However, also Krylov MOR schemes based on a multipoint
expansion in the frequency range have been constructed [21].

The main drawbacks of these methods are, in general, lack of provable error
bounds for the extracted reduced models, and no guarantee for preserving stability
and passivity. There are techniques to turn reduced systems to passive reduced
systems. However, this introduced some post-processing of the model [18].

4.1.4.2 Passivity Preservation

Odabasioglu et al. [36] turned the Krylov based MOR schemes into a real
projection method. In addition, the developed scheme, PRIMA (Passive Reduced-
Order Interconnect Macromodeling Algorithm), is able to preserve passivity.

This MOR technique can be applied to electrical circuits that contain only passive
linear resistors, capacitors and inductors and which accepts only currents as input at
the terminals. One says that the RLC-circuit is in impedance form, i.e., the inputs
u(?) are currents and the outputs y are voltages.

In this case, the system matrices E,A,B and C have a special structure
(cp. (4.3b)), namely:

E1 0 A1 A2 T B1
E= , A= R B=C' = s 4.14
(%) (5 %) (3): e
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where E;,A; € R">" and E; € R"2*"L and are symmetric non-negative definit
matrices.

In PRIMA, first the Arnoldi method is applied to create the projection matrix
V. Then, choosing W = V, the system matrices are reduced according to (4.11).
For several implementational details, covering Block-Arnoldi as well as deflation,
see [55]. The reduced order model arising in this way can be shown to be passive
[36]. The key to these findings is the above special structure of linear RLC-circuits
in (4.14).

It is, however, not necessary, to use the Arnoldi method to construct the matrix V.
Furthermore, it is also possible to apply the technique to systems in admittance form,
i.e., where the inputs are voltages and the outputs are currents. For more details we
refer to [27] in this book.

4.1.4.3 Structure Preservation

As we have seen PRIMA takes advantage of the special block structure (4.14) of
linear RLC circuits to create passive reduced order models. The structure, however,
is not preserved during the reduction. This makes it hard to synthesise the model,
i.e., realize the reduced model as an RLC circuit again.

Freund [12-16] developed a Krylov-based method where passivity, the structure
and reciprocity are preserved. SPRIM (Structure-Preserving Reduced-Order Inter-
connect Macromodell) is similar to PRIMA as first the Arnoldi-method is run to
create a matrix V € R"". This, however, is not taken as the projection matrix
directly. Instead, the matrix V is partitioned to

V= (Vl) with 'V, € RV, ¢ R"X,
Vv,
corresponding to the block structure of the system matrices E, A, B, C.
Finally, after re-orthogonalization, the blocks V, V, are rearranged to the matrix

o Vi 0 nx(2r)
V= R , 4.15
(% v.) @.15)

which is then used to transform the system to a reduced order model, according to
the transformations given in (4.11) (withV = W = \A7).

It can be shown, that the SPRIM-model preserves twice as many moments as the
PRIMA, if the same Arnoldi-method is applied. Note, however, that the dimension
also increases by a factor 2.
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4.1.4.4 Multi-input Multi-output

For the general case, where p and m are larger than one, i.e., when we have multiple
inputs and multiple outputs, the procedure carried out by the Krylov MOR methods
is in principle the same. In this case however, Krylov subspaces for multiple starting
vectors have to be computed and one has to take care, when a “breakdown” or a
“near-breakdown” occurs, that is, when the basis vectors constructed for differing
starting vectors, r; and r, become linearly dependent. In this case the progress
for the Krylov subspace becoming linear dependent has to be stopped. The Krylov
subspace methods arising from that considerations are called Block Krylov methods.
For a detailed discussion we refer to the literature given above.

4.1.4.5 POD Method

While the Krylov approaches are based on the matrices, i.e., on the system itself, the
method of Proper Orthogonal Decomposition (POD) is based on the trajectory x(t),
i.e., the outcome of the system (4.4). One could also say that the Krylov methods
are based on the frequency domain, whereas POD is based on the time domain
formulation of the input output system to be modelled.

POD first collects data {x, ..., Xg}. The datapoints are snapshots of the state
space solution x(¢) of the network equation (4.4a) at different timepoints ¢ or
for different input signals u(¢). They are usually constructed by a numerical time
simulation, but may also arise from measurements of a real physical system.

From analysing this data, a subspace is created such that the data points as a
whole are approximated by corresponding points in the subspace in a optimal least-
squares sense. The basis of this approach is also known as Principal Component
Analysis and Karhunen—Loeve Theorem from picture and data analysis.

The mathematical formulation of POD [39] is as follows: Given a set of K
datapoints X := {xi,...,Xg} a subspace ., C R” of dimension r is searched
for that minimizes

K
1
1X — o X3 = & ; I = 0. (4.16)

where o, : R" — ., is the orthogonal projection onto ..

We will not describe POD in full detail here, as in literature, e.g., [1, 39], this
is well explained. However, the key to solving this minimization problem is the
computation of the eigenvalues A; and eigenvectors ¢; (fori = 1,...,n) of the
correlation matrix XX :

XXT‘Pi =2i@;,
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where the eigenvalues and eigenvectors are sorted such that Ay > --- > A,. The
matrix X is defined as X := (x;,...,Xg) € R™X and is called snapshot matrix.

Intuitively the correlation matrix detects the principal directions in the data cloud
that is made up of the snapshots Xy, ..., Xx. The eigenvectors and eigenvalues can
be thought of as directions and radii of axes of an ellipsoid that incloses the cloud
of data. Then, the smaller the radii of one axis is, the less information is lost if that
direction is neglected.

The question arises, how many directions r should be kept and how many can
be neglected. There is no a-priori error bound for the POD reduction (Rathinam and
Petzold [43], though, perform a precise analysis of the POD accuracy). However,
the eigenvalues are a measure for the relevance of the dimensions of the state space.
Hence, it seems reasonable to choose the dimension r of the reduced order model in
such a way, that the relative information content of the reduced model with respect
to the full system is high. The measure for this content, used in the literature cited
above is

Ao Ay
I RV S

J(r) =

Clearly, a high relative information content means to have .# (r) ~ 1. Typically r is
chosen such that this measure is around 0.99 or 0.995.

If the eigenvalues and eigenvectors are available and a dimension r has been
chosen, the projection matrices V and W in (4.11) are taken as

V:=W:=(g,...,0,) € R"",

leading to an orthogonal projection o, = VV on the space . spanned by

P1sees Pre

The procedure described so far relies on the eigenvalue decomposition of the
n x n matrix XX’ . This direct approach is feasible only for problems of moderate
size. For high dimensional problems, i.e., for dimensions n >> 1, the eigenvalues
and eigenvectors are derived form the Singular Value Decomposition (SVD) of the
snapshot matrix X € R"*K,

The SVD provides three matrices:

@ = (g1, - ,¢y) € R orthogonal,
=Y, -, ¥k) € RK orthogonal,

X :diag(O'l,...,O'v)ERuxv witho; >--->0, >0y41 =... =0g =0,

such that

_o (% O yr
x_q>(0 o)w’ 4.17)
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where the columns of @ and ¥ are the left and right singular eigenvectors, respec-

tively, and o1, ..., 0, are the singular values of X (o, being the smallest non-zero
singular value; this also defines the index v). It follows that ¢y, . .., ¢, are eigenvec-
tors of the correlation matrix XX’ with the n eigenvalues 07, ...,02,0,...,0.

4.1.5 Truncation Based MOR

The MOR approaches we reviewed so far rely on the approximation of the high-
dimensional state space, the solution of (4.4) resides in, by an appropriate space
of lower dimension. An equation for the correspondent z(¢) of x(¢) is derived by
constructing a projection onto that lower-dimensional space.

Although the approaches we are about to describe in the following can also be
considered as projection methods in a certain sense, we decided to present them
separately. What makes them different, is that these techniques base on preserving
key characteristics of the system rather than reproducing the solution. We will get
aquainted with an ansatz based upon energy considerations and an approach meant
to preserve poles and zeros of the transfer function.

4.1.5.1 Balanced Truncation

The technique of Balanced Truncation, introduced by Moore [35], is based on
control theory, where one essentially investigates how a system can be steered
and how its reaction can be observed. In this regard, the basic idea of Balanced
Truncation is to first classify, which states x are hard to reach and which states x are
hard to deduce from observing the output y, then to reformulate the system such that
the two sets of states coincide and finally truncate the system such that the reduced
system does not attach importance to these problematic cases.

The system (4.4) can be driven to the state X in time 7 if an input u(¢), with
t € [0, T] can be defined such that the solution at time 7', i.e., x(T") takes the value
x where x(0) = 0. We perceive the Ly-norm || - |2, with |[a3 = fOT a()"a() dr
as energy of the input signal. If the system is in state X at time # = 0 and no input
is applied at its ports we can observe the output y(¢) for ¢ € [0, T'] and the energy
|l¥]l2 emitted at the system’s output ports.

We consider a state as hard to reach if the minimal energy needed to steer the
system to that state is large. Similarly, a state whose output energy is small leaves a
weak mark and is therefore considered to be hard to be observed.

The minimal input energy needed and the maximal energy emitted can be
calculated via the finite and the infinite controllability Gramian

T e’}
P(T) = / ABB A gt and P = / ABBT A gt (4.182)
0 0
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and the finite and infinite observability Gramian
T o
2T) = / eAICTCeMdr and 2 = / eAICT Cerdr, (4.18b)
0 0

respectively. Note that the system (4.4) is assumed to be stable. Furthermore, the
above definition is valid for the case E = 1,,«,,. The latter does not mean a limitation
of the method of Balanced Truncation to standard state space systems. In fact, these
considerations can be applied to descriptor systems as well, e.g., [54].

With the above definitions one can prove that the minimal energy needed, i.e.,
the energy connected to the most economical input u, to reach the state x holds

a3 = %" 27'x.
Similarly, the energy emitted due to the state X holds
1§13 = x2%

The Gramians are positive definite. Applying a diagonalization of the control-
lability Gramian, it is easy to see that states that have a large component in the
direction of eigenvectors corresponding to small eigenvalues of & are hard to reach.
In the same way it is easy to see that states pointing in the direction of eigenvectors
to small eigenvalues of the observability Gramian 2 are hard to observe.

The basic idea of the Balanced Truncation MOR approach is to neglect states that
are both hard to reach and hard to observe. This marks the truncation part. However,
to reach this synchrony of a state being both hard to reach and hard to observe,
the basis of the state space has to be transformed. This marks the balancing part.
Generally, a basis transformation introduces new coordinates X such that x = T %
where T is the matrix representation of the basis transformation. Here the Gramians
transform equivalently to

P =TPZT' and 2=T1'21 7.

The transformation T is called balancing transformation and the system arising
from applying the transformation to the system (4.4) is called balanced if the
transformed Gramians satisfy

P = 2 = diag(o.....,0,). (4.19)

The values o1, ..., 0, are called Hankel Singular Values. They are the positive
square roots of the eigenvalues of the product of the Gramians:

0=V M(Z-2), | =1,...,n.
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Now we assume that the eigenvalues are sorted in descending order, i.e., o7 >
0, > +-- > 0,. We introduce the cluster

01

(o _ (21 )
Or+1 )’

On

and adopt this to the tranformed input-output system'!

_ ?fil(f) 1:\11 1:\12 X1 (1) 1:31
= (iz(f)) * (A21 Azz) (iz(l)) * (Bz) u ().

- (4.20)
X (¢
y(1) = (C1.Cy) (X; (t)) :
such thatX; €e R" and X, € R"™".
Finally we separate the cluster and derive the reduced order model
0 =%,1() + A%, () + Bu(r), (4.21a)
§1(t) = Ci%(¢) (4.21b)

of dimension r < n, by skipping the part corresponding to the small eigenvalues
Or41,...,0, of both Gramians.

Important Properties

Balanced Truncation is an appealing MOR technique because it automatically
preserves stability.

Furthermore, and even more attractive is that this MOR approach provides a
computable error bound: Let 0,41, ...,0; be the different eigenvalues that are
truncated. Then, for the transfer function H; corresponding to (4.21), it holds

[H—-Hiln, <2041+ +0k), (4.22)

where the H, norm is defined as |H||g., := sup,cp |[H(iw)|2 where || - ||2 is the
matrix spectral norm.

''"To simplify matters we have chosen E = I,,x, = diag(l, ..., 1) e R and D = 0.
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Computation

Applying the method of Balanced Truncation as presented above makes it necessary
to compute the Gramians and the simultaneous diagonalization of the Gramians.

The infinite Gramians &2 and 2 are defined by infinity integrals. However, it is
not hard to show that they arise from solving the Lyapunov equations:

AP + ZAT + BBT =0

(4.23)
AT2+2A+C"'C=0
Having solved the Lyapunov equations, one way to determine the balancing
transformation is described by the square root algorithm (see e.g. [1]). The basic
steps in this approach are the computation of the Cholesky factorisations of the
Gramians & = STS and 2 = R”R and the singular value decomposition of the
product SR”

In the past Balanced Bruncation was not favored because the computation of
the solution of the high dimensional matrix equations (4.23) and the balancing was
very cumbersome and costly. In recent years however, progress was made in the
development of techniques to overcome these difficulties. Techniques that can be
applied to realize the Balanced Truncation include the ADI method [30], the sign
function method [4] or other techniques, e.g. [49]. For a collection of techniques we
also refer to [5].

Poor Man’s TBR

Another method that should be mentioned is Poor Man’s TBR,'? introduced
by Phillips and Silveira [37]. Balanced Truncation relies on the Gramians. The
methods we mentioned so far compute these Gramians based on the Lyapunov
equations (4.23).

The idea of Poor Man’s TBR (PMTBR) however, is to compute the Gramians
from their definition (4.18). If the system to be reduced is symmetric, i.e. A = AT
and C = B”, & and 2 coincide. The (controllability and observability) Gramian
is then defined as

o0 T
P = / eABB” M ' dr.
0

As the Laplace transform of e’ is (sI—A)~!, we can apply Parseval’s lemma, which
says that a signal’s energy in the time domain is equal to its energy in the frequency

I2TBR = Truncated Balanced Realization
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domain and transfer the time domain integral to the frequency domain:
o0
P = / (0l —A) BB (0l —A) dw.
—00

PMTBR now starts with applying a numerical quadrature scheme: With nodes
wy, weights wy and defining 7z = (iwxI — A)™'B an approximation & to the
gramian & can be computed as:

PP = wazg =ZW-(ZW)",
k

where Z = (z1,22,...) and W = diag(\/wy, /W2, ...).
For further details on the order reduction we refer to the original paper mentioned
above.

4.1.5.2 Modal Truncation

Engineers usually investigate the transfer behavior of an input-output system by
inspecting its frequency response H(iw) =: G(w) for frequencies @ € R™. The
Bode plot, i.e. the combination of the Bode magnitude and phase plot, expressing
how much a signal component with a specific frequency is amplified or attenuated
and which phase shift can be observed from in- to output, respectively, is a graphical
representation of the frequency response.

One is especially interested in the peaks and sinks of the Bode magnitude plot,
which are caused by the poles and zeros of the transfer function H. The Modal
Truncation [45] is aimed at constructing a reduced order model (4.10) such that
peaks and sinks of the reduced order model’s frequency response G(w) = ﬁ(i )
match with the one of the full dynamical problem (4.4).

Applying Cramer’s rule it is obvious that the transfer function is a rational
function:

_ pn—l(s)
qn(s)

H(s)

with polynomials p,—; and ¢, of degree n — 1 and n respectively. The zeros of the
numerator are the zeros of the transfer function and the zeros of the denominator are
its poles.

The generalized eigenvalues of the matrix pencil {E, A}, or the eigenvalues of A,
if we assume E = 1,,,, are the key to the poles of the transfer function. For a more
detailed discussion we refer to [28]. To illustrate this relation we restrict to the latter
case and consider a SISO system without direct feedtrough, i.e., D = 0.
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The eigentriples (A;,v;,w;) fori = 1,...,n of A consist of the ith eigenvalue
A; € C and the ith right and left eigenvalue v;, w; € C", respectively, that satisfy

Av; = A;v; and leA = A,-W,H.
From assuming that A is diagonalizable it can be derived that
L”AR = 4,

where A = (A,...,A,),R=(v,...,v,) and L = (wy,...,w,) € C"", where
the left and right eigenvectors are scaled such that LYR = I,,x,.

We apply a change of coordinates x = RxX and multiply the input to state
mapping (4.4a) with L? which is a projection on the space spanned by the columns
of R along the space spanned by the columns of L. This transforms the input-output
system (4.4) to

d
—X = AX + L¥bu,
dr (4.24)

y = c/Rx.

The transformed system is equivalent to the original system (4.4), the (scalar)
transfer function can be represented as
H(s)zzs—r—ix,- with 7 = (cv;) (Wb) € C fori =1,....n. (425)

i=1

This form of displaying the transfer function is known as Pole-Residue Representa-
tion, where the quantities r; € C are called residues and where we can see that the
eigenvalues of the matrix A are the poles of H(s).

The idea of modal truncation is to replace the full order problem with a reduced
order model of say order r < n whose transfer function has a pole-residue represen-
tation that is a truncation of the corresponding full model’s representation (4.25), i.e.

r

H(s) = ) ——. (4.26)

i=1

where r; and A; fori = 1,..., r are the same as in (4.25). The corresponding state-
space representation (4.10) evolves from carrying out the matrix projections defined
in (4.11) where V, W € C"*" comprises r right and left eigenvectors vy, ..., v, and
Wi, ..., W,, respectively. As no new poles arise by constructing the reduced order
model in this way, the stability property is inherited from the full order problem.

Immediately the question arises, which pairs (4;, r;) of poles and residues and
how many should be taken into account.
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Rommes [45] and Martins et al. [31] sort these pairs according to decreasing
dominance of the pole. Their measure for dominance of a pole is the magnitude of
the relation

|7

re(A;)] .

Hence, modal truncation takes into account the first » poles/residues according to
this ordering scheme. The answer to the second part of the question, i.e., how many
poles/residues to keep, arises from the error bound [20]

n

A ||
H-H < E , 4.27
j=r+1

and hence from the deviation one is willing to tolerate.

The computation of the error bound (4.27) necessitates a full eigenvalue decom-
position. This is only feasible for moderate orders n < 2,000. For large scale
systems methods using only a partial eigenvalue decomposition can be applied.
Here the Subspace Accelerated Dominant Pole Algorithm (SADPA), introduced by
Rommes and Martins [46] produces a series of dominant poles. The main principle
of SADPA is to search for the zeros of ﬁ using a Newton-iteration. As the
Newton-iteration can only find one zero sufficiently close to a starting value at a
time, the iteration procedure has to be applied several times. In order to find less
dominant poles at each time, the system the dominant pole algorithm is applied to
is adjusted each time one dominant pole has been found. This adjustment is referred
to as subspace acceleration.

Again, for further details we refer to the papers cited above.

4.1.6 Other Approaches

We shortly address some other approaches. In [26, 40, 41], port-Hamiltonian sys-
tems are considered to guarantee structure preserving reduced models. In [8, 10, 11],
vector fitting techniques are used to obtain passivity preserving reduced models. In
[25, 32, 47], one matches additional moments of Laurent expansions involving terms
with 1/s. These are applied to obtain passive reduced models for RLC circuits.

4.1.7 Examples

In this part we will introduce linear circuits and reduce them with techniques which
have already been discussed. We give results for the methods PRIMA [36], SPRIM
[12-16], and PMTBR [37].
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In simulation a Bode magnitude plot of the transfer function shows the magnitude
of H(iw), in decibel, for a number of frequencies w in the frequency domain of
interest. If the transfer function of the original system can be evaluated at enough
points s = i w to produce an accurate Bode plot, the original frequency response can
be compared with the frequency response of the reduced model. In our examples, H
is a scalar.

4.1.7.1 Example 1

We choose an RLC ladder network [33] shown in Fig.4.1. We set all the capaci-
tances and inductances to the same value 1 while R; = % and R, = %, see [34, 53].
We arrange 201 nodes which gives us the order 401 for the mathematical model of
the circuit.

If we write the standard MNA formulation the linear dynamical system is

derived. The system matrices are as follows (for K = 3, for example):

-2 0 0 -1 0 0
0 0 0 -1 1 0
E=1 A= 0O 0-5 01|, B=|5],
1 1 0 0 O 0
0-1 -1 0 O 0
C=[00-500], D=5 (4.28)
In the state variable x, x; is the voltage across capacitance Cx (k = 1,. .., K), or the

current through inductor Ly—_g (k = K +1,...,2K — 1). In general the number of
nodes K is odd. The voltage u and the current y are input and output, respectively.
Note that when the number of nodes is K the order of the system becomes n =
2K — 1. In this test case we have an ODE instead of a DAE as E = 1, see (4.28).
The original transfer function is shown in Fig. 4.2. The plot already illustrates how
difficult it is to reduce this transfer function as many oscillations appear.

Fig. 4.1 RLC Circuit of order n = 2K — 1, Example 1
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Fig. 4.2 Original transfer function for the first example of Fig. 4.1, order n = 401. The frequency
domain parameter  varies between 1072 to 10
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Fig. 4.3 RLC Circuit of order n = 2K — 1, Example 2

4.1.7.2 Example 2

Next, we use another RLC ladder network, given in Fig. 4.3 [33, 48], for the second
example. The major difference to the previous example is that we introduced a
resistor (all of equal value) in parallel to the capacitors at each node connected to
the ground. We set all the capacitances and inductances to the same value 1 while
R, = %, R, = é and R = 1. We choose 201 nodes which results in a system having
order 401 for the mathematical model of the circuit. Like the previous example we
again derive a system of ODEs. The original transfer function of the second example
is shown in Fig. 4.4.
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Fig. 4.4 Original transfer function for the second example of Fig.4.3, order n = 401. The
frequency domain parameter  varies between 1072 to 103
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Fig. 4.5 Hankel Singular Values for Example 1 and 2, (semi-logarithmic scale)

4.1.7.3 MOR by PRIMA, SPRIM and PMTBR

The main reason for choosing these two examples is the behavior of the Hankel
singular values, see Fig. 4.5. The Hankel singular values for the first example do not
show any significant decay, while in the second example we observe a rapid decay
in the values. The results are taken from [33].

The Figs. 4.6 and 4.7 show the absolute error between the transfer function of
the full system and the transfer function of several reduced systems. The model
is reduced by three linear techniques (PRIMA, SPRIM and PMTBR) for both
examples.



4 Model Order Reduction: Methods, Concepts and Properties 191
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Fig. 4.6 Error plot, the frequency domain parameter o varies between 1072 to 10°, Example 1
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Fig. 4.7 Error plot, the frequency domain parameter  varies between 102 to 10°, Example 2

In the Example 1 we reduced the system from order n = 401 (number of nodes
is K = 201) to order 34, which means that we reduced the system (in all three
methods) by a factor of 10. The order of the reduced model is relatively large in
this case as the dynamical system is somehow stubborn for any reductions, see
Fig.4.5. The price we will pay for a smaller system is too high as we loose a lot
of information during the reduction and the error is becoming relatively large. As
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we expected, PRIMA and SPRIM in Fig. 4.6 produced reliable results close to the
expansion point, in this case s = 0, but the error is immediately increasing for
the rest of the oscillation part, see Fig. 4.2, and then smoothly decreases for higher
frequencies. In the first example the PMTBR method matches a bit worse for the low
frequencies as the error decreases just for a short interval and immediately starts to
increase again. But PMTBR also cannot cover the oscillation part of the transfer
function although it resolves the higher frequencies well. The order in PMTBR
results from a prescribed tolerance.

For the second example the SPRIM and PRIMA produced a nice match around
the expansion point, s = 0, like the first example, but for a larger interval, see
Fig.4.7. The peaks of error for both PRIMA and SPRIM are around —50 and
—80dB, respectively, which are much lower than in Example 1 where the peaks
are around 0dB for both PRIMA and SPRIM. We allowed PMTBR to reduce the
system by a factor of 20 in this case although we keep the order of the reduced
system the same as for the first example for the PRIMA and SPRIM. Despite the
lower dimension for the reduced system PMTBR produced much better results for
this test case compared to the first example as the error starts from —50dB and
smoothly decreases for low frequencies and suddenly falls to —300dB for larger
frequencies.

As we expected, the SPRIM produces a better approximation than PRIMA,
especially for the second example, since it matches twice as much moments.
Although both methods have a good agreement around the expansion point s = 0,
the error increases as we are far from the expansion point. Since the Hankel singular
values for the first example do not decay, the PMTBR method cannot produce an
accurate model for low frequencies in that case. In the second example where the
Hankel singular values rapidly decay PMTBR produced a more reliable result with a
better match. This shows that we cannot stick to one method for reduction in general
and the method should be chosen depending on the circuit’s behavior.

4.1.8 Summary

In industrial applications of different disciplines, model order reduction is gaining
more and more interest. As there is not the one and only type of model to describe
all kinds of dynamics of different physical problems there is not and will never be
the one and only MOR technique that fits best to all problems. Hence, research on
MOR techniques is an ongoing process.

In the following contributions in this chapter you will find different approaches to
different questions, aiming to attack different facets of reduced order models. This
introductory contribution was ment to give an overview of the basic ideas and the
motivation of some MOR techniques that are applied and refined throughout this
chapter.
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4.2 Eigenvalue Methods and Model Order Reduction

Physical structures and processes are modeled by dynamical systems in a wide
range of application areas.'’> The increasing demand for complex components
and large structures, together with an increasing demand for detail and accuracy,
makes the models larger and more complicated. To be able to simulate these
large-scale systems, there is need for reduced-order models of much smaller size,
that approximate the behavior of the original model and preserve the important
characteristics.

In order to preserve the important characteristics, one usually first has to know
what are the important characteristics. For linear dynamical systems, two important
characteristics are the dominant dynamics and stability. The dominant dynamics are
determined by the dominant modes of the system, while stability of the system is
determined by the location of the eigenvalues. Hence, both characteristics can be
computed by solving eigenvalue problems: the dominant dynamics can be found by
computing the dominant eigenvalues (poles) and corresponding eigenvectors, while
stability can be assessed by determining whether the system has no eigenvalues in
the right half-plane (the system is stable if there are no eigenvalues with real part
greater than zero).

A large-scale dynamical system can have a large number of modes. Like a general
square matrix can be approximated by its largest eigenvalues, i.e. by projecting it
onto the space spanned by the eigenvectors corresponding to the largest eigenvalues,
a dynamical system can be approximated by its dominant modes: a reduced order
model, called the modal equivalent, can be obtained by projecting the state space
on the subspace spanned by the dominant eigenvectors. This technique, modal
approximation or modal model reduction, has been successfully applied to scalar
and multivariable transfer functions of large-scale power systems, with applications
such as stability analysis and controller design, see [81, 82].

The dominant eigenvectors, and the corresponding dominant poles of the system
transfer function, are specific eigenvectors and eigenvalues of the state matrix.
Because the systems are very large in practice, it is not feasible to compute all
eigenvectors and to select the dominant ones.

Section 4.2 is concerned with the efficient computation of the dominant poles
and eigenvectors specifically, and their use in model order reduction. The section
is organized as follows. In Sect.4.2.1 the concept of dominant poles and modal
approximation is explained in more detail. Dominant poles can be computed with
specialized eigensolution methods, as is described in Sect. 4.2.2. Some generaliza-
tions of the presented algorithms are shown in Sect. 4.2.3. Ideas on how to improve
Krylov based MOR methods by using dominant poles are discussed in Sect. 4.2.4.
Numerical examples are presented in Sect. 4.2.5. Section 4.2.6 concludes.

13Section 4.2 has been written by: Joost Rommes and Nelson Martins.
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For general introductions to model order reduction we refer to the previous
Sect. 4.1 and to [58, 60, 61, 88]; for eigenvalue problems, see [87, 93]. More detailed
publications on the contents of this section are [80-85]. The pseudocode algorithms
presented in this section are written using Matlab-like [92] notation.

4.2.1 Transfer Functions, Dominant Poles and Modal
Equivalents

In Sect. 4.2, the dynamical systems (E, 4, b, ¢, d) are of the form

Ex(t) = Ax(t) + bu(z)

4.29
y() = ex(0) + dul). @2
where A, E € R™", E may be singular, b, ¢, x(¢) € R”, u(t), y(t),d € R. The
vectors b and ¢ are called the input, and output map, respectively. The transfer
function H : C — C of (4.29) is defined as

H(s) =c*(sE— A)'b+d. (4.30)

The poles of the transfer function in (4.30) are a subset of the eigenvalues A; € C
of the matrix pencil (A4, E). An eigentriplet (A;, X;,y;) is composed of an eigenvalue
A; of (A, E) and corresponding right and left eigenvectors x;,y; € C":

Ax; = A Ex;, x; # 0,
ViA=My'E.  yi#£0,  (=1,...n).

The actual occurring poles in (4.30) are identified by the components of the
eigenvectors in in b and c. Assuming that the pencil is nondefective, the right
and left eigenvectors corresponding to the same finite eigenvalue can be scaled so
that y*Ex; = 1. Furthermore, it is well known that left and right eigenvectors
corresponding to distinct eigenvalues are E-orthogonal: y; Ex; = 0fori # j. The
transfer function H(s) can be expressed as a sum of residues R; € C overthenn < n
finite first order poles [68]:
n Rl
His)=)" it Roo + d, (4.31)

i=1
where the residues R; are

R = (¢"x;)(y;'b).

and R is the constant contribution of the poles at infinity (often zero).
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Although there are different indices of modal dominance [57, 64, 94], the
following will be used in this chapter.

Definition 4.1 A pole A; of H(s) with corresponding right and left eigenvectors x;
andy; (y/ Ex; = 1) is called the dominant pole if | R;|/|Re(A;)| > |R;|/|Re(A;)],
forall j #i.

More generally, a pole A; is called dominant if |R;|/|Re(A;)| is not small
compared to |R;|/|Re(A;)|, for all j # i. A dominant pole is well observable
and controllable in the transfer function. This can also be seen in the corresponding
Bode-plot, which is a plot of the magnitude |H (iw)| against w € R: peaks occur
at frequencies w close to the imaginary parts of the dominant poles of H(s). In
practise one also plots the corresponding phase of H(iw). An approximation of
H (s) that consists of k < n terms with | R;|/|Re(A ;)| above some value, determines
the effective transfer function behavior [90] and is also known as transfer function
modal equivalent:

Definition 4.2 A transfer function modal equivalent Hj (s) is an approximation of
a transfer function H (s) that consists of k < n terms:

k

Hi(s) =) - fjx +d. 4.32)
J

Jj=1

A modal equivalent that consists of the most dominant terms determines the
effective transfer function behavior [90]. If X € C"* and Y € C"** are matrices
having the left and right eigenvectors y; and x; of (A4, E) as columns, such that
Y*AX = A = diag(Ay,...,Ar), with Y*EX = [, then the corresponding
(complex) reduced system follows by setting x = XX and multiplying from the
left by Y*:

X(t) = AX(t) + (Y *b)u(r)
F(t) = (c*X)X(t) + dul(r).

In practice, it is advisable to make a real reduced model in the following way:
for every complex pole triplet (A, X,y), construct real bases for the right and left
eigenspace via [Re(x), Im(x)] and [Re(y), Im(y)], respectively. Let the columns of
X, and Y, be such bases, respectively. Because the complex conjugate eigenvectors
are also in this space, the real bases for the eigenspaces are still (at most) k
dimensional. The real reduced model can be formed by using X, and Y, in
(YYEX, Y*AX,,Y*b,X'c,d).
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For stable nondefective systems, the error in the modal equivalent can be
quantified as [64]

n R
IH = Hilloo = | Y —"—llo

j=kt1® —4
Xn: IR/
150 IRe(@))]

where || H || is the operator norm induced by the 2-norm in the frequency domain
[58, 64]. An advantage of modal approximation is that the poles of the modal
equivalent are also poles of the original system.

The dominant poles are specific (complex) eigenvalues of the pencil (A, E) and
usually form a small subset of the spectrum of (A, E), so that rather accurate modal
equivalents may be possible for k < n. Since the dominant poles can be located
anywhere in the spectrum, specialized eigensolution methods are needed. Because
the dominance of a pole is independent of d, without loss of generality d = 0 in
the following.

4.2.2 Specialized Eigensolution Methods

In this section we describe the Dominant Pole Algorithm and its extension with
deflation and subspace acceleration.

4.2.2.1 The Dominant Pole Algorithm (DPA)

The poles of the transfer function (4.30) are the A € C for which lim,,, |H(s)| =
oo and can be computed via the roots of G(s) = 1/H(s). Applying Newton’s
method leads to the scheme

ctvy

Sk+1 = Sk — (4.33)

w; Evi

where v, = (st E — A)7'b and w; = (sx E — A)"*c. The algorithm based on
this scheme, also known as the Dominant Pole Algorithm (DPA) [72], is shown in
Algorithm 4.1. Note that strictly speaking the definition of dominance used here
is based on |R;| (and not on |R;|/|Re(A;)| as in Definition 4.1); observe that
in(4.32) R; = (c*x j)(y;’.‘ b). The subsequent algorithms offer refinements that may
lead to additional candidates, in any user-specified dominance criterion, including
Definition 4.1.
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Algorithm 4.1 The Dominant Pole Algorithm (DPA)

INPUT: System (E, A, b, ¢), initial pole estimate sy, tolerance € < 1
OUTPUT: Approximate dominant pole A (close to sg) and corresponding right and left eigenvec-
tors x and y
1: Setk =0
2: while not converged do
3: Solve v;, € C" from (sx E — A)vy = b
4: Solve wy € C" from (s E — A)*w; = ¢
5 Compute the new pole estimate

c* vy wi Avg
K =5 — =
AR Wi Evi  wiEv
6: The pole A = s34 withx = v; and y = w;, has converged if

lAvi — sk+1Evill2 < €

7: Setk =k +1
8: end while

The Dominant Pole Algorithm is closely related to Rayleigh Quotient Iteration
[76, 77]: the only difference is that in DPA the right hand-sides in Step 3 and 4
remain fixed, while in Rayleigh Quotient Iterations these are updated with b =
Evj_; and ¢ = E*wj_; every iteration. See [85] for a detailed comparison.

The two linear systems that need to be solved in step 3 and 4 of Algorithm 4.1
to compute the Newton update in (4.33) can be efficiently solved using one LU-
factorization LU = sy E — A, by noting that U*L* = (sx E — A)*. If an exact
LU-factorization is not available, one has to use inexact Newton schemes, such as
inexact Rayleigh Quotient Iteration and Jacobi-Davidson style methods [67, 89, 91].
In the next section, extensions of DPA are presented that are able to compute more
than one eigenvalue in an effective and efficient way.

4.2.2.2 Deflation and Subspace Acceleration

In practical applications often more than one dominant pole is wanted: one is
interested in all the dominant poles, no matter what definition of dominance is used.
Simply running the single pole algorithm DPA for a number of different initial shifts
will most likely result in duplicate dominant poles. A well known strategy to avoid
computation of already found eigenvalues is deflation, see for instance [87]. Itis also
known that subspace acceleration may improve the global convergence: for an n x n
problem, the subspace accelerated algorithm converges within at most n iterations,
although in practice it may need only k < n iterations and will almost never build
a full search space of dimension 7, but restart every k,,,, < n iterations. The use
of subspace acceleration requires that every iteration an approximate pole has to
be selected from the available approximations. This also may improve the global
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convergence, since better approximations than the initial estimate, which may be a
rather crude approximation, become available during the process.

In the next subsections, variants of DPA for the computation of more than one
pole without and with subspace acceleration are discussed. This variant that does not
use subspace acceleration can be implemented efficiently with only constant costs
for deflation, while the subspace accelerated variant has better global convergence.

Throughout the rest of this chapter, let the (n x k) matrices X and Y} have as
their columns the normalized (found) right and left eigenvectors x; and y; (i =
1,...,k) of (A4, E), respectively, and let Ay be a diagonal (k x k) matrix with the
corresponding eigenvalues on its diagonal, i.e. Ay = diag(Ay,...,Ax), Y AX; =
Ay and Yk*EXk = I. For ease of notation, the subscript k will be omitted if this
does not lead to confusion.

4.2.2.3 DPA with Deflation by Restriction

It can be verified that if X = X, and Y = Y, have as their columns exact
eigenvectors (normalized so that Y*EX = [), then the system (E;, A4, by, ¢q),
where

Eq = (I — EXY*)E(I — XY*E),
Ag = (I —EXY*)A(I — XY*E),
by = (I — EXY*)b,

cg = (I — E*YX%)c,

has the same poles, eigenvectors and residues, but with the found A; (i = 1,...,k)
and corresponding R; transformed to 0. So in order to avoid recomputing the same
pole, DPA could be applied to the deflated system (E;, Ay, by, c;) after having
found one or more poles. This would require solves with (sE; — Ay) and (sE; —
Ag)* in step 4 and 5 of Algorithm 4.2,'* but the following theorem shows that it is
sufficient to only replace b by b, and ¢ by ¢, to ensure deflation.

Theorem 4.2 ([80, Thm. 3.3.1]) The deflated transfer function H,(s) = ¢} (sE —
A)"'by, where
b, = (I —EXY*)b and ¢; = (I — E*YX")c,

has the same poles A; and corresponding residues R; as H(s) = ¢*(sE—A)™'b, but
with the residues R; corresponding to the found poles A; (i =1, ..., k) transformed
toR; =0.

4Note that (sE; — A, ) would never be computed explicitly, and that sparse systems (sE; — A4)Xx =
b, can be solved efficiently.
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Algorithm 4.2 Dominant Pole Algorithm with deflation (DPAd)

INPUT: System (E, A, b, ¢), initial pole estimates sé, e sé’ , tolerance € K 1
OUTPUT: Approximate dominant poles A = diag(},., ..., Ap), and corresponding right and left
eigenvectors X = [x;,...,X,Jand Y = [y,...,y,]
1: Setk =0,i =0,5, = Sé
2: while i < p do
3: > Continue until p poles have been found
Solve v € C" from (sx E — A)vy = b
Solve wy € C" from (s E — A)*w; = ¢
Compute the new pole estimate

SARNANE

c*vy wy Avg
Sk+1 = 8§ — = —
wiEvy  WiEv

7: if | Avi — sk4+1 Evi|l2 < € (with [|vg]l, = 1) then

8: Seti =i +1

9: Set Aii = Sk+1

10: Set vi = vi /(W Evi)

11: Set X = [X,vi]and ¥ = [Y, wi]
12: Deflate: b =b — Evyw;b

13: Deflate: ¢ = ¢ — E*wyvj ¢

14: Set sk = sé

15: end if

16: Setk =k +1
17: end while

Proof The proof follows by using the definition of residues and basic linear algebra
[80, Thm. 3.3.1]. O

In other words, by using b, and ¢, the found dominant poles are degraded to non
dominant poles of H,(s), while not changing the dominance of the remaining poles.
Hence these poles will not be recomputed by DPA applied to H,(s). Graphically, the
peaks caused by the found poles are *flattened’ in the Bode plot (see also Fig. 4.8).

Note that if H(s) = ¢*(sE — A)~'b + d with d = 0, then the deflated poles
in fact become zeros of H,(s). It can be shown that DPA applied to H;(s) =
¢’ (sE— A)~'b, and DPA applied to H () =c¢j(sEq — A4)"'by produce the same
results [85].

The important result is that the single pole DPA can easily be extended, see
Algorithm 4.2, to an algorithm that is able to compute more than one pole, while
maintaining constant costs per iteration, except for iterations in which a pole is
found. The only change to be made to Algorithm 4.1, is when a dominant pole
triplet (4, x,y) is found: in that case, the algorithm continues with b and ¢ replaced
by (I — Exy*)b and (I — E*yx*)c, respectively.

This approach has a number of advantages. The implementation is straight-
forward and efficient: search spaces, selection strategies and orthogonalization
procedures are not needed, so that the computational costs per iteration remain
constant, even if the number of found poles increases. For every found pole only
two skew projections are needed once to compute the new b, and ¢y, so the costs
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Fig. 4.8 Exact transfer function (solid) of the New England test system [72], and modal
equivalents where the following dominant pole (pairs) are removed one by one: —0.467 + 8.96i
(square), —0.297 % 6.96i (asterisk), —0.0649 (diamond), and —0.249 = 3.69i (circle). Note that
the corresponding peaks are removed from the Bode plot as well (to see this, check the Bode plot
at the frequencies near the imaginary part of the removed pole)

for deflation are constant. The pseudo code in Algorithm 4.2 can almost literally be
used as Matlab code. The special properties of DPA ensure convergence to dominant
poles (locally). Furthermore, the deflation of found poles is numerically stable in
the sense that even if the corresponding transformed residues are not exactly zero,
which is usually the case in finite arithmetic, this will hardly influence the effect of
deflation: firstly, all the poles are left unchanged, and secondly, already a decrease
of dominance of the found poles to nondominance (because of the projected in- and
output vectors b,y and ¢;) will shrink the local convergence neighborhood of these
poles significantly, again because of the convergence behavior of DPA [85].

This approach, however, may still suffer from the fact that the convergence
behavior can be very local and hence may heavily depend on the initial estimates s/).
Although in practice one often has rather accurate initial estimates of the poles of
interest, this may be problematic if accurate information is not available. It may take
many iterations until convergence if the initial estimate is not in the neighborhood of
a dominant pole. On the other hand, the computational complexity of this problem
depends on the costs of the LU factorization, which in certain practical examples
can be computed very efficiently. In the next section a subspace accelerated version
of DPA is described, that improves the global convergence by using search spaces.
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Algorithm 4.3 Subspace Accelerated DPA (SADPA)

INPUT: System (E, A, b, ¢), initial pole estimate s; and the number of wanted poles p
OUTPUT: Dominant pole triplets (A;,x;,y;),i = 1,...,p
L k= 17pfouml=07A= [],X=Y=[]
2: while ps,yq < p do
Solve v from (sy E — A)v =b
Solve w from (s E — A)*w = ¢
v=MGS(V.v), V = [V, v/[|vl]]
Compute S = W*AV and T = W*EV
(A, X,Y) = Sort(S, T, W*Db, V*c) > Algorithm 4.4
Dominant approximate eigentriplet of (A, E) is

w

VRN

(G =A% = VR/IVE . 51 = Wi/IWF L)

10:  if ||A%, — A1 ER1|]2 < € then

11: (A X,Y,V,W,b,¢) =

12: Deflate(L1, %1, 51, A, X, Y, V Xk, W, E. b, €©) > Algorithm 4.5
13: pfounNd = [gbund +1

14: SetA) = A,k =k—1

15: end if

16: Setk =k +1

17: Set the new pole estimate s, = 11

18: end while

4.2.2.4 Subspace Accelerated DPA

A drawback of DPA is that information obtained in the current iteration is discarded
at the end of the iteration. The only information that is preserved is contained in
the new pole estimate s; 4. The current right and left approximate eigenvectors vy
and wy, however, may also contain components in the direction of eigenvectors
corresponding to other dominant poles. Instead of discarding these approximate
eigenvectors, they are kept in search spaces spanned by the columns of V' and W,
respectively. This idea is known as subspace acceleration.

A global overview of SADPA is shown in Algorithm 4.3. Starting with a single
shift sy, the first iteration is equivalent to the first iteration of the DPA (step 3—4). The
right and left eigenvector approximations v; and w; are kept in spaces V and W. In
the next iteration, these spaces are expanded orthogonally, by using modified Gram-
Schmidt (MGS) [63], with the approximations v, and w, corresponding to the new
shift s, (step 5—6). Hence the spaces grow and will contain better approximations.

It can be shown that subspace accelerated DPA, under certain conditions, is
equivalent to subspace accelerated Rayleigh Quotient Iteration and the Jacobi-
Davidson method, see [80, 85] for more details.
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Algorithm 4.4 (A, X,Y) = Sort(S, 7., b, ¢)
INPUT: S,T € C*** b,c e C*
OUTPUT: A € C¥, X, Y € C* with A, the pole with largest (scaled) residue magnitude and
¥1 and X; the corresponding right and left eigenvectors.
1: Compute eigentriplets of the pair (S, T'):

(X[,i{,i’,‘), ?fTil = 1, i = 1 ..... k
2 A="[h,..., Al
X =[,..., Xk ]
4. Y = [il ..... ik]
5: Compute residues R; = (¢*X;)(¥'b)
6: Sort A, X, Y in decreasing | R;|/|Re(};)| order

Selection Strategy

In iteration k the Petrov-Galerkin approach leads (step 7) to the projected eigen-
problem

W*AVX = AW*EVX,
JW*AV = A§W*EV.

Since the interaction matrices S = W*AV and T = W*EV are of low dimension
k <« n, the eigentriplets (A;,X;,¥y;) of this reduced problem can be computed
using the QZ method (or the QR method in the bi-E-orthogonal case) (step 1
of Algorithm 4.4). This provides k approximate eigentriplets (ii = A% =
VX;,y; = WY;) for (A, E). The most natural thing to do is to choose the triplet
()AL j-X;,¥;) with the most dominant pole approximation (step 8-9): compute the
corresponding residues R = (c*%;)(¥7b) of the k pairs and select the pole with
the largest |1§ il/ |Re(/A\ ;)| (see Algorithm 4.4). The SADPA then continues with the
new shift s+ = /A\j (step 16).

The residues R; can be computed without computing the approximate eigen-
vectors explicitly (step 5 of Algorithm 4.4): if the X; and y; are scaled so that
y:Tx;, = 1 (= §/EX;), then it follows that the R; can be computed as R =
(" V)X) (¥ (W*D)) (= (¢"%;) (¥ D).

Instead of §7 EX; = 1 one can also use the scaling [|§;[l. = ||Xi|l. = 1 when
computing approximate residues. In that case the product of the angles Z(%;, ¢) and
Z(¥i,b) is used in the computation of the approximate residues (see also [85]),
which numerically may be more robust.
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Algorithm 4.5 (A, X, Y, V, W by, ¢s) = Deflate(A,x,y, A, X, Y, V,W, E.,b, ¢)

INPUT: 1 €C,x,yeC', A€eCl, X, Y eC™?, VW € Cr<k E € C"™" b,c € C"
OUTPUT: A €C?, X,Y € C™4.V, W € C™>*~1 b, c; € C", where ¢ = p + 1if A has zero
imaginary part and ¢ = p + 2 if A has nonzero imaginary part.

I: A=[A1]

2: Setx = x/(y* EX)

3 X =[X,x]

4: Y =1[Y,y]

5: Deflate: b, = b — Ex(y*b)

6: Deflate: ¢; = ¢ — E*y(x*¢)

7: if imag(1) # O then

8: B > Also deflate complex conjugate
9: A=][A1]

10: x=Xx, X =[X,x]

1 y=§3Y=[Vy

12: Deflate: by = b; — Ex(y*by)

13: Deflate: ¢; = ¢g — E*y(x*¢y)

14: end if _

15: V=W =[]

16: for j = 1,...,kd~0

17: V = Expand(V,X.Y,E,v;) > Algorithm 4.6
18: W = Expand(W,Y, X, E*,w;) > Algorithm 4.6
19: end for

Deflation

In each iteration step a convergence test (step 10) is done like in DPAd (Algo-
rithm 4.2): if for the selected eigentriplet (;\1, X1,¥1) the norm of the residual
[|AX; — ilEquz is smaller than some tolerance ¢, it is converged. In general
more than one dominant eigentriplet is wanted and it is desirable to avoid repeated
computation of the same eigentriplet. The same deflation technique as used in DPAd
can be applied here (steps 5—-6 and 12-13 of Algorithm 4.5, see also Sect.4.2.2.3),
and since SADPA continues with b; and ¢;, no explicit E-orthogonalization of
expansion vectors against found eigenvectors is needed in step 3 and 4. The effect is
similar to the usual deflation in Jacobi-Davidson methods [62]: found eigenvectors
are hard-locked, i.e. once deflated, they do not participate and do not improve during
the rest of the process (contrary to soft-locking, where deflated eigenvectors still
participate in the Rayleigh-Ritz (Ritz-Galerkin) procedure and may be improved, at
the cost of additional computations and administration, see [69, 70]). In fact, there
is cheap explicit deflation without the need for implicit deflation (cf. [62, remark 5,
p. 106], where a combination of explicit and implicit deflation is used).
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Algorithm 4.6 V = Expand(V, X, Y, E,v)

INPUT: V € C™ with V*V = I, X,Y € C"™?, E € C"™", v € C", Y*EX diagonal,
Y*EV =0

OUTPUT: V € C"**+D with V*V = I and
Xy E

. —T717 _ iy,

I Vg = ]—Ij=1(1 viix,) Y
*

vy =TT” _NYiEy

2v=]];o,U VT Ex, v

3: v=MGS(V,v)
4V =[V.v/lIvll]

If an eigentriplet has converged (steps 11-13 of Algorithm 4.3), the eigenvectors
are deflated from the search spaces by reorthogonalizing the search spaces against
the found eigenvectors. This can be done by using modified Gram-Schmidt (MGS)
and by recalling that, if the exact vectors are found, the pencil

(I — EXY*)A(I — XY*E), (I —EXY*)E(I —XY*E))

has the same eigentriplets as (A, E), but with the found eigenvalues transformed to
zero (Algorithm 4.6, see also [62, 67]). Since in finite arithmetic only approxima-
tions to exact eigentriplets are available, the computed eigenvalues are transformed
to n ~ 0. The possible numerical consequences of this, however, are limited, since
SADPA continues with b; and ¢g, and as argued in Sect. 4.2.2.3, the residues of the
found poles are transformed to (approximately) zero.

If a complex pole has converged, its complex conjugate is also a pole and the
corresponding complex conjugate right and left eigenvectors can also be deflated. A
complex conjugate pair is counted as one pole. The complete deflation procedure is
shown in Algorithm 4.5.

After deflation of the found pole(s), SADPA continues with the second most
dominant approximate pole (steps 13—16 of Algorithm 4.3).

Further Improvements and Remarks

It may happen that the search spaces V' and W become high-dimensional, especially
when a large number of dominant poles is wanted. A common way to deal with
this is to do a thick restart [62, 87]: if the subspaces V and W reach a certain
maximum dimension k,,,, < n, they are reduced to a dimension k,,;, < kjqx by
keeping the k,,;, most dominant approximate eigentriplets; the process is restarted
with the reduced V' and W (already converged eigentriplets are not part of the active
subspaces V' and W). This procedure is repeated until all poles are found.
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Furthermore, as more eigentriplets have converged, approximations of new
eigentriplets may become poorer or convergence may be hampered, due to rounding
errors in the orthogonalization phase and the already converged eigentriplets. It is
therefore advised to take a small tolerance € < 10710, Besides that, as the estimate
converges to a dominant pole, the right and left eigenvectors computed in step 3 and
4 of Algorithm 4.3 are usually more accurate than the approximations computed in
the selection procedure: if the estimate s is close to an eigenvalue A, then s E — A
may become ill-conditioned, but, as is discussed in [79] and [78, Section 4.3], the
solutions v; and wy have large components in the direction of the corresponding
right and left eigenvectors (provided b and ¢ have sufficiently large components
in those directions). In the deflation phase, it is therefore advised to take the most
accurate of both, i.e., the approximate eigenvector with smallest residual. It may also
be advantageous to do an additional step of two-sided Rayleigh quotient iteration to
improve the eigenvectors.

SADPA requires only one initial estimate. If rather accurate initial estimates are
available, one can take advantage of this in SADPA by setting the next estimate after
deflation to a new initial estimate (step 16 of Algorithm 4.3).

Every iteration, two linear systems are to be solved (step 3 and 4). As was already
mentioned, this can efficiently be done by computing one LU-factorization and
solving the systems by using L and U, and U* and L*, respectively. Because
in practice the system matrices A and E are often very sparse and structured,
computation of the LU-factorizations can be relatively inexpensive.

The selection criterion can easily be changed to another of the several existing
indices of modal dominance [57, 64, 94]. Furthermore, the strategy can be restricted
to considering only poles in a certain frequency range. Also, instead of providing the
number of wanted poles, the procedure can be automated even further by providing
the desired maximum error |H(s) — Hi(s)| for a certain frequency range: the
procedure continues computing new poles until the error bound is reached. Note
that such an error bound requires that the transfer function of the complete model
can be evaluated efficiently for the frequency range of interest.

A Numerical Example

For illustrational purposes, SADPA was applied to a transfer function of the New
England test system, a model of a power system. This small benchmark system has
66 state variables (for more information, see [72]). The tolerance used was € =
107'% and no restarts were used. Every iteration, the pole approximation A ; with

largest |I§ il/ |Re(i ;)| was selected. Table 4.1 shows the found dominant poles and
the iteration number for which the pole satisfied the stopping criterion. Bodeplots
of two modal equivalents are shown in Fig. 4.9. The quality of the modal equivalent
increases with the number of found poles, as can be observed from the better match
of the exact and reduced transfer function.
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Table 4.1 Results for SADPA applied to the New England test system (s; = 1i)

#Poles #States New pole Iteration Bodeplot

1 2 —0.4672 &£ 8.9644 13 -

2 4 —0.2968 £ 6.9562i 18 -

3 5 —0.0649 21 Fig. 4.9 (left)

4 7 —0.2491 £ 3.6862i 25 -

5 9 —0.1118 =£ 7.0950i 26 -

6 11 —0.3704 £ 8.6111i 27 Fig.4.9 (right)
30 . -30

Gain (dB)

!
100 ".' Exact | b ] Exact
o - - -Reduced (series) (k=5)|| 110 ' ' - - -Reduced (series) (k=11) |
- - - Error (orig — reduced) i - - - Error (orig - reduced)
-110 . . . n n ~120 . . N T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (rad/s) Frequency (rad/s)

Fig. 4.9 Bode plot of 5th order (/eft) and 11th order (right) modal equivalent, complete model and
error for the transfer function of the New England test system (66 states in the complete model)

4.2.3 Generalizations to Other Eigenvalue Problems

In this section, four variants of the dominant pole algorithm presented in the
previous section are briefly discussed. In Sect.4.2.3.1, the theory is extended to
multi-input multi-output systems. A variant of DPA that computes the dominant
zeros of a transfer function is described in Sect.4.2.3.2. Section 4.2.3.3 describes
the extension to higher-order dynamical systems. Finally, in Sect.4.2.3.4 it is
shown how DPA can be used for the computation of eigenvalues most sensitive
to parameter changes.

4.2.3.1 MIMO Systems
For a multi-input multi-output (MIMO) system

Ex(t) = Ax(t) + Bu(z)
y(@) = C*x(t) + Du(z),
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where A, E € RV, B € R C € R™7,x(t) € R", u(t) € R", y(¢t) € R? and
D € RP*™ the transfer function H(s) : C — CP*™ is defined as

H(s) = C*(sE—A)"'B + D. (4.34)

The dominant poles of (4.34) are those s € C for which the largest singular value
Omax (H(s)) — oo. For square transfer functions (m = p), there is an equivalent
criterion: the dominant poles are those s € C for which the absolute smallest
eigenvalue |[Amin(H ' (s))| — 0. This leads, for square transfer functions, to the
following Newton scheme:

1 1
Mmin VFC* (st E — A)~2Bu’

Sk+1 = Sk —

where ((min, u, v) is the eigentriplet of H ™! (s) corresponding to Amin(H ~!(sx)).
For a dominant pole, the mountain spreads of oy are larger and, therefore, the
neighborhood of convergence attraction is larger than for a less dominant pole,
which would show just a spike. An algorithm for computing the dominant poles
of a MIMO transfer function can be readily derived from Algorithm 4.1. The reader
is referred to [74] for the initial MIMO DPA algorithm and to [81] for an algorithm
SAMDP, similar to SADPA, generalizations to non-square MIMO systems and more
details.

4.2.3.2 Computing the Zeros of a Transfer Function

The zeros of a transfer function H(s) = ¢*(sE — A)~'b + d are those s € C for
which H(s) = 0. An algorithm, similar to Algorithm 4.1, can be derived by noting
that a Newton scheme for computing the zeros of a transfer function is given by

H(s E—A)"'b+d

(st E — A)2b (4.35)

Sk+1 = Sk +

In fact, it can be shown that the dominant zeros can be computed as the dominant
poles of the inverse transfer function [H (s)] ™! = ¢*(sE, — A.)™'b, + d., which has

the realization
Ab EO
A - 3 E = )
) [ch} ) [00}

0 0
SRS

In other words, the dominant zeros of H(s) can be computed by applying DPA to
[H(s)]~". See [73] for further details.
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4.2.3.3 Polynomial Eigenvalue Problems

The main idea of using Newton’s method to find dominant poles can be generalized
to higher order systems [84]. For the second-order transfer function H(s) =
c* (s2M + sC + K)~'b, for instance, the scheme becomes

G — s c'v
TR W Qs M + O

where v = (sM + 5,C + K)"'band w = (s} M + s;,C + K) *c. The efficient
use of subspace acceleration on large scale second-order eigenvalue problems is
described in [84].

4.2.3.4 Computing Eigenvalues Sensitive to Parameter Changes

Let p € R be a system parameter (e.g., a resistor value R, or 1/R, in an electric
circuit), and let A(p) and E(p) be matrices that depend on p. The derivative of an
eigenvalue A of the pencil (A(p), E(p)), with left and right eigenvectors y = y(p)
and x = x(p), to a parameter p is given by [66, 75]

0¥ AR (4.36)
ap y*Ex ' '

The derivative (4.36) is often called the sensitivity (coefficient) of A. Assuming that
?3_5 = 0, with y and x scaled so that y* Ex = 1, the eigenvalue derivative (4.36)

becomes

A . 04
T y o X. (4.37)
The larger the magnitude of the derivative (4.37), the more sensitive eigenvalue A
is to changes in parameter p. In practical applications such information is useful
when, for instance, a system needs to be stabilized by moving poles from the right
half-plane to the left half-plane [83, 95].

Suppose that the derivative of A to parameter p has rank 1 and hence can be
written as

04
— = bc*, (4.38)
dp

where b, ¢ € R” are vectors. Then the sensitivity of an eigenvalue A with left and
right eigenvectors y and x (with y* Ex = 1) becomes

EY 94
3 = y*——x = (y"b)(c*x) = (c*x)(y"b). (4.39)
p ap
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In the right-hand side of (4.39) one recognizes the residues of the transfer function
H(s) = ¢*(sE — A)~'b. Consequently, the most sensitive eigenvalues of the pencil
(A(p), E) can be computed by applying DPA to (E, A, b, ¢), with b and ¢ defined
by (4.38).

It g—/p’ has rank higher than 1, one can change Algorithm 4.1 as follows to

*
compute the most sensitive eigenvalues: replace b and ¢ by g—‘;vk_l and (g—‘;wk_l) ,

respectively. The algorithm based on this is called SASPA. For more details and
generalizations to higher rank derivatives and multiparameter systems, see [83].

Having obtained, with the use of SADPA [82] or SAMDP [81], a reduced model
for a large scale system incorporating feedback controllers at nominal parameters,
one may want to find other reduced models for off-nominal parameters in these
controllers. The SADPA and SAMDP are ideal algorithms for this application, since
they benefit from the reduced model information for the nominal parameters. Note
that only a true modal equivalent can benefit from this sensitivity feature, through
the use of the SASPA [83].

4.2.4 Improving Krylov Models by Using Dominant Poles

It is well known that for some examples moment matching works well, while
reduced order models computed by modal approximation are of low quality, and the
other way around [58, 80]. Generally speaking, modal approximation performs best
if there are k < n dominant poles with residues much larger than the residues of
the non-dominant poles. In other words, there is a k < n for which one has |R;| >
|R2| = ... > |Rk| > |Rk+1| = |Ru=1] = |Ry|, so that truncation at the kth pole
does not give a large error [64]. Moment matching based approaches, on the other
hand, perform best if the moments show a similar steep decay. There is, however,
one additional complication for Krylov based moment matching approaches, that is
best explained by an example. Figure 4.10 shows the Bode magnitude plots of an
exact transfer function and of two reduced order models: one modal approximation
and a moment matching approximation. While the modal approximation captures
the dominant dynamics, the moment matching model deviates for @ > 4 rad/s.

The modal approximation matches the original transfer function well because
it is built from the 7 most dominant poles. The moment matching Arnoldi model
(k = 30) was built using left and right Krylov subspaces with shift so = 0.
Therefore, the match for frequencies up to w = 4rad/s is good. For higher
frequencies, however, this approach suffers from a well known property of Arnoldi
methods, that were originally developed for the computation of eigenvalues: the
eigenvalue approximations, or Ritz values, tend to approximate the eigenvalues at
the outside of the spectrum [93]. This can also be seen in Fig. 4.11, where the circles
denote the poles of the moment matching model (note the inverses of the poles are
shown): they match the eigenvalues at the outside. The dominant poles, however,
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Fig. 4.10 Frequency response of complete system (n = 66), modal approximation (k = 12), and
dual Arnoldi model (k = 30)

may be located anywhere in the spectrum, as can also be seen in Fig. 4.11 (squares).
This explains why the Arnoldi model fails to capture the peaks.

Based on the above observations and theory in [65], the idea is to use the
imaginary parts of dominant poles as shifts for the rational Krylov approach, so
that resonance peaks located well within the system frequency bandwidth can also
be captured by Krylov methods. The combined dominant pole — Krylov approach
can be summarized as follows:

1. Compute k < n dominant poles A; = a; & f;i, with j = 1,...kandi =
V-1
2. Choose interpolation points s; = B;i.
3. Construct V;, W; € C"*i such that their columns are bases for the rational
Krylov [86] spaces
colspan(V;) = #*i ((s; E — A)T'E, (s; E — A)~'b)
and

colspan(W;) = # X ((s; E — A E*, (s; E — A) *¢),

respectively.
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Fig. 4.11 Relevant part of pole spectrum of complete system (n = 66), modal approximation
(k = 12), and dual Arnoldi model (k = 30)

4. Project with V' = orth([V4,..., Vi]) and W = orth([W1, ..., Wi]), where orth
constructs an orthogonal basis for the spaces. The size of the reduced model is at
most K = ZI;.:l k j, matching 2K moments.

4.2.5 Numerical Examples
4.2.5.1 Brazilian Interconnected Power System (BIPS)

The Brazilian Interconnected Power System (BIPS) is a year 1999 planning model
that has been used in practice (see [82] for more technical details). The size of the
sparse matrices A and E is n = 13,251 (the number of states in the dense state space
realization is 1,664). The corresponding transfer function has a non-zero direct
transmission term d. Figure 4.12 shows the frequency response of the complete
model and the reduced model (41 states) together with the error. Both the magnitude
and the phase plots show good matches of the exact and the reduced transfer
functions (a relative error of approximately ||H(s) — Hi(s)||/||Hk(s)]|] = 0.1,
also for the DC-gain H(0)). Figure 4.13 shows the corresponding step response
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Fig. 4.12 Bode plot (with modulus and phase) of the modal equivalent, the complete model and
the error for the transfer function Py (s)/ By (s) of BIPS (41 in the modal equivalent, 1664 in the
complete model)

(step u = 0.01)." The reduced model nicely captures the system oscillations.
The reduced model (30 poles, 56 states) was computed by SADPA in 341 LU-
factorizations (k. = 1, kinax = 10). This reduced model could be reduced further
to 41 states (22 poles) by removing less dominant contributions, without decreasing
the quality of the reduced model much.

Sensitivity of BIPS

To study the sensitivity of the dominant poles and system stability of BIPS, the
gain (Kpss) of one of the generators is varied between 0 and 30, with increments
of 0.5. Figure 4.14 shows the traces for the most sensitive poles as computed by
SASPA (Sect.4.2.3.4, see also [83]). The CPU time needed for the 60 runs was
1,450s. A root-locus plot for all poles, computed using the QR method, confirmed
that the most sensitive poles were found, but needed 33,600 s. Hence, for large-scale
systems, SASPA is a very effective and efficient way to produce relevant root-locus
plots.

5Tf hy (¢) is the inverse Laplace transform of H (s), the step response for step u(t) = c of the
reduced model is given by y(t) = for h(t)u(t) = C(Zf=l(%(exp(ki1) —1)) +d).
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Fig. 4.13 Step responses for transfer function Py (s)/ By (s) of BIPS, complete model and modal
equivalent (41 states in the modal equivalent, 1664 in the complete model, step disturbance of
0.01 pu)

4.2.5.2 The Breathing Sphere

Figure 4.15 shows the frequency response of a 70th order Second-Order Arnoldi
[59] reduced model of vibrating body from sound radiation analysis (n = 17,611
degrees of freedom, see [71]), that was computed using the complex parts i § of five
dominant poles A = « + i (computed by Quadratic DPA [84]) as interpolation
points, as described in Sect. 4.2.4. This model is more accurate than reduced order
models based on standard Krylov methods and matches the peaks up to @ = 1rad/s,
because of use of shifts near the resonance frequencies. This model is a good
example of the combined dominant pole — rational Krylov approach, since modal
approximations of similar quality require too much CPU time, while Krylov models
with uniformly spaced shifts do not capture the peaks.

4.2.6 Concluding Remarks

In this chapter eigenvalue methods, based on the Dominant Pole Algorithm, for
the computation of a few specific eigenvalues were discussed. The methods can
be used to solve large-scale eigenvalue problems arising in real-life applications
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Fig. 4.14 Root locus plot of sensitive poles computed by SASPA. As the gain increases, the
critical rightmost pole crosses the imaginary axis and the 5 % damping ratio boundary. Squares
denote initial pole locations

and simulation of dynamical systems, for instance for the computation of transfer
function dominant poles and zeros, and eigenvalues most sensitive to parameter
changes. Furthermore, the corresponding eigenvectors can be used for construction
of reduced-order models (modal equivalents) or to improve Krylov-based models.
The dominant poles can be used to determine shifts in rational Krylov methods for
computing reduced-order models. The practical application of the algorithms was
illustrated by numerical experiments with real-life examples.

4.3 Passivity Preserving Model Order Reduction

In this Section we are concerned with dynamical systems > . = (E,A, B, C,D) of
the form

Ex(1)
y(?)

Ax(t) + Bu(?)
C*x(t) + Du(z),

(4.40)

where A,E € R"™", E may be singular (we assume E is symmetric and positive
(semi) definite), B € R, C € R™?, D € RP”" x(t) € R", y(t) € R? and
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Fig. 4.15 Exact and reduced system transfer functions for a vibrating body, computed by a rational
Krylov method with resonance frequencies as complex interpolation points

u(?) € R™.1% The matrix E is called the descriptor matrix, the matrix A is called
the state space matrix, the matrices B and C are called the input and output map,
respectively, and D is the direct transmission map. The vectors u(¢) and x(¢) are
called the input and the state vector, respectively, and y(¢) is called the output of the
system. The dimension n of the state is defined as the complexity of the system ) _.
These systems often arise in circuit simulation, for instance, and in this application
the system Y _ is often passive.'”
The transfer function G : C" — C?, of (4.40),

G(s) = C*(sSE—A)"'B + D,

can be obtained by applying the Laplace transform to (4.40) under the condition
x(0) = 0. The transfer function relates outputs to inputs in the frequency domain
via Y(s) = G(s)U(s), where Y(s) and U(s) are the Laplace transforms to y(¢) and
u(?), respectively.

16Section 4.3 has been written by: Maryam Saadvandi and Joost Rommes. For further details see
the MSc-Thesis of the first author [108]. Her further research is found in her Ph.D.-Thesis [109].

7Passivity condition is one of the important concepts and many researches have been studying it,
[97-101, 104, 106, 107].
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We want to reduce the original system ) to a reduced order model i =
(E,A,B,C,D)

Ex(t) = AX(t) + Bu(r)

y(t) = C*%(1) + Du(r), (4.41)

where A, E € RF*F B ¢ RF*m C e RF*P D e RP*™ (1) € RF, §(r) € R?,
u(t) e R"and k < n.
It is important to produce a reduced model that preserves stability and passivity.

Remark 4.1 Throughout the reminder of this chapter it is assumed that:

e m = psuchthat B € R"”” C e R and D € RP*?.
e A isastable matrix i.e. Re(X;) < Owith A; € a(A),i = 1,--- ,n.
» The system Y _ is observable and controllable [112] and it is passive.

Spectral zeros play an important role in guaranteeing passivity as will be
explained in the next sections. In Section 4.3.3 the spectral zeros and the method
for computing them are introduced. In the following we describe two projection
reduced order methods from literature for reducing the system, that aim to produce
a reduced transfer function, which has the specified roots at selected spectral zeros.
These methods have been developed by Sorensen [110] and Antoulas [96].

4.3.1 Model Reduction via Projection Matrices

We assume that M and N are k-dimensional subspaces of R". V and W are built for
reducing the system by a projection method. So we construct V.= {v;,--- , v} €
Rk of which the column vectors v; form a basis of M, and W = {wy,--- ,w;} €
R of which the column vectors w ; form a basis of N (we are interested in
W*V = I;.). We assume that V and W are time-invariant.

We suppose x € M is an approximate solution of X'. Hence we can write x = VX,
where X € R* and x = Vx. Then the residual is

Ex — Ax — Bu = EVX — AVX — Bu.
Next, we assume that this residual is orthogonal to N

W*(EVXx —AVX—Bu) =0,
= W*EVX — W*AVX — W*Bu = 0.
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Then the reduced model 3 becomes:

EX(1) = AX()) + Bu(0),
y() C*x(t) + Du(),

where A = W*AV € R*** E = W*EV € RVK B = W*B e RF> C = CV ¢
R¥*P %(t) = VX € R and y = §(¢) € R? [105].

4.3.2 Passive Systems

We can reduce the model by V and W, which are constructed in the previous
Sect.4.3.1. With arbitrary V and W, some features of the original system may not
be preserved. One of these properties, which we are interested in to preserve, is
passivity.

The matrix A is assumed to be stable, which means all its eigenvalues are in the
open left half-plane. Passivity is defined using an energy concept.

Definition 4.3 A system is passive if it does not generate energy internally, and
strictly passive if it consumes or dissipates input energy [110].

In other words X' is passive if

t
Re/ u(t)*y(r)dr > 0, Vi eR, Vue Lr(R)

—00
or strictly passive if

t

13
3>0 st Re/ u(t)*y(r)dt > § -Ref u(t)*u(r)dr, Vit €R, Vue L(R)
—o0 o0

Another more practical definition of passivity is based on the transfer function G(s)
in the frequency domain:

Definition 4.4 [110] The system X is passive iff the transfer function G(s) is
positive real, which means that:

1. G(s) is analytic for Re(s) > 0,

2. G(5) = G(s), Vs € C,

3. G(s) + (G(s))* = 0 for Re(s) > 0 where

(G(s))* = B*(sSE* —A*)"'C + D*.
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We try to construct the V and W in such a way that the transfer function of the
reduced model has the above three properties. Property 3 implies the existence of a
stable rational matrix function K(s) € R?*? (with stable inverse) such that

G(5) + (G(=9)* = K(5)K*(=9).

We prove this only for the scalar case p = 1 of the transfer function. Let G(s) be
a scalar, positive-real transfer function with real coefficients. The spectral zeros of
G are defined as the zeros of G(s) + G™*(—s). Since all coefficients of G are real,
we have G*(—s) = G(—s). Since G(s) is scalar, we can write G(s) = %, where
n(s) and d(s) are polynomials of degree < k + 1 (in this note we assume k is even;
a similar explanation holds when k is odd). Note that (G(—s))* = ;:((:?) Now we
have

n(s n*(—s
% " d*(<—s)>
n(s)d*(—s) + d(s)n*(—s)
d(s)d*(—s)
_r()r (=)
d(s)d*(—s)’

G(s) + (G(=s)" =

(4.42)

We focus on proving (4.42). We will use the following identies:

k)2 k)2
n(s) = ZVZiSZi + 2:1)21‘+132i+1 = A+ B,
i=0 i=0

k)2 k)2
d(s) = 2521'521 + Z(Szi+1S2’+l =C + D.
i=0 i=0

It is easy to see that

k/2 k/2

n(—s) = ZUQ,’SZI — ZUZH_lSZI—H =A- B,
i=0 i=0
k/2 k/2

d(—S) = Z(SziSZi — Z(Szi+1S2i+l =C—-D.
i=0 i =0
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For the sum n(s)d(—s) + n(—s)d(s) we then have

n(s)d(~s) + n(—s)d(s) = (A + B)(C — D) + (A — B)(C + D) =2AC —2BD

k/2 k/2
o St | [
=0 i=0
k/2 k/2
—2 ZVZfHSZiH Z5zi+152i+l
=0 i=0
= (s) — w(s).
Note that
5(s) = ag + 15> + aas* + -+ + aps*,
Ww(s) = Bis® + Bas* + Bas® 4+ -+ + Brgrs* T2
So, we have

t(s) := B(s) — Ww(s) = o + (o1 — B1)s* + -+ + (a — Br)s™ — Brrs™ 2.

Clearly, if s is a zero of ¢(s), so is —sp. Consequently, we can factorize #(s) as
t(s) = r(s)r(—s). Summarizing, we finally have

n(s)d(—=s) + n(=s)d(s) = v(s) —w(s) = 1(s) = r(s)r(=s),

which proves (4.42). |

This last result equals K(s) K*(—s), i.e., this is the spectral factorization of G.
Here K is a called the spectral factor of G. The zeros of K,i.e.the A;,i =1,---,n
such that det(K(A;)) = 0, are the spectral zeros of G.

4.3.3 Spectral Zeros and Generalized Eigenvalue Problem

We start this section with explaining a generalized eigenvalue problem, which
Sorensen used in [110]. It brings together the theory of positive real interpolation by
Antoulas [96] and the invariant subspace method for interpolating the spectral zeros
by Sorensen.

First we recall that for the transfer function G(s) we have

G(s) = C*SE—A)"'B+D, and thus,
(G(—s))* = B*(—sE* —A*)"'C + D*,
= B*(sE* — (—A*))"!(-C) + D*.
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Then we compute G + G*,'8

(C*(SE—A)"'B +D) + (B*(SE* — (-A™))7'(-C) + D*)

. R (SE—A)_1 0 B *
=lew ][N e L] [ e

G(s) + (G(=s))"

~ew)([fe]-[ 3 ]) [E]-eem

Note that this is the transfer function of the following system:

E 0 |. A 0 B
[OE*}X(Z): [O_A*}X(t)—i-[_c}u(t)

(4.43)
y(©) = [CB] x(t) + (D +D*u(r)
Let
A 0 B E
A= 0 —-A* -C and € = E*
C* B* D+ D* 0

The finite spectral zeros of G are the set of all finite complex numbers A such that
Rank(A — A€) < 2n + p,

i.e., the finite generalized eigenvalues o (A, €). The set of spectral zeros is denoted
as 8¢.

Lemma 4.1 If A is a generalized eigenvalue o (A—A&) in S then —X also belongs
to 8¢, i.e.,

Le8g = —LeSg since Aq=1q= q*A = (—/_X)(]*&
where * = [x*,y*,z*] is a right eigenvector and @* = [y*, —x*, z*]. Also
AeS; = —Ae8g since rA=ArE = AF* = (—1)EF,

where r* = [x1*,y1%, z1%] is a left eigenvector and ¥* = [—y1*,x1*,z1%].

18Block wise inversion:

4B _[A7"+A7'B(D—CAT'B)"'CAT! —A7'B(D —CAT'B)™!
CD - —(D—CcA™'B)lca™! (D—cCcA™'B)™!
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Proof If A € 0 (A — A€) and q is the corresponding eigenvector then

Aq = A€q
or
A 0 B X E X
0 —A* -—-C y| =42 E* y
C* B* D+ D* z 0 z
By taking conjugates and changing rows one obtains
A 0 B . E
[y* —x*z*]| 0 —A* —C = —A[y* —x*z*] E* , or
C* B* D+ D* 0

A = —Ag*e.

Now we can conclude that —A € S and that §* is its corresponding eigenvector.
The proof is similar for the left eigenvectors [110]. |

If specified spectral zeros are preserved (interpolated) in the reduced model with
8¢ then a passive reduced model will result. For real systems, 8; must include
conjugate pairs of spectral zeros. This result is based on Antoulas’ theorem [96]:

Theorem 4.3 (Antoulas) Suppose 85 C 8¢ and also that G(k) = G(A) for all
A € 84 and that G is a minimal degree rational interpolant of the values of G on

the set 8. Then the reduced system ) with transfer function G is both stable and
passive.

4.3.4 Passivity Preserving Model Reduction

Theorem 4.3 indicates that Antoulas’s approach [96] preserves passivity for the
reduced model when spectral zero interpolation is applied. The interpolation is
guaranteed by building the projection matrices using a Krylov subspace method
[103, 111]. Antoulas’ method [96] significantly differs from PRIMA [107]. For a
detailed comparison between PRIMA and Antoulas’s approach we refer to [105].
In Antoulas’ method it is assumed that the system X with transfer function G(s)
is passive. Then one defines a set §; C 8g,,,, Where 8g,,,. is the set of stable
spectral zeros and one takes 8, = —8;. Antoulas [96] has shown that the reduced

system ¥ with transfer function f}(s) is passive if the set of interpolation points is
81U 8,.
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A second approach has been introduced by Sorensen [110], which can be seen
as an interpolatory model reduction too. It is based on invariant subspaces. In this
method it is not necessary that the spectral zeros (interpolation points) are computed
in advance. Sorensen’s approach transfers the model reduction problem into an
eigenvalue problem. In this case the eigenvalues are the spectral zeros of the transfer
function of the original system. Then the projection matrices are built from a basis
for a chosen invariant subspace.

Choosing different spectral zeros gives us different invariant subspaces, which
return different reduced models. Although these reduced models are passive, they
may not be a good approximation to the original system. So the selection of spectral
zeros must guarantee that the reduced model is a good approximation to the original
ones.

In large scale problems in which the eigen computation of the resulting highly-
structured eigenvalue problem should be done iteratively, all selection criteria can
not be satisfied. So the problem has two goals: the first one is to have a good
approximation of the original model, the second one is to be suitable as an iterative
scheme for large-scale dynamical systems.

4.3.5 Model Reduction by Projection

We will construct a basis for a selected invariant subspace of the pair (A, &)
(Sorensen [110]). Let

AQ = EQR

be a partial real Schur decomposition for the pair (A, €). Then, Q*Q = I and R is
real and quasi-upper triangular. Let Q@ = [X*, Y*, Z*]* be partitioned in accordance
with the block structure of A:

A 0 B X E X
0 —A* —C Y|=]| E* Y |R
C* B* D+D* || Z | 0]z
A 0 B 7TX EX
=] 0 —A* —C Y |=|EY|R (4.44)
C* B* D+D* | | Z 0

The projection will be constructed from X and Y and the reduced model will be
obtained out of these. Here it will be useful to have the following lemma [110].

Lemma 4.2 Suppose that R in (4.44) satisfies Re(A) > 0, VA € o(R). Then
X*E*Y = Y*EX is symmetric.
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Proof We start with
AQ = EQR. (4.45)
By (4.45) and according to the previous proof we have
Q*A = (-R")Q*¢ where Q" =[Y* —X*Z*], (4.46)
If we multiply equation (4.45) with Q* from the left, then we get
Q*AQ = Q*¢QR. (4.47)

We substitute the right part of equation (4.46) in the left part of equation (4.47),
giving

(—R")Q*EQ = Q*EQR
0.

= R'Q"¢Q+Q*¢QR = (4.48)
Here
X E X
Q*eQ =[Y*-X*Z*]| E* Y
0 Z
= Y'EX - X*E'Y. (4.49)
If we substitute (4.49) in (4.48) we obtain
R*(Y'EX - X*E*Y) + (Y'EX - X*E*Y)R = 0. (4.50)
Therefore the equation (4.50) has the unique solution'®:
Y*EX — X*E*Y = 0,
and hence
Y*EX = X*E'Y,
which completes the proof. |

YEquation (4.50) is a simple form (R*X + XR = 0) of a Lyapunov equation of the more
general type AX — XB = C (which has a unique solution if 0(4) N o(B) = @). Due to the
condition Re(A) > 0 for A in o(R), we have that o(R*) N 0(—R) = @. Hence the Lyapunov
equation (4.50) has a unique (zero) solution.
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For the construction of V and W as projections, we first have to find a basis for an

invariant subspace [102] with all eigenvalues of R in the right half-plane.

Let QXSZQ; = X*Y be the SVD of X*Y and note that Q, = Q.J where J is a

signature matrix by virtue of the fact that X*Y is symmetric.
If S > 0 is nonsingular, put

V = XQ,s™!
W =YQ,S".

It follows that

w*V = (YQ,$7)*XQ.8™!
=  STQIY*XQ.S”!
(include the SVD form of X*Y) = S$7*Q}Q,(S»)*Q:Q.S™!

(Qy and Q, are unitary matrices) = S™*S*S*S—!

= 1.
and also we have
VW = (W'V)* =L

Now from the SVD of X*Y, let

X = S(Q.)"
Y =S(Q,)",
and define
V0O Wo0o0
V=] 0WO0 and W=| 0VO0
001 001

It is obvious that W*V = I and that

VX

(XQ.S™H(SQ¥),

XQ.Q:.

(QF is unitary matrix) = X.

4.51)
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Similarly, WY = Y, so we have

X VoollX
Y|=|0Wo0||Y
V/ 001]||7Z
Therefore
A 0 B E
A=WAV=| 0 -A* —C and &=W*EV = E* |,
C* B* D+ D* 0
and
A0 B X E X
0 —A* —-C Y|=| E* Y | R,
C* B* D+D* | | Z 0|7
or
A0 B X EX
0 —A* —C Y|=|EY [R
C* B* D+D* | | Z 0

where A = W*AV,E = W*EV,B = W*B, and C = V*C.

This shows that §; € 8¢ and since 8z = o(R)Uo(—R*)?* and o'(R) is in the open

right half-plane, the reduced model has no spectral zeros on the imaginary axis.
The previous result is also valid when S is nonsingular. Now we consider the

case S is singular. Beginning with X, Y from (4.44) and with the SVD of X*Y,

20We know that if we have a real matrix A and A € 6(A) then X e 0 (A). In Lemma 4.1 we showed
that if A € 8 then —A € 8. Therefore

A, )_L, —) and— 2 € 8.

On the other hand, R is a selected invariant subspace of (A, £), which means that 6 (R) C 8.
Now, we need to find a basis for an invariant subspace with eigenvalues of R in the open right
half-plane. As we mentioned above o (R) and o (—R*) are a subset of S¢. Thus take

8¢ = oc(R) Ua(—R™).
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Algorithm 4.7 Sorensen’s Algorithm [110]
INPUT: System (E, A, B,C, D),
OUTPUT: Reduced System (E, 4, B, C, D)
: Compute A, £
D ALELZ, 0,V W] = qz(A, &),
: Find spectral zeros, A = eig(A, €);
: Find the real basis for the right eigenvector matrix V,
: Find the positive real spectral zeros and corresponding eingenvectors, A; = []; V} = [];
: fori =1:length(A) do
if (real(A()) > 0 and A(i) arechosen spectral zeros) or imagA(i) = 0
then
8: A=A ADE V=W VEDL
9: end if
10: end for
11: X =Vi(l:n,:); Y =Viin+1:2n,:);
12: [0, 8%, 0,] = svd(X*Y);
13: Construct the projection matrices, V = XQ,.S™'; W = YQ,5—1;
14 E=W*EV; A=W*AV; B=W*B;C = CV;

AN S S

where Q,S?Q, = X*Y, specify a cut-off tolerance 7. € (0, 1) and let j be the
largest positive integer such that

o; > 101  where o; =S(j, ).

Define Q; = Q.(:,1:j),S; = S(1:j,1:j) and then let (Xj)l = Q;(S)™".
Replace X! = X)),V =X(X;) and W = —Y(X;)!. According to [110], in
this way, the reduced system is passive and also the stability of the reduced model
is obtained if Z is full rank.

Sorenson’s Algorithm is described in Algorithm 4.7.

4.3.6 Model Reduction by Projection

We want to reduce the original system ) to XA: where the complexity k of XA:
is (much) less than that of Y (k <« n) (Antoulas [96]). This reduction must
preserve both stability and passivity and it must be numerically efficient. Antoulas’
Algorithm is described in Algorithm 4.8.

We will look for V, W € R such that VW* is a projection with the additional
condition W*V = I (recall that P is a projection matrix if P> = P). So, if we
have V and W with W*V = I, then indeed

(VW*)2 = VW*,
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Algorithm 4.8 Antoulas’s Algorithm [96]
INPUT: System (E, A, B,C, D),
OUTPUT: Reduced System (E, 4, B, C, D)
Compute A, €
2: Find spectral zeros, A = eig(A, &);
AR =[] AC = [J;
4: while n > length(A) do
if A(n) is positive real, AR = [AR A(n)];
6: if A(n) is complex and in right half-plane, AC = [AC  A(n)];
end while
8: form = 1: length(AC) do
if AC(m) chosen spectral zeros then
10: AR =[AR AC(m)];
end if
12: end for
V=[LW=][]
14: for ¢ = 1 : length(AR) do
v=(AR(Q)E — A)7'B;w= (—AR(qQ)E* — A*)~!C*;
16: V= vyW=[W w;
end for
18: Make a real basis for V and W
W= W*V)"lw,
20 E=W*EV;A=W*AV;B=W*B;C = CV;

Given 2k distinct points sy, - - - , $2¢, let
V=[(L-A)""B- (I, —A)~'B],
W = [(se1L, —AHTIC -+ (s, —A®)~'C]. (4.52)

Now take V = V and W = W(V*W)~!. We define
A=W*AV, B=W*B, C=V*C. (4.53)

Then we have the following theorem (Antoulas [96])

Proposition 4.1 Assuming that det(W*V) # 0, the projected system XA:, defined
by (4.53), interpolates the transfer function of _ at the points s;:

Gsi)=G(s;) i=12,- 2k

where s; are the spectral zeros.
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4.3.7 Numerical Results

In [108] several numerical results are presented for an RLC-circuit that is also found
in [96, 110]. The transfer function is a scalar function G(s). The starting point is to
compute the spectral zeros (using a generalized eigenvalue method) and then to try
to categorize them related to their magnitude, like distance from the real and the
imaginary axis in order to have a good match in low or high frequency. The reduced
method was obtained by Algorithm 4.8 of Antoulas. A large distance from the real
axis results in a good approximation at high frequencies. A large distance from the
imaginary axis results in a good approximation at low frequencies. In both situations
including the real spectral zeros plays an important role for having a good reduced
model at low frequencies.

One should check if a spectral zero also occurs as a pole and as a zero, both, in
which case the factors (AI — A) are singular. These spectra zeros should be left out
of the reduction.

In this section we study a circuit which has a descriptor matrix E # I,,. We
consider the circuit shown in Fig. 4.16. We assume that all capacitors and inductors
have a unit value, R; = %.Q, R, = %.Q, Ry = %.Q, where k = 2,3,--- ,n and
R2k+1 = %.Q, where k = 1, 2, R (N

The order of the original system is 1003 and the selected spectral zeros close to
the real axis are shown in Fig. 4.17. In this case, like before, the reduced model has
a good match at low and at high frequencies, as shown in Fig. 4.18.

4.3.8 Conclusion

We have considered two approaches for passive and stable reduction of dynamical
systems in circuit simulation, based on the methods by Antoulas [96] and Sorenson
[110] that both exploit interpolating spectral zeros. The reduced models preserve
passivity and stability. The original system is reduced by projection matrices, which
are built via spectral zero interpolation. Different selections of spectral zeros give
us different approximations of the original model, which may/may not produce

Cl

Fig. 4.16 RLC Circuit of Order 7
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Fig. 4.17 Spectral zeros of the original model (+4), and spectral zeros of the reduced model (o).
For interpolation, the spectral zeros close to the real axis are chosen. All selected spectral zeros are

preserved after reduction. The order of the original model is 1003 and it is reduced to 341
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Fig. 4.18 Effect of several real spectral zeros, Left: Frequency responses of the original system
and reduced model. The spectral zeros close to the real axis are interpolated. Right: Frequency

response of the error | X — ||

acceptable reduction. We have considered criteria for selecting the spectral zeros
and also to approximate the original system well in low and high frequency. When
the spectral zeros are chosen close to the real axis, the reduced model matches the
original response well for low frequencies. On the other hand, when they are far
from the real axis, the reduced model is more accurate for high frequencies. As
already shown preserving the real spectral zero plays an important role for having a
good reduction in the whole frequency domain, specially in low frequency. It means

that one should try to save all the real spectral zeros of the system.
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The approaches of Antoulas and Sorensen are equivalent but as Sorensen’s
algorithm works directly with eigenvalues and eigenvectors, it is more usable for
constructing the projection matrices. For the same reason Sorensen’s approach is
more suitable for large scale systems.

4.4 Passivity Preserving Model Reduction Using
the Dominant Spectral Zero Method

The design of integrated circuits has become increasingly complex, thus electro-
magnetic couplings between components on a chip are no longer negligible.”!
To verify coupling effects, on-chip interconnections are modeled as RLC circuits
and simulated. As these circuits contain millions of electrical components, the
underlying dynamical systems have millions of internal variables and cannot be sim-
ulated in full dimension. Model order reduction (MOR) aims at approximating the
mathematical description of a large scale circuit with a model of smaller dimension,
which replaces the original model during verification and speeds up simulation. The
reduction method should preserve important properties of the original model (i.e.,
stability, passivity) and have an efficient, robust implementation, suitable for large-
scale applications. RLC circuits describing the interconnect are passive systems,
with positive real transfer functions [113, 116], thus reduced models should also
be passive. A passive reduced model can be synthesized back into an RLC circuit
[113], which is placed instead of the original in the simulation flow. Passive reduced
circuits also guarantee stable simulations when integrated with the overall nonlinear
macro-model [117, 128, 133] during later simulation stages.

The proposed Dominant Spectral Zero Method (dominant SZM) is a model reduc-
tion method which preserves passivity and stability, and is efficiently implemented
using the subspace accelerated dominant pole algorithm (SADPA) [130, 131].
Passivity preservation is ensured via a new approach, that of interpolation at
dominant spectral zeros, a subset of spectral zeros of the original model. Dominant
SZM reduces automatically all passive systems, including those with formulations
unsuitable for PRIMA (first order susceptance-based models for inductive couplings
(RCS circuits) [140] or models involving controlled sources, such as vector potential
equivalent circuit (VPEC) [139] and partial element equivalent circuit (PEEC)
models [136]). In comparison to positive real balanced truncation (PRBT) [129],
dominant SZM efficiently handles systems with a possibly singular E matrix
[see (4.54)]. Unlike modal approximation (MA) [131, 135] where interpolation is
at dominant poles, our method matches the dominant spectral zeros of the original
system, guaranteeing passivity.

21Section 4.4 has been written by: Roxana Ionutiu, Joost Rommes and Athanasios C. Antoulas.
For an extended treatment on the topics of this Section see also the Ph.D. Thesis of the first author
[121].
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The remainder of this section is structured as follows. The introduction continues
with the mathematical setup of MOR in Sect.4.4.1, and with a brief description
of MOR via spectral zero interpolation in Sect.4.4.2. Dominant SZM is presented
concisely in Sect. 4.4.3.1 (following [125]). It is extended with the concept of domi-
nance at co (Sect. 4.4.3.2), and with an approach for converting the reduced models
to circuit representations (Sect. 4.4.3.3). Numerical results follow in Sect. 4.4.4 and
the section concludes with Sect.4.4.5. Algorithmic pseudocode for the dominant
SZM — SADPA implementation is given in the Appendix 4.4.6.

4.4.1 Background on MOR

The model reduction framework involves approximation of an original dynamical
system described by a set of differential algebraic equations in the form:

Ex(1) = Ax(t) + Bu(t), y(t)=Cx(t) + Du(t), (4.54)

where the entries of x(¢) are the system’s internal variables, u(?) is the system
input and y(¢) is the system output, with dimensions x(t) € R”, u(t) € R”,
y(t) € R”. Correspondingly, E € R"™", A € R"™", (A,E) is a regular pencil,
B e R”X’" Ce RI’X” D € RP>*™ The original system X (E, A, B, C,D) is stable
ﬁ(fi A.B,C, D), which satlsﬁes Ex(t) = AX(?) + Bu(t) y@) = Cx(t) + Du(?),
where X € RF, E € RF% A € ROk B ¢ RF C e RPF D e RP™. 3 is
obtained by projecting the internal variables of the original system x onto a subspace
ColSpan(V) C R™* along Null(W*) C R¥*". The goal is to construct V and
W, such that ¥ is stable and passive. Additionally, V and W should be computed
efficiently. The reduced matrices are obtained as follows:

= W*EV, A = W*AV, B= W*B, C = CV. (4.55)

4.4.2 MOR by Spectral Zero Interpolation

We revise the spectral zero interpolation approach for model reduction as proposed
in [114, 134]. The ingredient for passivity preservation are the spectral zeros of
Y (E,A,B, C,D), defined as follows:

Definition 4.5 For system X with transfer function: H(s) := C(sE—A)"'B + D,
the spectral zeros are all s € C such that H(s) + H*(—s) = 0, where H* (—s) =
B*(—sE* — A*)"!C* +D*.
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According to [114, 134], model reduction via spectral zero interpolation involves
forming rational Krylov subspaces:

V=[sE—A)"'B, ---, (xE—A)"'B],
W = [(—sfE* —A*)7IC*, -+, (—s/E* —A*)~1C*], (4.56)
where sy ... s;, —s] ...—s; are a subset of the spectral zeros of X'. By projecting the

original system with matrices (4.56) according to (4.55), the reduced by interpolates
X at the chosen s; and their mirror images —s*,i = 1,...,k [113, 114]. Projection
matrices V and W insure that the reduced system satisfies the positive real lemma
[113, 114, 116, 134], thus passivity is preserved. If in the original system D # 0,
the reduced system is strictly passive, and realizable with RLC circuit elements. In
Sect.4.4.3.2 we show one way of obtaining strictly passive reduced systems also
when D = 0.

4.4.3 The Dominant Spectral Zero Method

The new Dominant Spectral Zero Method (dominant SZM) is presented. The
spectral zero method [114, 134] is extended with a dominance criterion for selecting
finite spectral zeros. These are computed efficiently and automatically using the
subspace accelerated dominant pole algorithm (SADPA) [130, 131]. We show in
addition how, for certain RLC models, dominant spectral zeros at co can also be
easily interpolated.

4.4.3.1 Dominant Spectral Zeros and Implementation

In [134] it was shown that spectral zeros are solved efficiently from an associated
Hamiltonian eigenvalue problem [127, 137]. In [114, 134] however, the selection of
spectral zeros was still an open problem. We propose a solution as follows: we
extend the concept of dominance from poles [130] to spectral zeros, and adapt
the iterative solver SADPA for the computation of dominant spectral zeros. The
corresponding invariant subspaces are obtained as a by-product of SADPA, and are
used to construct the passivity preserving projection matrices V and W. Essentially,
dominant SZM is the SADPA-based implementation of modal approximation for the
Hamiltonian system associated with G(s) = [H(s)+H*(—s)]™". Recalling Def. 4.5,
the spectral zeros of X are the poles of G(s), with partial fraction expansion:

G(s) = Zi":l f;'j, where s; are the poles of G with associated residues %

[126, 131]. The modal approximate of G(s) is obtained by truncating this sum:
G(s) = Zy‘ %i The procedure is outlined next.

J=1s—s;"
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1. Given Y (E, A, B, C,D), construct the associated Hamiltonian system X, asso-
ciated with transfer function G(s):

a. X, when D+D* is invertible:

A0 B E 00 B
A;=[0-A* —C* |.E,=[0E*0]|.B,=|-C*]| A,

C B* D+D* 000 0
C,=—-A(C B*0), D,=A=(D+D*"' (4.57)

b. X when D = 0:

A0 B EO00 B
A;=[0-A*—C*|,E,=|0E*0]. B,=|-C*|, C,=—(CB*])
C B* 0 000 I

(4.58)

2. Solve the Hamiltonian eigenvalue problem (A, R, L) = eig(Ay, E;), i.e., A;R =
E;RA, L*A; = AL*E;. R = [ry,...,r3,], L = [l},..., ;] and eigenvalues
A = diag(sy,...,8,,—s{,...,—s,) are the spectral zeros of X.

3. Compute residues #; associated with the stable?” spectral zeros s;, j = 1...n
as follows: Z; = y;B;, v; = Csr; (FEsx;)”", B; = I/B;.

4. Sort spectral zeros descendingly according to dominance criterion IIIL%E“)\ [130,
Chapter 3], and reorder right eigenvectors R accordingly.

5. Retain the right eigenspace R = [ry, ..., r;] € C¥> corresponding to the
stable k most dominant spectral zeros. .

6. Construct passivity projection matrices V and W from the rows of R: V. =
Rii:n,1:4), W = Rpy41:20,1:4], and reduce X' according to (4.55).

As explained in [114, 125, 134], by projecting with (4.55), by interpolates the k
most dominant spectral zeros of X', guaranteeing passivity and stability. For large-
scale applications, a full solution to the eigenvalue problem in step 2, followed
by the dominant sort 3—4 is computationally unfeasible. Instead, the iterative
solver SADPA [130, Chapter 3] is applied with appropriate adaptations for spectral
zero computation (see Appendix 4.4.6 for the pseudocode). SADPA implements
steps 2—4 efficiently and automatically gives the k most dominant spectral zeros
and associated 2n X k right eigenspace R. The implementation requires performing
an LU factorization of (s;E — A) at each iteration. The relevant s; are nevertheless
computed automatically in SADPA, which may have several advantages over other
methods (see [125] for a more detailed cost analysis).

225 € C is stable if Re(s) < 0.
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4.4.3.2 D = 0 and Dominance at s — oo

Systems arising in circuit simulation often satisfy D = 0 in (4.54). In this case, the
projection (4.55), with W and V obtained in step 6 in Sect.4.4.3.1, gives a lossless
system [125]. This is because W and V only interpolate dominant finite spectral
zeros, whereas the original system has spectral zeros at co, some of which may be
dominant [120]. A strictly passive system (with all poles in the left half plane) can
nevertheless be obtained by recovering this dominant behavior. For systems often
occurring in circuit simulation this is achieved as follows. Consider the modified
nodal analysis (MNA) description of an RLC circuit:

000 d Vp gll glz 6@1 Vp %1
0% 0 E‘ v; + gikz gzz 6@2 v; = 0 u, (459)
007 i €% =& 0) \iL 0
N e’ e, e’ N e’ e e’ N’
E X A X B

where u(¢) € R” are input currents and y(t) = Cx € R” are output voltages,
C = B*. The states are x(¢) = [v,(1), vi(¢), i,(?)]", with v,(r) € R"» the
voltages at the input nodes (circuit terminals), v; (£) € R" the voltages at the internal
nodes, and iz (f) € R"¢ the currents through the inductors, n, +n; +n;, =n. €
and % are the capacitor and inductor matrix stamps, respectively. With (4.59) it is
assumed that no capacitors or inductors are directly connected to the input nodes,
thus B € Null(E) and C* € Null(E*). As B and C are right and left eigenvectors
corresponding to dominant poles (and spectral zeros) at oo [120], the modified
projection matrices are:

W = [W,C*], V = [W,B], (4.60)

where W and V are obtained from step 6 in Sect.4.4.3.1. With (4.60), the finite
dominant spectral zeros are interpolated as well as the dominant spectral zeros at
oo, and the reduced system is strictly passive [120]. In [125] two alternatives were
proposed for ensuring strict passivity for systems in the more general form (4.54)
withD = 0.

4.4.3.3 Circuit Representation of Reduced Impedance Transfer Function

Reduced models obtained with dominant SZM and other Krylov-type methods
(PRIMA [128], SPRIM [117, 118], SPRIM/IOPOR [115, 138]) are mathematical
abstractions of an underlying small RLC circuit. Circuit simulators however can
only handle mathematical representations to a limited extent, and reduced models
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have to be synthesized with RLC circuit elements. We reduce all circuits with
respect to the input impedance transfer function (i.e., the inputs are the currents
injected into the circuit terminals and the outputs are the voltages measured at the
terminals) [123]. After converting the reduced input impedance transfer function
to netlist format, the reduced circuit can be driven easily by currents or voltages
when simulated. Thus both the input impedance and admittance of an original model
can be reproduced (see Sect. 4.4.4). Here, models obtained with dominant SZM are
converted to netlist representations using the Foster impedance realization approach
[119, 122]. Netlist formats for the SPRIM/IOPOR [115, 117, 138] reduced models
are obtained via the RLCSYN unstamping procedure in [123, 138]. With both
approaches, the resulting netlists may still contain circuit elements with negative
values, nevertheless this does not impede the circuit simulation. Obtaining realistic
synthesized models with positive circuit elements only is still an open problem.

4.4.4 Numerical Results

Two transmission line models are reduced with the proposed dominant spectral
zero method and compared with the input-output structure preserving method
SPRIM/IOPOR [115, 117, 138]. For both circuits, the circuit simulators? yield
systems in the form (4.59), thus the dominant SZM projection is (4.60). RLC netlist
representations for the reduced models are obtained (see Sect. 4.4.3.3) and simulated
with Pstar.

The RLC transmission line with connected voltage controlled current sources
(VCCSs) from [125] is reduced with dominant SZM, SPRIM/IOPOR [117, 138]
and modal approximation (MA). The transfer function is an input impedance i.e., the
circuit is current driven. Matlab simulations of the original and reduced models, as
well as the Pstar netlist simulations are shown in Fig. 4.19: the model reduced with
Dominant SZM gives the best approximation. Table 4.2 summarizes the reduction:
the number of circuit elements and the number of states were reduced significantly
and the simulation time was sped up.

In [125], the voltage driven input admittance of an RLC transmission line (con-
sisting of cascaded RLC blocks) was reduced directly as shown in Fig. 4.20. Here
we reduce and synthesize the underlying input impedance of the same transmission
line (see Figs.4.21 and 4.22). When driving the reduced netlist by an input voltage
during the actual circuit simulation, the same input admittance is obtained as if
the input admittance had been reduced directly, as seen in Figs.4.20 and 4.23.
Table 4.3 summarizes the reduction results. Although the reduced mathematical

ZPstar and Hstar are in-house simulators at NXP Semiconductors, Eindhoven, The Netherlands
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Frequency response
DominantSZM, Modal Approxiation, SPRIM/IOPOR
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Frequency (rad/s)

Fig. 4.19 Original, reduced and synthesized systems: Dominant SZM, SPRIM/IOPOR

Table 4.2 Transmission line with VCCSs: reduction and synthesis summary

System Dimension | R C L VCCs | States
Original 1501 1001|500 500 |500 1,500
Dominant SZM 2 3 2 0 |- 4
SPRIM/IOPOR 2 6 3 1 |- 4

models have the same dimension (k

Simulation time
0.5s

0.0ls

0.0ls

23), the reduction effect can only be

determined after obtaining the netlist representations. Although the SPRIM/IOPOR
synthesized model has fewer states, it has more circuit elements than the dominant
SZM model, i.e., the matrix stamp of the model is more dense. This suggests that
simulation time is jointly determined by the number of states and the number of
circuit elements. Thus for practical purposes it is critical to synthesize reduced

models with RLC components.
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Input admittance simulation
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Fig. 4.20 Input admittance transfer function: original, synthesized Dominant SZM model
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Fig. 4.21 Input impedance transfer function: original and reduced with Dominant SZM

4.4.5 Concluding Remarks

A novel passivity preserving model reduction method is presented, which is
based on interpolation of dominant spectral zeros. Implemented with the SADPA
eigenvalue solver, the method computes the partial eigenvalue decomposition of an
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Frequency response
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Fig. 4.22 Input impedance transfer function: original, reduced with SPRIM/IOPOR

Input admittance simulation
SPRIM/IOPOR
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Fig. 4.23 Input admittance transfer function: original, synthesized SPRIM/IOPOR model

associated Hamiltonian matrix pair, and constructs the passivity preserving projec-
tion. Netlist equivalents for the reduced models are simulated and directions for
future work are revealed. Especially in model reduction of multi-terminal circuits,
achieving structure preservation, sparsity and small dimensionality simultaneously
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Table 4.3 RLC transmission line: Input impedance reduction and synthesis summary

System Dimension R C L States Simulation time
Original 901 500 300 300 901 1.5s

Dominant SZM 23 22 11 10 34 0.02s
SPRIM/IOPOR 23 78 66 6 18 0.02s

is an open question. New developments on sparsity-preserving model reduction for
multi-terminal RC circuits can be found in [124]. In this context, RLC synthesis
with positive circuit elements will also be addressed.

4.4.6 Appendix: SADPA for Computing Dominant Spectral
Zeros

We outline SADPA for SISO systems; the MIMO implementation is similar and
the code for computing dominant poles can be found in [132] or online [130]. The
following pseudocode is extracted from [130, Chapter 3] and [131], with efficient
modifications to automatically account for the four-fold symmetry (A, —A*, 1*, —1)
of spectral zeros. In particular, as soon as a Hamiltonian eigenvalue (spectral zero) A
has converged, we immediately deflate the right/left eigenvectors corresponding to
—A* as well. It turns out that the right/left eigenvectors corresponding to —A* need
not be solved for explicitly. Rather, due to the structure of the Hamiltonian matrices
[127, 137], they can be written down directly from the already converged left/right
eigenvectors for A, as shown in steps 14—17 of Algorithm 4.9. As for modal approx-
imation [131], [130, Chapter 3] deflation for A* and —A is automatically handled
in Algorithm 4.11. To summarize, once the right/left eigenvectors corresponding
to an eigenvalue A have converged, the right/left eigenvectors corresponding to
—A*, A*, —A are also readily available at no additional computational cost, and can
be immediately deflated.

In Algorithm 4.10, the MATLAB gz routine is proposed for solving the small,
projected eigenvalue problem in step 1. This reveals the right/left eigenvectors X,V
of the projected pencil directly, however they are neither orthogonal nor bi-G-
orthogonal. Thus the normalization in step 3 is needed when computing the residues.

A modified Gram-Schimdt procedure (MGS) is used for orthonormalization. We
used the implementation in [130, Algorithm 1.4]. For complete mathematical and
algorithmic details of SADPA we refer to [130, Chapter 3] and [131].
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Algorithm 4.9 (A, R, L) =SADPA(E;,, Ay, By, Cy, 51, - . . Pinaxs Kmins Kmax)

INPUT: (E;,A;,B,,C;), E, € C?>2" A, € C*">*?" B, € C¥**!1, C), € C"™?" an initial pole
estimate s; and number of desired poles p,,,, (in the restarted version, k,;, and k,,, are also
specified)

OUTPUT: A, the p,,,, most dominant eigenvalues and associated right, left eigenspaces R, L of
(Ay, Ep)

L: k=1* pfuund=0v A=[]7R=[|*L=[|
2: while pfuna < Pmax do

Solve for x from (s;E; — Aj)x = By,

Solve for v from (s¢E;, — Aj)*v = C}

x =MGS(X, x), X = [X, x/||x|]]

v =MGS(V,v), V= [V,v/|v|]

Compute G = V*E; X and T = V*A, X

(A,X,V) = DomSort(T, G, X, V, B, C;) > b Algorithm 4.10

Compute dominant approximate eigentriplet (1, &1, ¥1):

O RRAINRW

A =11 = XK/ IXK L9 = (Vi)/ [V

10:  if |Au%; —Ep% 4| < € then

11: (A,R,L,X,V,By, C;) = Deflate(A,, X1, 91, A, R, L, XX(. 2.6, VV (:.2:4). Ei, By, i)

12: > > Algorithm 4.11

13: Dfouna + + > > Also find eigenvectors for the antistable spectral zero —i]" and deflate

14: x = _01(n+1:2n.:); i\'1(1:71,;)]

15: V= [;(lln+l:2n.:); _ﬁl(lzn.:) ]

16: (AR, L,X,V,B;,,C)) = Deﬂate(—i*,x, v, A,R, L, X, V.E;,,B;,Cp) > >
Algorithm 4.11

17: Pfound + +

18: 11 = 12 ~

19: else if ncols(X) > k., then

20: > > Possible restart

21: > > Retain first k,,;, most dominant approximate eigenvectors and re-orthonormalize

22: X =MGS(X)~{(;,1;;{M")) > > Orthornormalize all columns sequentially

23: V =MGS(VV(. 1)

24 end if

25: Increment k = k + 1 B

26: Select new most dominant pole estimate s, = A,

27: end while

Algorithm 4.10 (A, X, V) = DomSort(T, G, X, V, B}, Cy)

INPUT: (T,G),X,V,B;,,C,

OUTPUT: (A, X, V), k dominant approximate eigenvalues and associated right, left eigenvectors
of (T, G), sorted such that X 1 is most dominant

1: (AA,BB,0,Z.X,V) = QZ(T,G)

2: A = diag(AA)./diag(BB) and |A;| # o0,i = 1...k

3: R = %&’?M > > Compute residues
4

: Sort (A, X, V) in decreasing |R;|/|Re(X;)| order
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Algorithm 4.11 (A,R,L,X,V,B,,C;) = Deflate(A,%,9,... A,R,L, X, V,E,,
B, Cyp)

INPUT: ()At,f(, V): the newly converged most dominant eigentriplet, (A,R,L): the dominant
eigentriplets already found correctly, X, V: the approximate right/left eigenvectors not yet
checked for convergence, E;,, B;,, C),

OUTPUT: (A,R,L): updated converged eigentriplets, X, V: deflated approximate eigenspaces,
By, C;: deflated matrices

r = x/(V*E;X) > > For keeping converged eigenvectors bi-E-orthogonal
=%

R=[Rf],L=I[L1

Deflate B, = B, — E,£(1*B),)
Deflate Cj, = C), — (C,D)I*E,
. if imag(A # 0) then

A A o e

> D> Also deflate complex conjugate

Nel
N
Il
—
>
*
f—

10: =
1: R=[Ri,L=[L1]

12:  Deflate B, = B, — E,£(i*B))
13:  Deflate C, = Cj, — (C,P)I*E,

14: end if

15:X=Y=]

16: for j = 1...#cols(X) do

17: X = Expand(X,R, L, E;, ﬁj) > > Algorithm 4.12
18: V = Expand(V,R,L,E}, V;) > > Algorithm 4.12
19: end for

Algorithm 4.12 X =Expand(X, R, L, E;, X)

INPUT: X € C?k guch that XX* = I, (R,L) € C"*?: the correctly found right/left
eigenvectors such that: L*E,R is diagonal and L*E;, X = 0, x: approximate eigenvector not
yet checked for convergence, Ej,

OUTPUT: X € C*"**+D expanded such that XX* =T

riI¥Ep \ A
1w = 1= (1= ) 3
2: x = MGS(X, Xx+1)
3 X = [X.x/Ixll]

4.5 A Framework for Synthesis of Reduced Order Models

The main motivation for this section comes from the need for a general framework
for the (re)use of reduced order models in circuit simulation.?* Although many
model order reduction methods have been developed and evolved since the 1990s
(see for instance [141, 146] for an overview), it is usually less clear how to use these

24Section 4.5 has been written by: Roxana Iountiu and Joost Rommes. For an extended treatment
on the topics of this section see also the Ph.D.-Thesis of the first author [156] and [159].
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methods efficiently in industrial practice, e.g., in a circuit simulator. One reason
can be that the reduced order model does not satisfy certain physical properties,
for instance, it may not be stable or passive while the original system is. Failing
to preserve these properties is typically inherent to the reduced order method
used (or its implementation). Passivity (and stability implicitly) can nowadays be
preserved via several methods [142, 151, 157, 166, 169, 173, 174], but none address
the practical aspect of (re)using the reduced order models with circuit simulation
software (e.g., SPICE [150]). While the original system is available in netlist
format, the reduced order model is in general only available in numerical format.
Typically, circuit simulators are not prepared for inputs of this form and would
require additional software architecture to handle them. In contrast, a reduced model
in netlist representation could be easily coupled to bigger systems and simulated.

Synthesis is the realization step needed to map the reduced order model into
a netlist consisting of electrical circuit components [154, 170]. In [148] it was
shown that passive systems (with positive real transfer functions) can be synthesized
with positive R,L,C elements and transformers. Later developments [147] propose
a method to circumvent the introduction of transformers, however the resulting
realization is non-minimal (i.e., the number of electrical components generated
during synthesis is too large). Allowing for possibly negative R, L, C values, other
methods have been proposed via e.g. direct stamping [163, 166] or full realization
[155, 167]. These mostly model the input/output connections of the reduced model
with controlled sources.

In this section we consider two synthesis methods that do not involve controlled
sources: (1) Foster synthesis [154], where the realization is done via the system’s
transfer function and (2) RLCYSN synthesis by unstamping [176], which exploits
input-output structure preservation in the reduced system matrices [provided that
the original system matrices are written in modified nodal analysis (MNA)
representation]. The focus of this section is on structure preservation and RLCSYN,
especially because synthesis by unstamping is simple to implement for both SISO
and MIMO systems. Strengthening the result of [176], we give a simple procedure
to reduce either current- or voltage-driven circuits directly in impedance form by
removing all the sources. Such an impedance-based reduction enables synthesis
without controlled sources. The reduced order model is available as a netlist, making
it suitable for simulation and reuse in other designs. Similar software [149] is
commercially available.

The material in this section is organized as follows. A brief mathematical
formulation of model order reduction is given in Sect.4.5.1. The Foster synthesis
is presented in Sect.4.5.2. In Sect.4.5.3 we focus on reduction and synthesis with
structure (and input/output) preservation. Section 4.5.3.1 describes the procedure to
convert admittance models to impedance form, so that synthesized models are easily
(re)used in simulation. Based on [176], Sect. 4.5.3.2 is an outline of SPRIM/IOPOR
reduction and RLCSYN synthesis. Examples follow in Sect.4.5.4, and Sect. 4.5.5
concludes.
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4.5.1 Problem Formulation

In this section the dynamical systems X'(A, E, B, C,D) are of the form Ex(f) =
Ax(t) + Bu(z), y(¢) = Cx(¢) + Du(z), where A, E € R”" E may be singular but
the pencil (A, E) is regular, B € R, C € R”" x(¢) € R",andu(t) € R",y(¢)
R?, D € R If m, p > 1, the system is called multiple-input multiple-output
(MIMO), otherwise it is called single-input single-output (SISO). The frequency
domain transfer function is defined as: H(s) = C(sE — A)~'B + D. For systems in
MNA form arising in circuit simulation see Sect. 4.5.3.

The model order reduction problem is to find, given an n-th order (descriptor)
dynamical system, a k-th order system: Ex(t) = Ax(t) + Bu(t), (1) = Cx(t) +
Du(r) where k < n, and E,A € RV B € RF>m € e RP*, X(t) € RF u() €
R™ y(¢) € R?, and D € R”*". The number of inputs and outputs is the same as
for the original system, and the corresponding transfer function becomes: H(s) =
CGE — A) 'B + D. For an overview of model order reduction methods, see [141,
145, 146, 172]. Projection based model order reduction methods construct a reduced
order model via Petrov-Galerkin projection:

Y(E,A,B,C,D) = (W'EV,W"AV, W*B, V*C, D), (4.61)

where V,W € R"k are matrices whose k¥ < n columns form bases for
relevant subspaces of the state-space. There are several projection methods, that
differ in the way the matrices V and W are chosen. These also determine which
properties are preserved after reduction. Some stability preserving methods are:
modal approximation [171], Poor Man’s TBR [168]. Among moment matching
[152] methods, the following preserve passivity: PRIMA [166], SPRIM [151],
spectral zero interpolation, [142, 157, 161, 173]. From the balancing methods,
balanced truncation [144] preserves stability, and positive real balanced truncation
[169, 174] preserves passivity.

4.5.2 Foster Synthesis of Rational Transfer Functions

This section describes the Foster synthesis method, which was developed in the
1930s by Foster and Cauer [154] and involves realization based on the system’s
transfer function. The Foster approach can be used to realize any reduced order
model that is computed by standard projection based model order reduction tech-
niques. Realizations will be described in terms of SISO impedances (Z -parameters).
For equivalent realizations in terms of admittances (¥ -parameters), see for instance
[154, 175]. Given the reduced system (4.61) consider the partial fraction expansion
[162] of its transfer function:

H(s) = Z =t D, (4.62)

z—l
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ae | i
The residues are 7; = (C’fﬁ#
yi EX;

is composed of an eigenvalue p; of (A.E) and the corresponding right and left
eigenvectors X;,§; € CK. The expansion (4.62) consists of basic summands of the
form:

and the poles are p;. An eigentriplet (p;,X;,¥;)

2

r3 ry r4 ry ry
+ =+ + — | +sre+ + — |,
S—= P2 S S—ps  S— P4 S§—p7r  S—Pp71
(4.63)

Z(s)=r1+

where for completeness we can assume that any kind of poles may appear, i.e., either
purely real, purely imaginary, in complex conjugate pairs, at co or at 0 (see also
Table 4.4). The Foster realization converts each term in (4.63) into the corresponding
circuit block with R, L, C components, and connects these blocks in series in the
final netlist. This is shown in Fig. 4.24. Note that any reordering of the circuit blocks
in the realization of (4.63) in Fig. 4.24 still is a realization of (4.63). The values for
the circuit components in Fig. 4.24 are determined according to Table 4.4.

The realization in netlist form can be implemented in any language such as
SPICE [150], so that it can be reused and combined with other circuits as well.
The advantages of Foster synthesis are: (1) its straightforward implementation for
single-input-single-output (SISO) transfer functions, via either the impedance or
the admittance transfer function, (2) for purely RC or RL circuits, netlists obtained
from reduction via modal approximation [171] are guaranteed to have positive

Table 4.4 Circuit element values for Fig. 4.24 for the Foster impedance realization of (4.63)

Pole Residue R(Ohm) |C(F) |L(H) G(Ohm™1)
p1 = 00 r € R r
P ER r, €ER —;—22 %
[J3 = 0 rs S R %
p4=cr+ia)€(C r4=a+iﬂ€(C a g 1 @ arbi—ag
Ps = Da rs =74 @ a a?bo—ag(a1b1—ag) aj
ag = —2(ao + Bw), a =2, by=0c>+w? b =-20
Ps = OO re € R re
p7 €iR r; € R 1 2r7
- = — = r7 p1p7
Ps = P17 rg =17

i,
T 3
Wi o= 3o
£
T &

Fig. 4.24 Realization of a general impedance transfer function as a series RLC circuit
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RC or RL values respectively [158]. The main disadvantage is that for multi-
input-multi-output transfer functions, finding the Foster realization (see for instance
[175]) is cumbersome and may also give dense reduced netlists (i.e., all nodes are
interconnected). This is because the Foster synthesis of a k-dimensional reduced
system with p terminals, will generally yield O(p?k) circuit elements. A method
based on partitioning of an RLC circuit is found in [164]. The method produces a
positive-valued, passive and stable reduced RLC circuit.

4.5.3 Structure Preservation and Synthesis by Unstamping

This section describes the second synthesis approach, which is based on unstamping
the reduced matrix data into an RLC netlist and is denoted by RLCSYN [176].
It is suitable for obtaining netlist representations for models reduced via methods
that preserve the MNA structure and the circuit terminals, such as the input-output
structure preserving method SPRIM/IOPOR [176]. The strength of the result in
[176] is that the input/output connectivity is synthesized after reduction without
controlled sources, provided that the system is in impedance form (i.e., inputs are
currents injected into the circuit terminals, and outputs are voltages measured at
the terminals). Here, we interpret the input-output preservation as preserving the
external nodes? of the original model during reduction. This way the reduced
netlist can easily be coupled to other circuitry in place of the original netlist,
and (re)using the reduced model in simulation becomes straightforward. The main
drawback is that, when the reduced system matrices are dense and the number of
terminals is large [ O(10°)], the netlist obtained from RLCSYN will be dense. For a
k dimensional reduced network with p terminals, the RLCSYN synthesized netlist
will generally have O(p?k?) circuit elements. The density of the reduced netlist
however is not a result of the synthesis procedure, but a consequence of the fact that
the reduced system matrices are dense. Developments for sparsity preserving model
reduction for multi-terminal circuits can be found in [160], where sparse netlists are
obtained by synthesizing sparse reduced models via RLCSYN.

First, we motivate reduction and synthesis in impedance form, and show how
it also applies for systems that are originally in admittance form. Then we explain
model reduction via SPRIM/IOPOR, followed by RLCSYN synthesis.

4.5.3.1 A Simple Admittance to Impedance Conversion

In [176] it was shown how SPRIM/IOPOR preserves the structure of the input/out-
put connectivity when the original model is in impedance form, allowing for

25 A terminal (external node) is a node that is visible on the outside, i.e., a node in which currents
can be injected. The other nodes are called internal.
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synthesis via RLCSYN without controlled sources. The emerging question is: How
to ensure synthesis without controlled sources, if the original model is in admittance
form (i.e., it is voltage driven)? We show that reduction and synthesis via the input
impedance transfer function is possible by removing any voltage sources from the
original circuit a priori and re-inserting them in the reduced netlist if needed.

To this end, consider the modified nodal analysis (MNA) description of an input
admittance®® type RLC circuit, driven by voltage sources:

T00\ , (v0) g & &N\ [v@) 0
000 7 is)| +-€." 0 0 is@)| =|%|u@)), (4.64)
00% ir(t) £ 0 0 ir(t) 0
—— ——
Ey Xy —Ay Xy By

where u(t) € R"! are input voltages and y(¢) = Cyx(¢) € R"' are output currents,
Cy = Bj. The states are xy () = [v(¢), is(?), i,(¢)]7, with v(t) € R™ the node
voltages, is(f) € R" the currents through the voltage sources, and iz, (f) € R" the
currents through the inductors, n, + n; + n; = n. The n, = n; + n, node voltages
correspond to the n; external nodes (i.e., the number of inputs/terminals) and the
n, internal nodes.”” Assuming without loss of generality that (4.64) is permuted
such that the first n; nodes are the external nodes, we have: vi.,, () = u(z). The
dimensions of the underlying matrices are: 4 € C"*" & e C""™ &, €
Crm L e CrM & e CM B e C'" Recalling that vy, (1) = u(z),
the following holds:

& = (0‘% ) €CM, B, € CN, B =B, (4.65)

naXni

We derive the first order impedance-type system associated with (4.64). Note
that by definition, is(¢) flows out of the circuit terminals into the voltage source
(i.e., from the + to the — terminal of the voltage source, see also [166, Figure 3]
[158]). We can define new input currents as the currents flowing into the circuit
terminals: i;,(f) = —is(¢). Since u(t) = vy, (¢) are the terminal voltages, they

26The subscript Y refers to quantities associated with a system in admittance form.

2TFor the pencil (Ay, Ey) to be regular, in (4.64) one node must be chosen as a ground (reference)
node; this is however only a numerical requirement.
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describe the new output equations, and it is straightforward to rewrite (4.64) in the
impedance form:

(5 2) % (2 + (2 ) (M) = () o

0.2) dr\i,(t) —<*0)\i,y) \o )™

N—— N—— N——

% A x B (4.66)
(g: 0) (v(t)) ZY(Z) = %UVICHI(Z)’ éa: = (%: 0n1><n2)
—— lL(t)

C S——

E

where B describes the new input incidence matrix corresponding the input currents,
i;,. The new output incidence matrix is C, corresponding to the voltages at the
circuit terminals. We emphasize that (4.66) has fewer unknowns than (4.64), since
the currents ig have been eliminated. The transfer function associated to (4.66) is
an input impedance: H(s) = ii((?). In Sect.4.5.3.2 we explain how to obtain an
impedance type reduced order model in input/output structure preserved form:

(if 0)i(f)(t))+ 4 & (f)(t)) _ (@@) ()
0.2)ar\irm) "\-&; o) \iey) " \o )™

M — Y M
E ?i A X B 4.67)
(é* 0) (7v(t)) =y(t) = ByVim, (1), ‘ga: = (%7: 0"1><k2)
v ir(t)
\“f_/!r—/

c X
where %, &z R g s & v are the reduced MNA matrices, and the reduced input
impedance transfer function is: ﬁ(s) = i,{q (:S)). Due to the input/output preservation,
the circuit terminals are easily preserved in the reduced model (4.67). The simple
example in Sect. 4.5.4.1 illustrates the procedure just described.

It turns out that after reduction and synthesis, the reduced model (4.67) can still
be used as a voltage driven admittance block in simulation. This is shown next. We

can rewrite the second equation in (4.67) as: (%Z 0 0) (v@)r is@) i, (t)T)T =
Au(t). This result together with i;,(r) = —ig(¢), reveals that (4.67) can be rewritten

as:
C00\ (50 G &, 8\ (v0) 0
000 - 1is@)[+]|=€, 0 0]is()|=|Z[u@). “68)
00y ir(1) &0 0) \iL() 0
—— e — N——
Ey JL(Y Ay Xy By

which has the same structure as the original admittance model (4.64). Conceptually
one could have reduced system (4.64) directly via the input admittance. In that
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case, synthesis by unstamping via RLCSYN [176] would have required controlled
sources [155] to model the connections at the circuit terminals. As shown above,
this is avoided by: applying the simple admittance-to-impedance conversion (4.64)
to (4.66), reducing (4.66) to (4.67), and finally reinserting voltage sources after syn-
thesis [if the input-output structure preserved admittance reduced admittance (4.68)
is needed]. Being only a pre- and post-processing step, the proposed voltage-
source removal and re-insertion can be applied irrespective of the model reduction
algorithm used. For ease of understanding we relate it here to model reduction via
SPRIM/IOPOR.

4.5.3.2 1/0O Structure Preserving Reduction and RLCSYN Synthesis

The reduced input impedance model (4.67) is obtained via the input-output structure
preserving SPRIM/IOPOR projection [176] as follows. Let V = (VIT, V2T , V3T )T €
Cn+mtn)xk) pe the projection matrix obtained with PRIMA [166], where V| €
Cmxk) v, ¢ C2>k vy ¢ C>*0) k> ny, i = 1...3. After appropriate
Qrthonormalization (e.g., via Modified Gram-Schmidt [171, Chapter 1]), we obtain:
V; = orth(V;) € C"*ki k; < k. The SPRIM [151] block structure preserving
projection is: V = blkdiag (\71,\72,\73) e CrUatktks) which does not yet
preserve the structure of the input and output matrices. The input-output structure

preserving SPRIM/IOPOR [176] projection is W = (‘;V {? ) € Crxmthatks)
3
where:
W = Ly yxn ~0 e Cmtn)x(itka) (4.69)
0V, ‘ '

Recalling (4.65), we obtain the reduced system matrices in (4.67): ¢ = W*EW,
G = WGW, Z = V12V, & = WEVs, &, = WE, = (B 0,,) "
which compared to (4.65) clearly preserve input-output structure. Therefore a netlist
representation for the reduced impedance-type model can be obtained, that is driven
injected currents just as the original circuit. This is done via the RLCSYN [176]
unstamping procedure. To this end, we use the Laplace transform and convert (4.67)
to the second order form:

[s€ + G + L19(s) = &iin(s)

y ~ % 4.70
§(5) = &75(s). 70

where iz (s) = %.ff_l (@5’1*) V(s) and ' = g”;i”_lz?;k.
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The presentation of RLCSYN follows [176, Sect.4], [158] and is only sum-
marized here. In circuit simulation, the process of forming the 4,¥, % system
matrices from the individual branch element values is called “stamping”. The
reverse operation of “unstamping” involves decomposing entry-wise the values of
the reduced system matrices in (4.70) into the corresponding R, L, and C values.
When applied on reduced models, the unstamping procedure may produce negative
circuit elements because the reduced system matrices are no longer diagonally
dominant (while the original matrices were). Obtaining positive circuit elements
only is subject to further research. The resulting Rs, Ls and C's are connected in the
reduced netlist according to the MNA topology. The reduced input/output matrices
of (4.70) directly reveal the input connections in the reduced model via injected
currents, without any controlling elements. The prerequisites for an unstamping
realization procedure therefore are:

1. The original system is in MNA impedance form (4.66). If the system is of
admittance type (4.64), apply the admittance-to-impedance conversion from
Sect.4.5.3.1.

2. In (4.66), no Ls are directly connected to the input terminals so that, after
reduction, diagonalization and regularization preserve the input/output structure.

3. System (4.66) is reduced with SPRIM/IOPOR [176] to (4.67) and converted to
second order form (4.70). The alternative is to obtain the second order form of
the original system first, and reduce it directly with SAPOR/IOPOR [143, 176].

4. The reduced system (4.70) must be diagonalized and regularized according to
[176]. Diagonalization ensures that all inductors in the synthesized model are
connected to ground (i.e., there are no inductor loops). Regularization eliminates
spurious over-large inductors. These steps however are not needed for purely RC
circuits.

4.5.4 Numerical Examples

We apply the proposed reduction and synthesis framework on several test cases.
The first is a simple circuit which illustrates the complete admittance-to-impedance
formulation and the RLCSYN unstampting procedure, as described in Sect.4.5.3.
The second example is a SISO transmission line model, while the third is a MIMO
model of a spiral inductor.
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i @ Gy
Is1 I'L
¢§ U1 C1
Fig. 4.25 Admittance-type circuit driven by input voltages [166]. G| ,3 = 0.1S, L; = 1073 H,
Cia=107%C. =107* Jlusol = 1

4.5.4.1 Illustrative Example

The circuit in Fig. 4.25 is voltage driven, and the MNA admittance form (4.64) is:

00 0 0 00[0\fvy G 0 -G 0 [10/0\/v 0 0
00 0 0 00[/0 |fvus 0 G; 0 0 [01[1 [Jvs 0 0
00C1+C€ —C( 00/0 1% —G1 0 G1+G2 —G2000 %) 0 0
00 —C. GC+C. 000 ||vs]+] 0O 0 -G, G, 00|l |]vs = 0 0 (2)
00 0 0 00[0 |}is, -1 0 0 0 [00/0 |}is, -1 0
00 0 0 00/0 ||is, 0 -1 0 0 00/0 [|is, 0 -1
00 0 0 00|L/ N\, 0 1 0 —1100/0/\iyg, 0 0
4.71)

Notice that
i, = (’.‘) =— (’.S‘) 4.72)
12 ls,
u= (”1) = (”‘), (4.73)
us V4

thus the external nodes (input nodes/terminals) are v; and vy4, and the internal nodes

are v, and vs. As described in Sect.4.5.3.1, (4.71) has an equivalent impedance
formulation (4.66), with:

00 0 0 G, 0 -G 0 0
00 0 0 0 G 0 0 4

& = ,3=(L),g= 3 L& = (4.74)
00C+C. —C. G, 0 G+G, —G> 0
00 —C. C+C. 0 0 -G G 1

&y = o1 @:(‘1 0),%:—3& 4.75)
00 0 —1
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Matrices (4.74) and (4.75) are reduced either in first order form using SPRIM/IO-
POR according to Sect. 4.5.3.2.

Here we reduce the circuit with SPRIM/IOPOR and synthesize it by unstamping
via RLCSYN. Note that there is an L directly connected to the second input node v4,
thus assumption 2. from RLCSYN is not satisfied. We thus reduce and synthesize
the single-input-single-output version of (4.71) only, where the second input i, is
removed. Therefore the new incidence matrices are:

@@vl = 7%1 - (_1)7 '%Ul == _e%]- (476)

S O O =

We choose an underlying PRIMA projection matrix V. € C"™* spanning a
k = 2-dimensional Krylov subspace (with expansion point 5o = 0). According
to Sect. 4.5.3.2, after splitting V and appropriate re-orthonormalization, the dimen-
sions of the input-output structure preserving partitioning are:

ny = 1, np = 3, n = 1, kz = 2, k3 = 1, (477)
and the SPRIM/IOPOR projection is:

10 00
04.082-107' —4.861-107'0

W=|08.164-10"1 5729-1071 0] € C™*, with W e C*3. (4.78)
04.082-107" —6.597-10710
00 01

After diagonalization and regularization, the SPRIM/IOPOR reduced system
matrices in (4.70) are:

0 0 0 1 8.165-1072 —5.729-1072
€ = 1.749-107° —5.052- 107> |, ¢ = 8.165-1072  9.999-1072 —7.726- 1072

0 —5.052-10—° 1.527-10* —5.7295-1072 —7.7265- 1072  2.084- 107"

00 0 1
F=[oo ol &,=[o0 4.79)
00 30.14 0

Reduced matrices (4.79) are now unstamped individually using RLCSYN. The
reduced system dimension in second order form is thus N = 3, indicating that the
reduced netlist will have 3 nodes and an additional ground node. In the following,
we denote by M; ;i = 1...N, j = 0...N — 1 a circuit element connected
between nodes (i, j) in the resulting netlist. M represents a circuit element of the
type: R,L,C or current source J.
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By unstamping &, we obtain the following R values (for simplicity only 4 figures
behind the period are shown here, nevertheless in implementation they are computed

with machine precision € = 10719):

3 —1

~ ~ —1 - —1

Rio = [2 g(m} =8.04172, Ry = —[g(u)] =—122472. Ris= —[g(m] = 17452 2,
k=1

3

3 —1 —1
~ ~ —1 ~
Rop= [Z g(m} =95798 2, Ros= —[g(m] = 129422, Ryp= [Z g(m} =13.535 Q2.
k=1 k=1

By unstamping %, we obtain the following C values:

3
Coo =) Con=-33026-10"° F, Co3=—Fp3 =50526-107°F,
k=1

3 —1
Cso = [Z %M)} =1.0221-107* F.
k=1

By unstamping I, we obtain the following L values:

3 —1
Ly = [Z ﬁm} =3317-1072 H.
k=1

By unstamping & v » We obtain the current source J; o of amplitude 1 A4.
The Pstar [165] equivalent netlist is shown below:.

circuit;
rr 10 (1, 0) 8.0417250765565598e+000;
rr 12 (1, 2) -1.2247448713915894e+001;
rr 13 (1, 3) 1.7452546181796258e+001;
rr 2 0 (2, 0) 9.5798755840972589e+000;
rr 23 (2, 3) 1.2942609947762115e+001;
rr 3 0 (3, 0) 1.3535652691596653e+001;
1130 (3, 0) 3.3170000000000033e-002;
cc 2 0 (2, 0) -3.3026513336014821e-005;
c c 2 3 (2, 3) 5.0526513336014765e-005;
c c 3.0 (3, 0) 1.0221180442099465e-004;
j 3.1 (1, 0) sw(l, 0);
c: Set node 1 as output: vn(l);
c: Resistors 6;
c: Capacitors 3;
c: Inductors 1;

end;

Table 4.5 summarizes the reduction and synthesis results. Even though the
number of internal variables (states) generated by the simulator is smaller for
the SPRIM/IOPOR model than for the original, the number of circuit elements
generated by RLCSYN is larger in the reduced model than in the original.
Figure 4.26 shows that approximation with SPRIM/IOPOR is more accurate than
with PRIMA. The Pstar simulation of the RLCSYN synthesized model also matches
the MATLAB simulation of the reduced transfer function.
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Table 4.5 Input impedance reduction (SPRIM/IOPOR) and synthesis (RLCSYN)
System Dimension R C L States Inputs/Outputs
Original 5 3 3 1 5 1
SPRIM/IOPOR 4 6 3 1 4 1

Input impedance simulation
PRIMASPRIM/IOPOR
n=5 Ksprmoror = 4 H2,,, = 0:24725

36 1

—— QOriginal
sl i Reduced: PRIMA _

== =+ Reduced: SPRIM/IOPOR
32 =9+ RLCSYN: SPRIM/IOPOR| A

o 30 1

=

S 28 _

2

§) 26 | ",:&'“ m

= % s
24| B
22 1 ’——
20 :"
18 1 1 1 1 .: 1 1 1
0 1 2 3 4 5 6 8 9
Frequency (rad/s)

Fig. 4.26 Original, reduced and synthesized systems: PRIMA, SPRIM/IOPOR. The reduced and

synthesized systems match but miss the peak around 4.5 rad/s

Fig. 4.27 Transmission line from Sect. 4.5.4.2

4.5.4.2 SISO RLC Network

We reduce the SISO RLC transmission line in Fig.4.27. Note that the circuit

is driven by the voltage u, thus it is of admittance type (4.64). The admittance
simulation of the model reduced with the dominant spectral zero method (Dominant
SZM) [157, 161], synthesized with the Foster approach, is shown in Fig.4.28. The

behavior of the original model is well approximated for the entire frequency range,
and can also reproduce oscillations at dominant frequency points.
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n=901,k

Input admittance simulation

Dominant SZM
domSZM ~

23,H2_ =0.22513
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Fig. 4.28 Input admittance transfer function: original, reduced with Dominant SZM in admittance
form and synthesized with Foster admittance

n =901,k

Input admittance simulation
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» “SPRIMIOPOR =

23,H2_=0.0058796
err
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)
©
o

-100

-110
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-4 -2 0

Frequency (rad/s)

Fig. 4.29 Input admittance transfer function: original and synthesized SPRIM/IOPOR model (via
impedance), after reconnecting the voltage source at the input terminal

In Fig. 4.29 the benefit of the admittance-to-impedance transformation, described
in Sect.4.5.3.1, is seen. By reducing the system in impedance form with SPRIM/-
IOPOR and synthesizing (4.67) [using the second order form (4.70)] with RLCSYN
[176], we are able to recover the reduced admittance (4.68) as well. The approxima-
tion is good for the entire frequency range.
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Fig. 4.30 Coil structure from Sect. 4.5.4.3

4.5.4.3 MIMO RLC Network

We reduce the MIMO RLC netlist resulting from the parasitic extraction [153] of the
coil structure in Fig. 4.30. The model has 4 pins (external nodes). Pin 4 is connected
to other circuit nodes only via C’s, which causes the original model (4.66) to have a
pole at 0. The example shows that the SPRIM/IOPOR model preserves the terminals
and is synthesizable with RLCSYN without controlled sources.

Figure 4.31, shows the simulation of the transfer function from input 4 to output
4. SPRIM/IOPOR is more accurate around DC than PRIMA. Another alternative is
to ground pin 4 prior to reduction. As seen from Fig. 4.32, SPRIM/IOPOR applied
on the remaining 3-terminal system gives better approximation than PRIMA for
the entire frequency range. With pin 4 grounded however, we loose the ability to
(re)connect the synthesized model in simulation via all the terminals.

4.5.5 Conclusions and Outlook

A framework for realizing reduced mathematical models into RLC netlists was
developed. Model reduction by projection for RLC circuits was described and
associated with two synthesis approaches: Foster realization (for SISO transfer
functions) and RLCSYN [176] synthesis by unstamping (for MIMO systems).
An admittance-to-impedance conversion was prosed as a pre-model reduction step
and shown to enable synthesis without controlled sources. The approaches were
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Fig. 4.31 Input impedance Input impedance simulation - H,,
transfer function with “v4” PRIMA i(SPRIM/IOPOR
kept: Hy, for PRIMA, ”00 n =220, Kyppyyopor = 24
SPRIM/IOPOR and ' ) ) " Original 3 3
RLCSYN realization ol ‘1 Reduced: PRIMA |
r=1= 1+ Reduced: SPRIM/IOPOR
=+ RLCSYN: SPRIM/IOPOR
= 100
k=2
[0
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©
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Frequency (rad/s)
Fig. 4.32 Input impedance Input impedance simulation — H_,
transfer function with “v,” PRIMA, SE’%IMK/IOPOR, avcd géounded
grounded: Hj; for PRIMA, 0 "=219 Ksprimnoror =
SPRIM/IOPOR and
RLCSYN realization
s Of 1
i
()
kel
=]
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(o]
©
= 50F ]
= Original
1 Reduced: PRIMA
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tested on several examples. Future research will investigate reduction and synthesis
methods for RCLK circuits with many terminals, while developments on sparsity-
preserving model reduction for multi-terminal RC circuits can be found in [160].
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Chapter 5
Parameterized Model Order Reduction

Gabriela Ciuprina, Jorge Fernandez Villena, Daniel Ioan, Zoran Ilievski,
Sebastian Kula, E. Jan W. ter Maten, Kasra Mohaghegh, Roland Pulch,
Wil H.A. Schilders, L. Miguel Silveira, Alexandra Stefanescu,

and Michael Striebel

Abstract This Chapter introduces parameterized, or parametric, Model Order
Reduction (pMOR). The Sections are offered in a prefered order for reading,
but can be read independently. Section 5.1, written by Jorge Ferniandez
Villena, L. Miguel Silveira, Wil H.A. Schilders, Gabriela Ciuprina, Daniel Ioan and
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Sebastian Kula, overviews the basic principles for pMOR. Due to higher integration
and increasing frequency-based effects, large, full Electromagnetic Models (EM)
are needed for accurate prediction of the real behavior of integrated passives and
interconnects. Furthermore, these structures are subject to parametric effects due to
small variations of the geometric and physical properties of the inherent materials
and manufacturing process. Accuracy requirements lead to huge models, which are
expensive to simulate and this cost is increased when parameters and their effects
are taken into account. This Section introduces the framework of pMOR, which
aims at generating reduced models for systems depending on a set of parameters.

Section 5.2, written by Gabriela Ciuprina, Alexandra Stefanescu, Sebastian Kula
and Daniel Ioan, provides robust procedures for pMOR. This Section proposes
a robust specialized technique to extract reduced parametric compact models,
described as parametric SPICE-like netlists, for long interconnects modeled as
transmission lines with several field effects such as skin effect and substrate losses.
The technique uses an EM formulation based on partial differential equations
(PDE), which is discretized to obtain a finite state space model. Next, a variability
analysis of the geometrical data is carried out. Finally, a method to extract an
equivalent parametric circuit is proposed.

Section 5.3, written by Michael Striebel, Roland Pulch, E. Jan W. ter Maten,
Zoran Ilievski, and Wil H.A. Schilders, covers ways to efficiently determine
sensitivity of output with respect to parameters. First direct and adjoint techniques
are considered with forward and backward time integration, respectively. Here also
the use of MOR via POD (Proper Orthogonal Decomposition) is discussed. Next,
techniques in Uncertainty Quantification are described. Here pMOR techniques can
be used efficiently.

Section 5.4, written by Kasra Mohaghegh, Roland Pulch and E. Jan W. ter Maten,
provides a novel way in extending MOR to Differential-Algebraic Systems. Here
new MOR techniques for reducing semi-explicit system of DAEs are introduced.
These techniques are extendable to all linear DAEs. Especially pMOR techniques
are exploited for singularly perturbed systems.
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5.1 Parametric Model Order Reduction

Model Order Reduction (MOR) techniques are a set of procedures which aim at
replacing a large-scale model of a physical system by a lower dimensional model
which exhibits similar behavior, typically measured in terms of its input-output
response.! Reducing the order or dimension of these models, while guaranteeing
that the input-output response is accurately captured, is crucial to enable the
simulation and verification of large systems [1-3, 33]. Since the first attempts in
this area [31], the methods for linear model reduction have greatly evolved and can
be broadly characterized into two types: those that are based on subspace generation
and projection methods [13, 27], and those based on balancing techniques [26, 30]
(sometimes also referred to as Singular Value Decomposition (SVD)-based [2]).
Hybrid techniques that try to combine some of the features of each family have also
been presented [18, 19, 21, 29].

Although previously ignored when analyzing or simulating systems, parameter
variability can no longer be disregarded as it directly impacts system behavior and
performance. Accounting for the effects of manufacturing or operating variability,
such as geometric parameters, temperature, etc., leads to parametric models whose
complexity must be tackled both during the design and verification phases. For this
purpose, Parametric MOR (pMOR, also known as Parameterized MOR) techniques
that can handle parameterized descriptions are being considered as essential in
the determination of correct system behavior. The systems generated by pMOR
procedures must retain the ability to model the effects of both geometric and
operating variability, in order to accurately predict behavior and optimize designs.

Several pMOR techniques have been developed for modeling large-scale param-
eterized systems. Although the first approaches were based on perturbation based
techniques, such as [17, 25], the most common and effective ones appear to
be extensions of the basic projection-based MOR algorithms [27, 29] to handle
parameterized descriptions. An example of these are multiparameter moment-
matching pMOR methods [8] which can generate accurate reduced models that
capture both frequency and parameter dependence. The idea is to match, via
different approaches, generalized moments of the parametric transfer function, and
build an overall projector. Sample-based techniques have been proposed in order
to contain the large growth in model order for multiparameter, high accuracy
systems [28, 37]. They rely on sampling the joint multi-dimensional frequency
and parameters space. This approach allows the inclusion of a priori knowledge
of the parameter variation, and provides some error estimation. However, the issue
of sample selection becomes particularly relevant when done in a potentially high-
dimensional space.

!Section 5.1 has been writen by: Jorge Ferndndez Villena, L. Miguel Silveira, Wil H.A. Schilders,
Gabriela Ciuprina, Daniel Ioan and Sebastian Kula. For additional topics and applications see also
the Ph.D.-Thesis of the last author [20].
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5.1.1 Representation of Parametric Systems

In order to include parametric systems inside an efficient simulation flow, the
parametric dependence should be explicit. This means that it must be possible to
access the parameter values and modify them inside the same representation, while
avoiding, if possible, re-computing the parametric systems, i.e. to perform another
extraction.

Parameters usually affect the geometrical or electrical properties of the layout,
and thus, most of these variations can be represented as modifications of the values
of the system matrices inside a state-space descriptor. For this reason, in most cases,
the input and output ports are not affected by these variations (this of course depends
on how the system is built), and in the case when they are in fact affected, these
variations can be shifted to the inner states. The variability leads to a dependence
of the extracted circuit elements on several parameters, of electrical or geometrical
origin. This dependence results in a parametric state-space system representation,
which in descriptor form can be written as

C(/\l,... ,AP) X(/\l, ,AP) + G(/\l, ,AP) X(Al, e ,/\p) = Bu, (5 1)
y(/ll,...,/\p):Lx(/ll,...,/\p), '
where C,G € R™" are again, respectively, the dynamic and static matrices, B €
R"? is the matrix that relates the input vector u € R? to the inner states x € R”"
and L € R?" is the matrix that links those inner states to the outputs y € R?. The
elements of the matrices C and G, as well as the states of the system x, depend on a
set of P parameters A = [A1, A, ..., Ap]| which model the effects of the mentioned
uncertainty. This time-domain descriptor yields a parametric dependent frequency

response modeled via the transfer function

H(s,At,....Ap) =L (sC(A1,....Ap) + G(A1,...,Ap))" ' B (5.2)

for which we seek to generate a reduced order approximation, able to accurately
capture the input-output behavior of the system for any point in the parameter space

H(s Aoo.. Ap) =L (sC(A1u... . Ap) + G(A,....Ap) "' B. (5.3)

In general, one attempts to generate a reduced order model whose structure is,
as much as possible, similar to the original, i.e. exhibiting a similar parametric
dependence. The “de facto” standard used in most of the literature for representing
a parametric system is based on a Taylor series expansion with respect to the
parameters (shown here for first order in the frequency domain):

((C() +CiAr+...+ CPAP)S + (Go + GiA+...+ GPAP)) X(S,l) = BM(S),
y(s,A) = Lx(s,A),
5.4
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where Gy and C; are the nominal values of the matrices, whereas G; and C; are
the sensitivities with respect to the parameters. Novel extraction methodologies can
efficiently generate such sensitivity information [5, 12].

A nice feature of this representation is that this explicit parameter dependence
allows to obtain a reduced, yet similar representation when a projection scheme is
applied

(Co+Cidi+ ...+ Cprp)s + (Go+ Gidi + ...+ GpAp)) x(s,2) = Bu(s),
y(s,A) = Lx(s,A),
(5.5)

where C; = VIC;V, G, = VTG, V,B=V'Band L = LV.

Some questions may be raised about the order neccessary for an accurate
representation of the parametric model. This depends on the range of variation and
the effect of each parameter, and therefore is not trivial to ascertain.

However, some literature presents interesting results in this area [4, 6], with the
conclusion that low order (first order in most cases) Taylor series are a good and
useful approximation to the real parametric system. As it will be shown later, this
statement has important consequences from the point of view of some parametric
algorithms, especially those which rely on moment matching techniques.

5.1.2 Reduction of Parametric Systems

The most straight-forward approach for the reduction of such a parametric system
is to apply nominal techniques. A first possibility is to apply nominal reduction
methodologies on the perturbed system. This means that the model in (5.4) is
evaluated for a set of parameter values. This model is no longer parametric, and thus
standard reduction methodologies can be applied on it. However, once a “perturbed”
system is evaluated and reduced, the parameter dependence is lost, and thus the
result is a system which is no longer parametric, and therefore only accurate for a
set of parameters.

A slightly different approach that overcomes this issue is to apply the projection
on the Taylor series approximation. In this case, depending on the framework
applied, we can distinguish two cases:

 First, in a projection methodology, the projector is computed from the nominal
system, and later applied on the nominal and on the sensitivity matrices,
obtaining a model as in (5.5).

* Second, in the case of Balanced Truncation realizations, the computation of the
Gramians is done via the nominal system, but the balancing and the truncation is
done both on the nominal matrices and on the sensitivities.

These methods, although not oriented to accurately capture the behavior of the
system under variation of the parameters, can yield good approximations in cases
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of small variations or mild effect of the parameters. However, they are not reliable,
and their performance heavily depends on the system.

5.1.2.1 Pertubation Based Parametric Reduction

The first attemps to handle and reduce systems under variations were focused on
perturbation techniques.

One of the earliest attempts to address this variational issue was to com-
bine perturbation theory with moment matching MOR algorithms [25] into a
Perturbation-based Projector Fitting scheme. To model the variational effects
of the interconnects, an affine model was built for the capacitance and conductance
matrices,

G, ....Ap) =Go+ MG+ ...+ ApGp, (5.6)
CAy,...,Ap) =Co+AiCi+ ...+ ApCp, '
where now Cy and G are the nominal matrix values, i.e., the value of the matrices
under no parameter variation, and C; and G;, i = 1,..., P, are their sensitivities
with respect to those parameters. For small parameter variations, the projection
matrix obtained via a moment-matching type algorithm such as PRIMA also may
show small perturbations. To capture such effect, several samples in the parameter
space were drawn G(Aq,...,Ap) and C(Ay, ..., Ap), and for each sample PRIMA
was applied resulting a projector. A fitting methodology was later applied in order
to determine the coefficients of a parameter dependent projection matrix

V(Al,...,AP)ZI/()+All/1+...+Apr. 5.7

To obtain a reduced model, both the parametric system and the projector are
evaluated with the parameter set. Projection is applied and the reduced model
obtained. However, this reduced model is only valid for the used parameter set. If a
reduced model for a different parameter set is needed, the evaluation and projection
must be applied again, what makes hard to include this method in a simulation
environment.

Another method combined perturbation theory with the Truncated Balanced
Realization (TBR) [26, 30] framework. A perturbation matrix was theoretically
obtained starting from the affine models shown in (5.6) [17]. This matrix was
applied via a congruence transformation over the Gramians to address the vari-
ability, obtaining a set of perturbed Gramians. These in turn were used inside a
Balancing Truncation procedure. As with most TBR-inspired methods, this one
is also expensive to compute and hard to implement. The above methods have
obvious drawbacks, perhaps the most glaring of which is the heavy computation
cost required for obtaining the reduced models and the limitation that comes from
perturbation based approximations, possibly leading to inaccuracy in certain cases.
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5.1.2.2 Multi-dimensional Moment Matching

Most of the techniques in the literature extend the moment matching paradigm [13,
27, 34] to the multi-dimensional case. They usually rely on the implicit or explicit
matching of the moments of the parametric transfer function (5.2). These moments
depend not only on the frequency, but on the set of parameters affecting the system,
and thus are denoted as multi-dimensional or multi-parameter moments.

This family of algorithms assumes that a model based on the Taylor Series
expansion can be used for approximating the behavior of the conductance and
capacitance, G(1) and C(A), expressed as a function of the parameters

Griso s Ap) = Y0g o Yonmo Giroin Mo AL,

COve Ap) =Yg 300 Ciyip M AR (5-8)

where G;, i, and C;, ;. are the multidimensional Taylor series coefficients. This
Taylor series can be extended up to the desired (or required) order, including cross
derivatives, for the sake of accuracy. If this formulation is used, the structure for
parameter dependence may be maintained if the projection is not only applied to the
nominal matrices, but to the sensitivities as well.

Multiple methodologies follow these basic premises, but they differ in how and
which such moments are generated and used in the projection stage.

The Multi-Parameter Moment Matching method [8] relies on a single-point
expansion of the transfer function (5.2) in the joint space of the frequency s and the
parameters Ap, ..., Ap, in order to obtain a power series in several variables,

o0 k k—ks k—ks—kl....—kP71
ks 1k k
x(s’kl""’AP)ZZZ Z Z Mk,ks,kl,___,kpSSAII...APP,
k=0 ky=0k;=0 kp=0
5.9

corresponding to the coefficient term s*s AII“ . Al}” .

A basis for the subspace spanned from these moments can be built and the
resulting orthonormal basis V' can be used as a projection matrix for reducing the
original system

colspanV’ = colspan{Moo_o, - .., Mi i, ky...kp }- (5.10)

This parametrized reduced model matches up to the k-th order multi-parameter
moment of the original system.
Howeyver, the main inefficiencies of this method are twofold:

* On the one hand, this method generates pure multi-dimensional moments (see
Eq.(5.9)), which means that the number of moments grows dramatically (all
the possible combinations for a given order must be done) when the number



274 G. Ciuprina et al.

of parameters is increased, even for a modest number of moments for each
parameter. For this reason, the reduced model size grows exponentially with the
number of parameters and the moments to match.

* On the other hand, the process parameters fluctuate in a small range around their
nominal value, whereas the frequency range is much larger, and a higher number
of moments are necessary in order to capture the global response for the whole
frequency range. This algorithm treates the frequency as one parameter more,
which turns to be highly innefficient.

An improvement of the previous approach is to perform a Low-Rank Approxi-
mation of the multi-dimensional moments [22]. An SVD-based low-rank approxi-
mation of the generalized moments, G~'G; and G7'C; (which are related to the
multidimensional moments), is applied. Then, separate subspaces are built from
these low-rank approximations for every parameter. The global projector is obtained
from the orthonormalization of the nominal moments (computed via Arnoldi for
example), and the moments of the subspaces related to the parameters. The projector
is applied on the Taylor Series approximation to obtain a reduced parametric model.
This approach, although providing more flexibility and improving the matching,
requires the low-rank SVD of the generalized moments, which comes at a cost of
O(n?), i.e., limiting its applicability to small-medium size problems.

A different multi-dimensional moment matching approach was also presented
in [16], called Passive Parameterized Time-Domain Macro Models. It relies
on the computation of several subspaces, built separately for each dimension,
i.e. the frequency s (to which respect k; block moments are obtained in a basis
denoted as Q) and the parameter set A (generating the basis Q; which match k;,
block moments with respect to parameter A;). These independent subspaces can be
efficiently computed using standard nominal approaches, e.g. PRIMA. Once all the
subspaces have been computed, an orthonormal basis can be obtained so that its
columns span the joint of all subspaces. For example, in the affine Taylor Series
representation, using Krylov spaces Kr(A, B, k) (matrix A, multi-columns vector
B, moments k):

A=-G7C,

R=G7'B

A; :—(G+SC)_1(Gi +SC,'),
Ri=—(G+sC)"'B
V=0R[Q; Q1 ... Qi ...0p],

colsp{Q;s} = Kr{A, R, ks} with {

colsp{Q;} = Kr{A;, R;, k;} with {

(5.11)

where subscript i refers to the i -th parameter A;, and the parameter related moments
have been generalized to any shifted frequency s. OR stands for the QR-factorization
based orthonormalization. Applying the resulting matrix V' in a projection scheme
ensures that the parametric Reduced Order Model matches k; moments of the
original system with respect to the frequency, and k; moments with respect to
the parameter A;. If the cross-term moments are needed for accuracy reasons, the
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subspace that spans these moments can also be included by following the same
scheme.

A different approach is explored in CORE [23]. Here an explicit moment
matching with respect to the parameters is first done, via Taylor-series expansion,
followed by an implicit moment matching in frequency (via projection). The first
step in done by expanding the state space vector x and the matrices G and C in its
Taylor Series only with respect to the parameters,

XA =Y > Xiip () A LLAY (5.12)
i1=0 ip=0
GO = Y0y 300 Gy A A 5.13)

CO) =30y 50y Ciyip M AT

where Gy o(s) are the nominal values for the matrices and
the states vector, respectively. The remaining G, i,, Ci,...ip and x;, ;. are the
sensitivities with respect to the parameters. Explicitly matching the coefficients of
the same powers leads to an augmented system, in which the parametric dependence
is shifted to the output related matrix L 4:

Co B
C, Gy 0
CA = 0 C() 5 BA - 5
C; 0 0Cy 0 X0
X1
xa=|: |,
Gy Xi
G, Gy .
Gy = 0 Go JLi=[L ML --- ML ---].

(5.14)

The second step applies a typical nominal moment matching procedure (e.g. PRIMA
[27]) to reduce this augmented system. This is possible because the matrices G 4, C4
and By used to build the projector do not depend on the parameters. The projector
is latter applied on all the matrices of the augmented system in (5.14). Furthermore,
the Block Lower Triangular structure of the system matrices G4 and C4 can be
exploited in recursive algorithms to speed-up the reduction stage. This two-step
approach allows to increase the number of the matched multi-parameter moments
with respect to other techniques, for a similar reduced order. In principle, in spite
of the larger size of the augmented model, the order of the reduced system can be
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much smaller than in the previous cases. On the other hand, the structure of the
dependence with respect to the parameters is lost, since the parametric dependence
is shifted to the later projected output related L matrix. The projection mixes all the
parameters, losing the possibility of modifying them without need of recomputation.
This method also has the disadvantage that the explicit computation of the moments
with respect to the parameters can lead to numerical instabilities. The method,
although stability-preserving, is unable to guarantee passivity preservation.

Some algorithms [24, 37] try to match the same moments as CORE, but in
a more numerical stable and efficient fashion, using Recursive and Stochastic
Approaches. They generalize the CORE paradigm up to an arbitrary expansion
order with respect to the parameters, and apply an iterative procedure in order
to compute the frequency moments related to the nominal matrices, and the ones
obtained from the parametric part (this means, to obtain a basis for each block of
states x; in (5.14), but without building such system).

colspan {V} = Kr{A, R, qo} = [VOO | A VO"_I],

with A =—(Go+sCo) "' Co. R = (Go+5¢Co)”"' B,
colspan{V;} = [Vio V! V,] ],

with V/ = —(Go + 51.Co)™" (Gi Vi 4 s GV + COI/,.f‘l),
Gi = Go.o10..0,

Ci = Co..010..0

(5.15)

where sy is the expansion point for the Krylov subspace generation, and V;/ is the
j-th moment with respect to the frequency for the i-th parameter. This general
recursive scheme, here presented for first order with respect to the parameters, can
be extended to any (independent) order with respect to each parameter.

The technique in [37] uses a tree graph scheme, in which each node is associated
to a moment, and the branches represent recursive dependences among moments.
Each tree level contains all the moments of the same multi-parameter order. On this
tree, a random sampling approach is used to select and generate some representative
moments, preventing the exponential growth.

On the other hand, the technique in [24] advocates for an exhaustive computation
at each parameter order. This means that all the moments for zero-parameter order
(i.e. nominal), are computed until no rank is added. The same procedure is repeated
for first order with respect to all parameters. If the model is not accurate, more order
with respect to the parameters can be added.

Notice that both schemes provide a large degree of flexibility, as different orders
with respect to each parameter and with respect to the frequency can be applied.
In both approaches, the set of all the moments generated is orthonormalized, so
an overall projector is obtained. This is used inside a congruence transformation
on the Taylor Series approximation (5.4), to generate a reduced model in the same
representation. Another advantage of these methodologies is that the passivity is
PRIMA-like preserved, and the basis is built in a numerical stable fashion.
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5.1.2.3 Multi-dimensional Sampling

Another option present in the literature relies on sampling schemes for capturing
the variational nature of the parametric model. They are applied for the building of
a projector to later apply congruence tranformation on the original model.

A simple generalization of the multi-point moment matching framework [11]
to a multi-dimensional space can be done via Variational Multi-Point Moment
Matching. Small research has been devoted to this family of approaches, but one
algorithm can be found in [22]. The flexibility it provides is also one of its main
drawbacks, as the methodology can be applied in a variety of schemes, from a
single-frequency multi-parameter sampling to a pure multi-dimensional sampling.
From these expansion points, several moments are computed following a typical
moment matching scheme. The orthonormalization of the set of moments provides
the overall projector which is applied in a congruence reduction scheme. However,
it is hard to determine the number and placement of samples, and the number of
moments to match with respect to the frequency and to the parameters.

Another scheme, which overcomes some of the issues of the previous approach
is the Variational Poor Man’s TBR [28]. This approach is based on the statistical
interpretation of the algorithm (see [29] for details) and enhances its applicability to
multiple dimensions. In this interpretation, the Gramian X is seen as a covariance
matrix for a Gaussian variable x;, obtained by exciting the (presumed stable) system
with u involving white noise. Rewriting the Gramian as

X =/ / (joCy + G3) ' BBT (jwCy + G)™ p(L) dwd A, (5.16)
Sy J—o0

where p(A) is the probability density of A in the parameter space, S. Just as in
PMTBR, a quadrature rule can be applied in the overall parameter plus frequency
space to approximate the Gramian via numerical computation. But in this case the
weights are chosen taking into account the Probability Density Function (PDF) of A;
and the frequency constraints. This can be generalized to a set of parameters, where
a joint PDF of all the parameters can be applied on the overall parameter space, or
the individual PDF of each parameter can be used. This possibility represents an
interesting advantage, since a-priori knowledge of the parameters and the frequency
can be included in order to constrain the sampling and yield a more accurate
reduced model. The result of this approach is an algorithm which generates Reduced
Order Models whose size is less dependent on the number of parameters. In the
deterministic case, an error analysis and control can be included, via the eigenvalues
of the SVD. However, in the variational case only an expected error bound can be
given:

E{|£.0)—x (03} < Y o7, (5.17)
i=r+1
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where r is the reduced order and n the original number of states. On the other
hand, in this method the issue of sample selection, already an important one in the
deterministic version, becomes even more relevant, since the sampling must now be
done in a potentially much higher-dimensional space.

5.1.3 Practical Consideration and Structure Preservation

Inside the pMOR realm, the moment matching algorithms based on single point
expansion may not be able to capture the complete behavior along the large
frequency range required for common RF systems, and may lead to excessively
large models if many parameters are taken into account. Therefore the most
suitable techniques for the reduction seem to be the multipoint ones. Among
those techniques, Variational PMTBR [28] offers a reliable framework with some
interesting features that can be exploited, such as the inclusion of probabilistic
information and the trade off between size and error, which allows for some control
of the error via analysis of the singular values related to the dropped vectors. On
the other hand, it requires a higher computational effort than the multi-dimensional
moment matching approaches, as it is based on multidimensional sampling schemes
and Singular Value Decomposition (SVD), but the compression ratio and reliability
that it offers compensates this drawback. The effort spent in the generation of such
models can be amortized when the reduced order model generated is going to be
used multiple times. This is usually the case for parametric models, as the designer
may require several evaluations for different parameter sets (e.g. in the case of
Monte Carlo simulations, or optimization steps). Furthermore, this technique offers
some extra advantages when combined with block structured systems [14], such as
the block-wise error control with respect to the global input-output behaviour, which
can be applied to improve the efficiency of the reduction. This means that each block
can be reduced to a different order depending on its relevance in the global response.

An important point to recall here is that the block division may not reflect
different sub-domains. Different sub-divisions can be done to address different
hierarchical levels. For instance, it may be interesting to divide the complete set
in sub-domains connected by hooks, which generates a block structured matricial
representation. But inside each block corresponding to a sub-domain, another block
division may be done, corresponding either to smaller sub-domains or to a division
related to the different kind of variables used to model each domain (for example,
in a simple case, currents and voltages). This variable related block structure
preservation has already been advocated in the literature [15] and may help the
synthesis of and equivalent SPICE-like circuit [35] in the case that is required.
Figure 5.1 presents a more intuitive depiction of the previous statements, in which
a two domain example is shown with its hierarchy, and each domain has also some
inner hierarchy related to the different kind of variables (in this case, voltages and
currents, but it can also be related to the electric and magnetic variables, depending
on the formulation and method used for the generation of the system matrices).
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The proposed flow starts from a parametric state-space descriptor, such as (5.1),
which exhibits a multi-level hierarchy, and a block parametric dependence (as
different parameters may affect different sub-domains). The matrices of size n have
K domains, each with size n;, n = Zi n;. For instance, for the static part,

Gu(Aay) ... Gik(Auky)
G = : .. -, (5.18)

Gri(Aky) ... Grr(Akky)
where A is the set of parameters affecting G; € R"”""/. Then we perform the
multi-dimensional sampling, both in the frequency and the parameter space. For
each point we generate a matrix or vector z; (a matrix in case B includes multiple
inputs)

zj = (C(A,)s; + G(A)) ™' B, (5.19)

where C(A) and G(A) are the global matrices of the complete domain, with n
degrees of freedom (dofs). To generate the matrix z; € R™", with m the number
of global ports, we can apply a direct procedure, meaning a factorization (at cost
On?), with 1.1 < B < 1.5 for sparse matrices) and a solve (at cost O(n%),
with 1 < o < 1.2 for sparse matrices). Novel sparse factorization schemes can
be applied to improve the efficiency [9, 10]. In cases when a direct method may be
too expensive iterative procedures may be used [32].

The choice of the sampling points may be an issue, as there is no clear scheme or
procedure that is known to provide an optimal solution. However, as stated in [28],
the accuracy of the method does not depend on the accuracy of the quadrature (and
thus in the sampling scheme), but on the subspace generated. For this reason, a good
sampling scheme is to perform samples in the frequency for the nominal system, and
around these nominal samples, perform some parametric random sampling in order
to capture the vectors that the perturbed system generates. The reasoning behind
this scheme is that for small variations, such as the ones resulting from process
parameters, the subspace generated along the frequency is generally more dominant
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than the one generated by the parameters. In addition, under small variations, the
nominal sampling can be used as a good initial guess for an iterative solver to
generate the parametric samples. For the direct solution scheme, to generate P
samples (and thus Pm vectors) for the global system has a cost of O(Pn® + PnP).
Note that since m is the number of global (or external) ports, the number of vectors
is smaller than if we take all the hooks into account.

The next step is the orthonormalization, via SVD, of the Pm vectors for
generating a basis of the subspace in which to project the matrices. Here an
independent basis V;, i € {1,..., K}, can be generated for each i-th sub-domain.
To this end the columns in z; are split according to the block structure present in
the system matrices (i.e., the n; rows for each block), and an SVD is performed
on each of these set of vectors, at a cost of O(n; (Pm)?), where n; is the size of
the corresponding block, and n = ), n;. For each block, the independent SVD
allows to drop the vectors less relevant for the global response (estimated by the
dropped singular value ratio, as presented in [28]). This step generates a set of
projectors, V; € R"*¥  with ¢; < n; the reduced size for the i-th block of the
global system matrix. These projectors can be placed in the diagonal blocks of an
overall projector, that can be used for reducing the initial global matrices to an order
g = Y_; ¢i- This block diagonal projector allows a block structure (and thus sub-
domain) preservation, increasing the sparsity of the ROM with respect to that of
the standard projection. This sparsity increase is particularly noticeable in the case
of the sensitivities (if a Taylor series is used as base representation), as the block
parameter dependence is maintained (e.g. in the static matrix)

Gy = Vi Gy V- (5.20)
The total cost for the procedure can be approximated by

O(Pr® + Pn + (Pm)* 3", n;). (5.21)

5.1.4 Examples
5.1.4.1 L-Shape

As a first example we present a simple L-shape interconnect structure depending
on the width of the metal layer. Figure 5.2 shows the frequency response for a
fixed parameter value, of the nominal system, the Taylor series approximation
(both of order 313), and the reduction models obtained with several parametric
approaches:

* Nominal reduction of the Taylor Series, via PRIMA, of order 25,
* Multi-dimensional moment matching, via CORE, of order 25,
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Fig. 5.2 (Top): Frequency response of the L-shape example. The original, both the nominal and
the Taylor series for a fixed parameter value, of order 313, and the reductions via PRIMA,
CORE, Passive Parameterized Time-Domain Macro Models (PP TDM), and variational PMTBR
(VPMTBR), of different orders. (Bottom): Relative error of the reduction models with respect to
the original Taylor series approximation

e Multi-dimensional moment matching, via Passive Parameterized Time-Domain
Macro Models technique, of order 20,
* And Multi-dimensional sampling, via Variational PMTBR, of order 16.

Figure 5.3 shows the same example, but in this case the response of the systems
with respect of the parameter variation, for a given frequency point. It is clear that
the parametric Model Order Reduction techniques are able to capture the parametric
behavior, whereas the nominal approach (PRIMA) fails to do so, even for high order.

5.1.4.2 U-Coupled

This is a simple test case, which has two U-shape conductors; each of the conductors
ends represent one port, having one terminal voltage excited (intentional terminal,
IT) and one terminal connected to ground. A clear illustration of the setting is given
by Fig. 5.4. The distance (d) separating the conductors and the thickness (/) of the
corresponding metal layer are parameterized. The complete domain is partitioned
into three sub-domains, each of them connected to the others via a set of hooks (both
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Parameter Impact at 5.6094GHz
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Fig. 5.3 Parameter impact on the response of the L-shape example. The EM model for several
parameter values (of order 313), the Taylor series approximation (of order 313 as well), and the
reductions via PRIMA, CORE, PP TDM, and VPMTBR, of different orders
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Fig. 5.4 Topology of the U-shape: (Up) cross view, (Down) top view. Parameters: distance
between conductors, d, and thickness of the metal, &

electric, EH, and magnetic, MH). The domain hierarchy and parameter dependence
are kept after the reduction, via Block Structure Preserving approaches. The Full
Wave EM model was obtained via Finite Integration Technique (FIT) [7], and its
matrices present a Block Structure that follows the domain partitioning. Table 5.1
shows the characteristics of the original system. Each sub-domain is affected by
a parameter. The left and right sub-domains contain the conductors, and thus are
affected by the metal thickness /. The middle domain width varies with the distance
between the two conductors, and thus is affected by parameter d . For each parameter
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Table 5.1 Characteristics of the examples

Ex Domain Dofs Terminals (EH,MH,IT) ROM Dofs
U-shape Left 785 77 (42,34,1) 85
Middle 645 152 (84,68, 0) 90
Right 785 77 (42,34,1) 85
Complete 2,215 2(0,0,2) 260
Double Spiral Var, 49,125 2(0,0,2) 142
Var, 54,977 2(0,0,2) 165
Complete 104,102 2(0,0,2) 307

the first order sensitivity is taken into account, and a first order Taylor Series (TS)
formulation is taken as the original system.

For the reduction we apply three techniques. First, a Nominal Block Structure
Preserving (BSP) PRIMA [36], with a single expansion point and matching
50 moments, is applied. This leads to a 100-vector generated basis, that after
BSP expansion produces a 300-dofs Reduced Order Model (ROM). Second, a
BSP procedure coupled with a Multi-Dimensional Moment Matching (MDMM)
approach [16], is tried. The basis will match 40 moments with respect to the
frequency, and 30 moments with respect to each parameter. The orthonormalized
basis has 196 vectors, that span a BSP ROM of size 588. Third, the proposed BSP
VPMTBR, with 60 multidimensional samples, and a relative tolerance of 0.001 for
each block, is studied. This process generates different reduced sizes for each block:
85, 90 and 85, with a global size of 260.

Figure 5.5 shows the relative error in the frequency transfer function at a
parameter set point for the three ROMs w.r.t. the Taylor series. PRIMA and MDMM
approaches fail to capture the behavior with the order set, but the proposed approach
performs much better even for a lower order. Figure 5.6 shows the response change
with the variation of parameter d at a single frequency point (Parameter Impact).
PRIMA and MDMM only present accuracy for the nominal point, whereas the
proposed method maintains the accuracy for the parameter range.

5.1.4.3 Double Spiral

This is an industrial example, composed by two square integrated spiral inductors
in the same configuration as the previous example (See Fig.5.7). The complete
domain has two ports, and 104,102 Dofs. The example also depends on the same two
parameters, the distance d between spirals, and the thickness / of the corresponding
metal layer. In this case a single domain is used, but the BSP approach is applied
on the inner structure provided by the different variables in the FIT method (electric
and magnetic grid). For the reduction, the proposed BSP VPMTBR methodology
is benchmarked against a nominal BSP PRIMA (400 dofs) methodology, and
compared with the original Taylor Series formulation. The ROM size in this case
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Fig. 5.5 U-coupled: Relative error (dB) in | H 1 (s)| for (Up) the nominal response, and (Down) the
perturbed response at a single parameter set. The curves represent: BSP PRIMA, BSP VPMTBR,
and BSP MDMM

is 142 and 165 respectively for the blocks. The results are presented in the Figs. 5.8
and 5.9. Figure 5.8 shows the frequency relative error of the ROMs with respect
to the original Taylor Series. PRIMA, although accurate for the nominal response,
fails to capture the parametric behavior, whereas the proposed method succeeds in
modeling such behavior. This is also the conclusion that can be drawn from the
parameter impact in Fig.5.9.

5.1.5 Conclusions

We conclude that Parametric Model Order Reduction techniques are essential for
addressing parameter variability in the simulation of large dynamical systems.
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Parameter Impact for frequency = 5.9636e+009
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Fig. 5.7 Layout configuration of the Double Spiral example (view from the fop)

Representation of the state space based on Taylor series expansion with respect to
the parameters provide the flexibility and accuracy required by efficient simulation.
This reresentation approach can be combined with projection-based methods to
generate structural equivalent reduced models.

Single-point based moment-matching approaches are suitable for small varia-
tions and local approximations, but usually suffer from several drawbacks when
applied to EM based models operating in a wide frequency range. Multi-point
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Fig. 5.9 Double Spiral: |Hjy| vs. the variation of the parameter d at a frequency point for the
original TS and the ROMs: PRIMA, and VPMTBR

based approaches, although computationally more expensive, are more reliable and
generate more compressed models. Thus, the generation cost can be amortized in
the simulation stages.
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Combination of the projection methodologies with Block Structure Preserving
approaches can be done efficiently in parametric environments. Further advantages
can be obtained in this case, such as different compression order for each block
based on its relevance in the global behavior, higher degree of sparsification of the
nominal matrices, and in particular, of the sensitivities, and the maintenance of the
block domain hierarchy and block parameter dependence after reduction.

5.2 Robust Procedures for Parametric Model Order
Reduction of High Speed Interconnects

Due to higher integration and increasing of running frequency, full Electromagnetic
Models (EM) are needed for an accurate prediction of the real behavior of integrated
passives and interconnects in currently designed chips [45].> In general, if on-
chip interconnects are sorted with respect to their electric length, they may be
categorized in three classes: short, medium and long. While the short interconnects
have simple circuit models with lumped parameters, the extracted model of the
interconnects longer than the wave length has to consider the effect of the distributed
parameters, as well. Fortunately, the long interconnects have usually the same cross-
sectional geometry along their extension. If not, they may be decomposed in straight
parts connected by junction components (Fig. 5.10). The former are represented as
transmission lines (TLs) whereas the latter are modeled as common passive 3D
components.

Due to the fact that the lithographic technology is pushed today to work at its
limit, the variability of geometrical and physical properties cannot be neglected.

X-shaped junction/cross

~

Interconnects modeled as TL‘ [-shaped junction
element

Fig. 5.10 Decomposition of the interconnect net in 2D TLs and 3D junctions

T-shaped junction

A

2Section 5.2 has been written by: Gabriela Ciuprina, Alexandra Stefinescu, Sebastian Kula and
Daniel Ioan. For additional topics see also the Ph.D.-Theses of the second author [59] and of the
third author [56].
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That is why, to obtain robust devices, the variability analysis is necessary even
during the design stage [44, 55].

This Section proposes a robust specialized technique to extract reduced para-
metric compact models, described as parametric SPICE like netlists, for long
interconnects modeled as transmission lines with several field effects such as skin
effect and substrate losses. The technique uses an EM formulation based on partial
differential equations (PDE), which is discretized to obtain a finite state space
model. Next, a variability analysis of the geometrical data is carried out. Finally,
a method to extract an equivalent parametric circuit is proposed. The procedure is
validated by applying it on a study case for which experimental data is available.

5.2.1 Field Problem Formulation: 3D — PDE Models

Long interconnects and passive components with significant high frequency field
effects, have to be modeled by taken into consideration Full Wave (FW) electromag-
netic field equations. Typical examples of such parasitic effects are: skin effect and
proximity, substrate losses, propagation retardation and crosstalk. Only Maxwell
equations in FW regime

cul H=J +%2 divB =0
’ 5.22
curlE = —28  divD = p, ( )

complemented with the constitutive equations which describe the material behavior:
B=pH, D=c¢E, J=0E, (5.23)

can model these effects. While material constants are known for each subdomain (Si,
Al, SiO,), vectorial fields B,H,E,D : 2 x[0,T) — R3 and the scalar field p:
£2x[0,T) — R are the unknowns of the problem. They can be univocal determined
in the simple connected set §2, which is the computational domain, for zero initial
conditions (B = 0,D = 0 for ¢+ = 0), if appropriate boundary conditions are
imposed.

According to authors’ knowledge, the best boundary conditions which allow
the field-circuit coupling are those given by the electric circuit element (ECE)
formulation [54]. Considering S}, S5.. .., S, C 02 a disjoint set of surfaces, called
terminals (Fig. 5.11), the following boundary conditions are assumed:

n-curlE =0 on 052, (5.24)
n-curlH =0 on 3R\ Uj_, S; (5.25)
nxE=0 on Ui_, S; (5.26)
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Fig. 5.11 ECE - electric circuit element with multiple terminals

Condition (5.24) interdicts the magnetic coupling between the domain and its
environment, (5.25) interdicts the galvanic coupling and the capacitive coupling
through the boundary excepting for the terminals and (5.26) interdicts the variation
of the electric potential over the terminal, thus allowing the connection of the device
to exterior electric circuit nodes. For each terminal, k = 1,...,n the voltage and
the current can be univocal defined:

uk:/ E-dr, ix=| H-dr, (5.27)
CrCoR2 as;

where C; is an arbitrary path on the device boundary d£2, that starts on S; and
ends on S,;, where, by convention, the n-th terminal is considered as reference,
ie. u, = 0. If we assume that the terminals are excited in voltage, then uy,
k = 1,2,...,n — 1 are input signals and iy, k = 1,2,...,n — 1 are output
signals. Equations (5.24) = (5.26) define a multiple input multiple output (MIMO)
linear system with n — 1 inputs and n — 1 outputs, but with a state space of
infinite dimension. In the weak form of Maxwell’s equations, state variables, H, E
belong to the Sobolev space H (curl, £2) [39]. Uniqueness theorem of the ECE field
problem [54] generates the correct formulation of the transfer function Y(s) : C —
C=Dx=1 which represents the matrix of the terminals admittance for a complex
frequency s. The relation

i=Yu (5.28)

defines a linear transformation in the frequency domain of the terminal voltages
vectoru € C"! to the currents vectori € C"~!.
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5.2.2 Numeric Discretization and State Space Models

PDE models are too complex for designers needs. The approach we propose for the
extraction of the electric models is schematically represented in Fig.5.12. The left
block corresponds to the formulation described in the previous section.

The next important step in the EM modeling is the discretization of the PDEs.
One of the simplest methods to carry out this, is based on the Finite Integration
Technique (FIT), a numerical method able to solve field problems based on spatial
discretization “without shape functions”. Two staggered orthogonal (Yee type) grids
are used as discretization mesh [42]. The centers of the primary cells are the nodes
of the secondary cells. The degrees of freedom (dofs) used by FIT are not local field
components as in FEM or in FDTD, but global variables, i.e., electric and magnetic
voltages u,, u,,, electric currents i, and magnetic and electric fluxes ¢,  assigned to
the grid elements: edges and faces, respectively. They are associated to these grids
elements in a coherent manner (Fig. 5.13).

By applying the global form of electromagnetic field equations on the mesh
elements (elementary faces and their borders), a system of differential algebraic
equations (DAE), called Maxwell Grid Equations (MGE) is obtained:

0B d
crlE = —2- = [ Edr=—[[; ®dA = Cu, = —7‘:’ (5.29)

< divB = 0 = [ [xBdA =0 =Dyp=0 (5.30)

(15

Fig. 5.12 Three levels of abstraction for a component model and its corresponding equations
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Fig. 5.13 Dofs for FIT numerical method in the two dual grids cells
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D
curlH:J—i—%—t = [pHdr = [ [; (J + P)dA = C'u, =i+‘;—'f

(5.31)

—divD=p = [[;DdA=[[[, pdv =Dy =q (5.32)

a d
< div) = —a—’;’ = [[pJdA =—[ [ [, 2dv :>Di:—7(tl (5.33)

FIT combines MGE with Hodge’s linear transform operators, which approximate
the material behavior (5.23):

¢ =Gpu,, V¥ =Ceu, i=G.u,. (5.34)

The main characteristics of the FIT method are:

* There is no discretization error in the MGE fundamental Eqgs. (5.29) + (5.33).
All numerical errors are hold by the discrete Hodge operators (5.34).

* An equivalent FIT circuit (Fig. 5.14), having MGE + Hodge as equations may be
easily build. The graphs of the two constituent mutually coupled sub-circuits
are exactly the two dual discretization grids; therefore the complexity of the
equivalent circuit has a linear order with respect to the number of grid-cells [49].

* MGE are:

— Sparse: matrices G,,,C, and G, are diagonal and matrices C, D have
maximum siX non-zero entries per row,

— Maetric-free: matrices C — the discrete-curl and D — the discrete-div operators
have only 0, +1 and —1 as entries,

— Mimetic: in Maxwell equations curl and div operators are replaced by their
discrete counterparts C and D, and

— Conservative: the discrete form of the discrete charge conservation equation
is a direct consequence of both Maxwell and as well as of the MGE equations.

Due to these properties the numerical solutions have no spurious modes.

Iy e al __________________
I i | At

Fig. 5.14 Electric (left) and magnetic (right) equivalent FIT circuits
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Considering FIT Eqgs.(5.29), (5.31), and (5.34) with the discrete forms of
boundary conditions (5.24) = (5.27) a linear time-invariant system is defined having
the same input-output quantities as (5.28), but the state equations:

d
o d—’; +Gx=Bu, i=Lx, (5.35)

where x = [ufq, ueT, i T]T is the state space vector, consisting of electric voltages
u, defined on the electric grid used by FIT, magnetic voltages u,, defined on the
magnetic grid and output quantities i. Equations can be written such that only
two semi-state space matrices (C and G) are affected by geometric parameters
(denoted by o in what follows). Considering all terminals voltage-excited, the
number of inputs is always equal to the number of outputs. Since output currents
are components of the state vector, the matrix L = BT is merely a selection matrix.

For instance, the structure of the matrices in the case of voltage excitation is the
following:

[ G () 0 0] 0 B, B, 0 ]
0 —Ci(@)00 Bl —Gi(@)0 0
0 0 0 0 0By 0
C = G = 5.36
0 Csi(ax) 0 0 Gyl 0 (-3¢
0 CTE(OZ) 0 0 GTE(O{) —SE
0 0 0 0 P 0 |

There are six sets of rows, corresponding to the six sets of equations. The first
group of equations is obtained by writing Faraday’s law for inner elementary
electric loops. G, is a diagonal matrix holding the magnetic conductances that
pass through the electric loops. The block [Bl B 2] has only 0, 1, —1 entries,
describing the incidence of inner branches and branches on the boundary to electric
faces. The second group corresponds to Ampere’s law for elementary magnetic
loops. C; and G; are diagonal matrices, holding the capacitances and electric
conductances of the inner branches. The third group represents Faraday’s law
for electric loops on the boundary. Bg has only 0, 1, —1 entries, describing the
incidence of electric branches included in the boundary to the electric boundary
faces. The forth row is obtained from the current conservation law for all nodes on
the boundary excepting for the nodes on the electric terminals. G and Cg hold
electric conductances and capacitances directly connected to boundary. The fifth set
of equations represents current conservation for electric terminals. G ¢ and C 7¢
hold electric conductances and capacitances that are directly connected to electric
terminals. S g is the connexion matrix between electric branches and terminals path.
The last row is the discrete form of (5.27), obtained by expressing the voltages of
electric terminals as sums of voltages along open paths from terminals to ground,
P ¢ being a topological matrix that holds the paths that connect electric terminals to
ground.
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Thus, the top left square block of C is diagonal and the top left square bloc of
G is symmetric. The size of this symmetric bloc corresponds to the useful magnetic
branches and to the useful inner electric branches. Its size is dominant over the size
of the matrix, therefore, solving or reduction strategies that take into consideration
this particular structure are useful.

The discretized state-space system given by (5.35) describes the input output
relationship in the frequency domain

i =Yu, (5.37)
similar to (5.28), but having as transfer (circuit) function:
Y=L(6C+G)'B (5.38)

which is a rational function with a finite number of poles.

In conclusion, the discretization of the continuous model leads to a model
represented by a MIMO linear time invariant system described by the state equations
of finite size. Even if this is an important step ahead in the extraction procedure,
the state space dimension is still too large for designer’s needs, therefore a further
modeling step aiming an order reduction is required.

5.2.3 Transmission Lines: 2D + 1D Models

In this section, aiming to reduce the model extraction effort, we will exploit the
particular property of interconnects of having invariant transversal section along
their extent. We assume that the field has a similar structure as a transversal electro-
magnetic wave that propagates along the line. The typical interconnect configuration
(Fig.5.15) considered consists of n parallel conductors having rectangular cross
section, permeability 4 = o, permittivity ¢ = &y and conductivity oy, k =
1,2,---,n, placed in a SiO; layer (04, &4, possibly dependent on y) placed above
a silicon substrate (oy, &5).

Fig. 5.15 Typical Metal
interconnect configuration
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If the field is decomposed in its longitudinal (oriented along the line, which is
assumed to lie along the Oz axis) and the transversal components (oriented in the
xOy plane)

E=E +KkE, J=1J +kJ, H=H, +kH, (5.39)

then Maxwell’s Equations can be separated into two groups:

3k, ; AuH;
curlyHy = k (Jz + ea—b;) , divy(uHp) = — 0553’

d(eE,)

o (5.40)
curlyE, = —k/ia—t:, div,y(eEy) = p — 9z

called transversal equations and

BB—F;" —grad E; = _H%(Ht x k);
33—11’ — gradxsz =J; xk+ ea—at(Et x k);

called propagation equations.
The following hypotheses are adopted:

e The volume charge density p and the displacement current density %—? are
neglected both in conductors and in the substrate.

e The following “longitudinal” terms E, = 0, H, = 0 are canceled in the
transversal equations, neglecting the field generated by eddy currents.

* The longitudinal conduction current is neglected in dielectric J, = 0, but not in
the conductors.

* Since the conductances oy of the conductors are much bigger than the dielectric
conductance o, the transversal component of the electric field is neglected in the
line conductors and in the substrate:

1
E =—J =0. (5.41)
O

Under these hypotheses the transversal equations have the following form (where
(k) = conductor, (s) = substrate, (d) = dielectric):

kJ, in (k) and (s)
0, in(d)
curl , E, = 0, divy(eE;) = 0,

curl, H; = dive, (uH;) =0

(5.42)

identical with the steady state electromagnetic field equations. For this reason,
the electric field admits a scalar electric potential V(x, y, z,t), whereas the mag-
netic field admits a vector magnetic potential A(x, y,z,¢) = kA(x, y,z,t) with
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longitudinal orientation, so that:
E = —gradxy V, (5.43)

1 1
H; = —[k x (curlA x k)] = —k x —grad, (A4 x k). (5.44)
H H
Thus, the propagation equations become:

grad,, [%—/t‘ + %—IZ/ + EZ] =0,

(5.45)
—grad, H. = Kk x [ﬁgradxy (%—?) + ograd, V + egrad,, (%—It/)] .
By assuming an asymptotic behavior of potentials, the integration of the propagation
equations yields to:

9z ar’
(5.46)
Ho= o [L i (3) + 0%+ e (39)] o

where C is a curve in the plane z = constant, which starts from the infinity and
stops in the computation point of the field H., n is the normal to the curve, oriented
so that the line element is

ds = dsk x n. 5.47)

From (5.41) it follows that the potential V' is constant on every transversal cross-
section of the conductors and zero in the substrate:

Vs, = Vi(z, 1), Vs =0. (5.48)

From relations (5.42) and (5.43) it follows that, in the transversal plane, the
electric field has the same distribution as an electrostatic field. By using the
uniqueness theorem of the electrostatic field it results that the function V(x, y, z, )
is uniquely determined by the potentials of the conductors Vi. Consequently, due
to the linearity, the per unit length (p.u.1.) charge of conductors and the current loss
through the dielectric are:

K% ‘
(z, 1) = —/ €;—ds = Crm Vi (2,1); (5.49)
qi ( s, on m2=:l k )

1% “
e 1) = — / 00 ds = 3 gnVn(e.t). (5.50)
gk a5, 31’1 mzz:l ki

where ¢y, is the p.u.l. capacitance, and gy, is the p.u.l. conductance between the
conductor k and the conductor m.
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By integrating E, equation from (5.46) over the surface Sy and H, equation
from (5.46) along the path 0.5, which bounds this surface, the following propagation
equations for potentials are obtained:

Uy 0, 3671(. diy . 351k
e =Tl + o o =g + at’ (5.51)

where r,? = 1/(ox As,) is the p.u.l. d.c. resistance of the conductor k, and

(2, 1) = ﬁfsk V(x,y,z,t)dxdy = vk (z,1),

~ (5.52)

ap = thk A(x,y,z, t)dxdy

are the average values of the two potentials on the cross-section of the conductor k.

By computing the average values of the magnetic potential as in [58] and by

substituting (5.49), (5.50) in (5.51) the following expressions are obtained in zero
initial conditions:

vk i dlim
- rk1k+21km 5 Z az/ ( )[ tlm(‘c,t)d‘c, (5.53)

0l Zn: ( avm)
o = 8lmVUm + Con—— | » (5.54)
dz = ot
where [ are the p.u.l. external inductances (self inductances for k = m and

mutual inductances for k # m) of the conductors (k) and (m) where the return
current is distributed on the surface of the substrate, and /y,,(¢) are “transient p.u.l.
inductances”, defined as the average values on Sy of the vector potential A obtained
in zero initial conditions by a unity step current injected in conductor (m).

For zero initial conditions for the currents im(z,0) = 0, for the potential
Um(z,0) = 0 and for the field BY «(s) = 0, the Laplace transform of (5.53) and
(5.54) can be written as:

_dyg (z, s) dlk(z, s)

Z ka(S)lm (Zs S)

m=1

Z Yin(s)vm(z.5),  (5.55)

which is identical to the operational form of the classical Transmission Lines (TLs)
Telegrapher’s equations, but where the p.u.l. inductances depend on s (implicitly on
the frequency in a time-harmonic regime). In order to extract these dependencies, a
magneto-quasi-static (MQS) field problem has to be solved.
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Fig. 5.16 The coarsest R+sL

model for a single o— " mmm———©
transmission line: a pi

equivalent circuit Cl2 —— —— c/2

[ ]

5.2.4 Numeric Extraction of Line Parameters

Models with various degrees of fineness can be established for TLs. The coarsest
ones are circuit models with lumped parameters, such as the pi equivalent circuit for
a single TL shown in Fig.5.16. As expected, the characteristic of such a circuit is
appropriate only at low frequencies, over a limited range, and for short lines. Even
chaining similar cells, the result is not appropriate.

At high frequencies, the distributed effects have to be considered as an important
component of the model. Proper values for the line parameters can be obtained only
by simulating the electromagnetic field. The extraction of line parameters is the
main step in TLs modeling since the behavior of a line with a given length can be
computed from them. For instance, for a multiconductor transmission line, from the
per unit length parameters matrices R, L, C and G the transfer matrix for a line of
length / can be computed as

' 0 —R 0 -L
T = exp[(D + jwE)l], where D—|:_G 0 :|, E—|:_C 0 i|

(5.56)

From them, other parameters (impedance, admittance or scattering) can be com-
puted. The simplest method to extract constant matrices of the line resistance R,
capacitance C and inductance L, respectively, is to solve the field equations numeri-
cally in steady-state electric conduction (EC), electrostatics (ES) and magnetostatics
(MS) regimes. Empirical formulas may also be found in the literature, such as
the ones given in [62] for the line capacitance. None of them take the frequency
dependence of p.u.l. parameters into account.

A first attempt to take into consideration the frequency effect, which becomes
important at high frequencies, is to compute the skin depth in the conductor and
to use a better approximation for the resistance. In [52] we proposed a much more
accurate estimation of frequency dependent line parameters based on the numerical
modeling of the EM field including the semiconductor substrate. The previous
section is the theoretical argument of this approach in which two complementary
problems are solved, the first one describing the transversal behavior of the line
from which Y;(w) = G(w) + joC(w) is consequently extracted, and the second
one describing the longitudinal behavior of the line from which Z;(®w) = R(w) +
joL(w) is extracted.
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Since the first field problem is dedicated to the computation of the transversal
capacitances between wires and their loss conductances, according to the previous
section, the natural choice is to solve a 2D problem of the transversal electro-quasi-
static (EQS) field in dielectrics, considering the line wires as perfect conductors with
given voltage. The boundary conditions are of Dirichlet type V' = 0 on the lower
electrode, and open boundary conditions (e.g. Robin, SDI or appropriate ELOB
[50]) on the other three sides. A dual approach, such as dFIT [51] allows a robust
and accurate parameter extraction.

The second field problem focuses on the longitudinal electric and the generated
transversal magnetic field. Consequently, a short line-segment (with only one cell
layer) is considered. The magneto-quasi-static (MQS) regime of the EM field is
appropriate for the extraction of Z;(w). However, for our simulations we used a
our FIT solver for Full Wave (FW) ECE problems. The magnetic grid is 2D, thus
ensuring the TM mode of propagation.

In order to eliminate the transversal distribution of the electric field, the lower
electrode is prolongated over the entire far-end cross-section of the rectangular
computational domain, which thus has perfect electric conductor (PEC) boundary
conditions E; = 0 on two of their faces. On the three lateral faces, open-absorbing
boundary conditions are the natural choice, whereas on the near-end cross-section
the natural boundary conditions are those of the Electric Circuit Element (ECE):
B, = 0, n x curlH = 0 excepting for the wire traces, where E, = 0. These
conditions ensure the correct definition of the terminals voltages, and consequently
of the impedance/admittance matrix (Fig.5.17).

V=0 R

y

Fig. 5.17 Boundary conditions for the full wave — transversal magnetic problem
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Fig. 5.18 The pi equivalent ZMQs
circuit for a simulated short |
line segment. Parameters are

evaluated from field 7™ 05
simulations 3> Yeas

These boundary conditions are the field representation of the line segment with
short-circuit at the far-end, whereas the 2D EQS problem is the field representation
of the segment-line with open far-end.

The transversal component is finally subtracted from the FW-TM simulation to
obtain an accurate approximation of the line impedance, as given by

o1 -
Zyos = (Zm} - EYEQS) . (5.57)

This subtraction is carried out according to a pi-like equivalent net for the simulated
short segment (Fig. 5.18). Finally, the line parameters are:

G(w) =Re(Y)), C(w) =Im(Y))/w, R(w)=Re(Z), L(w)=ImZ)/w,
(5.58)

where
Y, = Ygos/Al, Z; = Zygs/Al, (5.59)

where Al is the length of the considered line-segment and Zry, is the impedance
matrix extracted from the TM field solution.

This numerical approach to extract the line parameters, named the two fields
method, is more robust and may be applied without difficulties to multi-wire lines.
The obtained values of the line parameters are frequency dependent, taking into
consideration proximity and skin effects as well as losses induced in the conducting
substrate.

5.2.5 Variability Analysis of Line Parameters

The simplest way to analyze the parameter variability is to compute first order
sensitivities. These are derivatives of the device characteristics with respect to the
design parameters. The sensitivities of the line parameters are essential to estimate
the impact of small variations on the device behavior. Moreover, the sensitivity of
the terminal behavior of interconnects can also be estimated.



300 G. Ciuprina et al.

For instance, in the case of a single TL, having the global admittance given by

Yo Y coshyl 1

11 f12 Zesinhyl ~ Zesinhyl

Y= [Y Y :| = 7 Sl (5.60)
21 422 Z.sinhyl  Z.sinhyl

the sensitivities of the terminal admittance with respect to a parameter can be
computed as:

Yy 1 dy  coshyl 9Z. 1 cosh’yl dy
da  Z.da Z2sinhyl da  Z. sinh?yl da
Y12 1 0Z, [ cosh 0y

= =y — 5.62
do Z2sinhyl da + Z, sinh?yl do (5.62)

(5.61)

where the sensitivities of

Yy =V(R+ joL)G + joC) and Z.=+/(R+ joL)/(G + joC)

can be computed if the sensitivities of the p.u.l. parameters dR /da, etc. are known.

In the case of a multiconductor TL with n conductors the sensitivity of the
admittance matrix Y of dimension (21 x2n) is computed by means of the sensitivity
of the transfer matrix

T T12i|
T = (5.63
|:T21 T, )

also of dimension (2n x 2n), knowing that

Y Y12i| [ —T, Tn Ty, i|
Y = - B N (5.64)
[YZI Y2 ToT Ti — Ta —TnTy

In the formulas above, all the sub-blocks are of dimensions (n x n). For instance

8Y11 8T12 BT“

P = o T T — Ty =, (5.65)
Y 0T,
_80;2 =-T;} —a;T ) (5.66)

The transfer matrix T is computed with (5.56) and its sensitivity is

aT D . OE
— =exp[(D + jwE)|| — + jo— (5.67)
do do
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where

aD_[ 0 —BR/aa] 8E_[ 0 —BL/aa} (5.68)

da | —9G/da 0 da | —0C/oa 0

Thus, the basic quantities needed to estimate the sensitivity of the admittance are
the sensitivities of the p.u.l. parameters. By using a direct differentiation technique,
as explained in [41] the sensitivities of the EQS and TM problems with respect to
the parameters that vary, i.e. dYggs/doe and 0Zgy /0o are computed. Then, the
sensitivity of the MQS mode is computed by taking the derivative of (5.57):

BZMQS 1 -1 8ZTM 1 BYEQS 1 -1
“oq (ZTM 2YEQS) ~Zoy——— e Loy — 3 90 Loy — ZYEQS

(5.69)
Finally, the sensitivities of the p.u.l. parameters are:

oR 1 0Zygs JL 1 0Zygs
— =_-R — =1 i
a1 e{ b | o ba | (5.70)
G 1 Y gos aC 1 0Ygos
— — "R — =1 . g1
b 1 e{ da | da lo | da .7)

The values of the sensitivities thus obtained depend on the frequency as well.

5.2.6 Parametric Models Based on Taylor Series

Continuous improvements in today’s fabrication processes determine smaller chip
sizes and smaller device geometries. Process variations induce changes in the
properties of metallic interconnect between devices.

Simple parametric models are often obtained by truncating the Taylor series
expansion for the quantity of interest. This requires the computation of the deriva-
tives of the device characteristics with respect to the design parameters [55]. Let us
assume that y(oy, a0, -+ ,a,) = y(e) is the device characteristic which depends
on the design parameters « = [o], &2, - - - , &, ]. The quantity y may be, for instance,
the real or the imaginary part of the device admittance at a given frequency or any
of the p.u.l. parameters. The parameter variability is thus completely described by
the real function, y, defined over the design space S, a subset of R". The nominal
design parameters correspond to the particular choice ey = [0 @2 -+ ®on]-
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5.2.6.1 Additive Model (A)

If y is smooth enough then its truncated Taylor Series expansion is the best
polynomial approximation in the vicinity of the expansion point a. For one
parameter (n = 1), the additive model is the first order truncation of the Taylor
series:

(@) = ylan) + (o) e — o). (5.72)

If we denote by y(cg) = yo the nominal value of the output function, by g—i (»0) ‘;‘—g =

Sy the relative first order sensitivity and by (o — ) /g = So the relative variation
of the parameter ¢, then the variability model based on (5.72) defines an affine [60]
or additive model (A):

F(a) = yo(1 + S28a). (5.73)

To ensure a relative validity range of the first order approximation of the output
quantity less a given threshold #;, the absolute variation of the parameter must be

less than
[2yot1
Vi = , 5.74
d D, (5.74)

where D, is an upper limit of the second order derivative of the output quantity y
with respect to parameter o [41].
For the multiparametric case, one gets:

Y@ = ylan) + Vy@o) - (@ —an) =+ Y o @) — o). (9
k=1

Similar with one parameter case, the relative sensitivities w.r.t. each parameter are
denoted by % (o) O;—z‘ = S, and the relative variations of the parameters by So, =
(o — otor )/ otk » the additive model (A) for n parameters being given by:

Y(a) = yo (1 +y Sgksak) . (5.76)

k=1

Thus, each new independent parameter taken into account adds a new term to the
sum [52]. The additive model is simply a normalized standard version of a linearly
truncated Taylor expansion.
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Instead of using this truncated expansion may be numerically favorable to expand
some transformation F(y) of y instead. Two particular choices for F' have practical
importance: identity and inversion as it will be indicated below.

5.2.6.2 Rational Model (R)
The rational model is the additive model for the reverse quantity 1/y. It is obtained

from the first order truncation of the Taylor Series expansion for the function 1/y.

For n = 1, if we denote by r(«) = y(a) , it follows that:

Fla) = r(ag) + g—r(ao)(a — ). (5.77)
o

We define the relative first order sensitivity of the reverse circuit function:

ar o
35 @) =S, =S5,/ (5.78)
r(ao)
Consequently, we obtain the rational model for n = 1:
Yo
(@)= ——7—. (5.79)
1+ Sa Sa
1
It can be easily shown that the reverse relative sensitivity is S4 = —Sg. For the
multiple parameter case, the rational model is:
N Yo
V() = (5.80)

1+Zk 1 l/y(SOlk

If the circuit function y is for instance the admittance, its inverse 1/y is the
impedance. In the time domain, these two transfer functions correspond to a device
excited in voltage or in current, respectively. Consequently, the choice between
additive and rational models for the variability analysis of the circuit functions
in frequency domain can be interpreted as a change in the terminal excitation
mode in the time domain state representation. Choosing the appropriate terminal
excitation, the validity range of the parametric model based on first order Taylor
series approximation can be dramatically extended.

5.2.7 Parametric Circuit Synthesis

We have shown in [48] that one of the most efficient order reduction method for the
class of problems we address is the Vector Fitting (VFIT) method proposed in [47],
improved in [43, 46] and available at [61]. It finds the transfer function matching
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a given frequency characteristic. Thus, in the frequency domain, for the output
quantity y(s), this procedure finds the poles p,, (real or complex conjugate pairs),
the residuals k,, and the constant terms k¢ and ko, of a rational approximation of
the output quantity (e.g an admittance):

km

S_pm‘

q
Y() & Yypr(s) = koo + sko + )

m=1

(5.81)

The resulting approximation has guaranteed stable poles and the passivity can
be enforced in a post-processing step [43]. The transfer function (5.81) can be
synthesized by using the Differential Equation Macromodel (DEM) [57]. Our aim
is to extend DEM to take into consideration the parameterization.

To simplify the explanations, we assume a single input single output system,
excited in voltage. It follows that the output current is given by (5.82), where x,, ()
is a new variable defined by (5.83).

q
i(5) = y($)uls) = koou(s) + skou(s) + D knxm(s),  (5.82)
m=1
X (s) = S”_(S; ) (5.83)

By applying the inverse Laplace transformation to (5.82) and (5.83), relation-
ships (5.84) and (5.85) are obtained:

0 = koot + k0 2D 4 3 k0 (5.84)
1 = Kool 0 dz P mXm s .
d);mt(t) = Do (1) + u(2). (5.85)

If we use the following matrix notations

. T
A =diag(p1, pa,....pg), b=[11--1], (5.86)

r X = [xl Xy +e- xq]T, (5.87)

c=lkiks-ky|
then equations of the system (5.84), (5.85) can be written in a compact form as

dx (1)
dr

= Ax(t) + bu(?), (5.88)
du(t)

u
dr

i(t) = koou(t) + ko +ex(1). (5.89)



5 Parameterized Model Order Reduction 305

Fig. 5.19 Equivalent circuit
for the output equation if all

\ A

poles are real
q
u  —/—ky | |keo P
m=1
Fig. 5.20 Sub-circuit
corresponding to a real pole
u 1=— |xm P,

5.2.7.1 Case of Real Poles

In the case in which all poles (and consequently, all the residuals) are real, Eq. (5.84)
can be synthesized by the circuit shown in Fig.5.19 which consists of a capacitor
having the capacitance kg, in parallel with a resistor having the conductance koo,
in parallel with g voltage controlled current sources, their parameters being the
residuals k,,,.

Equation (5.85) can be synthesized by the circuit in Fig.5.20, where x,, is the
voltage across a unity capacitor, connected in parallel with a resistor having the
conductance — p,, and a voltage controlled current source, controlled by the input
voltage u.

We would like to include the parametric dependence into the VFIT model and
in the synthesized circuit. To keep the explanations simple, we assume that there is
only one parameter that varies, i.e. the quantity « is a scalar. Assuming that keeping
the order ¢ is satisfactory for the whole range of the variation of this parameter, this
means that (5.81) can be parameterized as:

d k(o)
Y(s,0) & yypr(s, o) = Kool@) + skol@) + ) ————.
VFIT 0 mzz:l S — pm(@)

(5.90)
Without loss of generality, we can assume that the additive model is more accurate
than the rational one. If not, the reverse quantity is used, which is equivalent, for
our class of problems, to change the excitation of terminals from voltage excited to
current excited, and use an additive model for the impedance z = y~!. The additive
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model (5.73) can be written as

y(s,a) =y, (s,a) = y(s,a0) t 5 o (s ao) (e — ap), (5.91)

where here y is a matrix function. By combining (5.90) and (5.91) we obtain an
approximate additive model based on VFIT:

Y vrrr

3 (s, 0) (o — ). (5.92)
o

Y(s,0) = Y s4_ypr(s, @) = yypr(s, o) +

From (5.90) it follows that the sensitivity of the VFIT approximation needed in
(5.92)is

(5.93)

Oyyer _ koo ko z": [akm/aa ko aﬂ}

da o da S—pm (5= pm)? da

m=1

The sensitivity dy/da can be evaluated with (5.61) for as many frequencies as
required and thus the sensitivities of poles and residues in (5.93) can be computed
by solving the linear system (5.93) by least square approximation. Finally, by
substituting (5.93) and (5.90) in (5.92), the final parameterized and frequency
dependent model is obtained:

do

I Tk + (0 — )k / Dt kn  0pm
+,§[ Sl A _“0)2[(s—pm>2 ]
(5.94)

Y avem(s.a) = [ ot (a—a@i} s [ko . a@—}

Expression (5.94) has the advantage that it has an explicit dependence with respect
both to the frequency s = jw and parameter «, is easy to implement and feasible
to be synthesized as a net-list having components with dependent parameters, as
explained below.

If we denote by

ky(a) = kx

(5.95)

where k. = k«(ap) then Eq. (5.94) can be written as

Ya—vrr(s,a) = yi(s,a) + ya(s, ), (5.96)
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where
1165.) = keol@) + sko(e) + 3. k_(z) (5.97)
m=1 m
Va(s,@) = (& — o) Z n a” i (5.98)
’ ‘(s — pm)? 0 '
The output current is thus
i(S,Ol) = YI(Sva)u(S) +YZ(Ss0l)M(S)v (599)

where the first term can be synthesized with a circuit similar to the one in Fig.5.19
but where the k. parameters depend on ¢, and the second term

km  Opm

o2 u(s) (5.100)

ir(s,a) = (@ — ap) Z G
adds g new parallel branches to the circuit (Fig. 5.21). It is useful to write (5.100) as

u(s) 5. Where E, (o) = W%.
-1 Py O
(5.101)
The part that depends on s in (5.101) can be synthesized by a second order circuit,
such as the one in Fig. 5.22.
The current through the coil is

ia(s, @) = ZE @ =7

m=1 Pm

. u(s)
= = 5.102
j(s) s2LC 4+ sLG + 1 ( )

Fig. 5.21 Parameterized i

circuit corresponding to the i
output equation
q q
U ==Ky | [|Kega 2 K (00X, Y E. (@],
m=1 m=1
Fig. 5.22 Second order
subcircuit, with a voltage J
controlled current source
u G ——C L
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Fig. 5.23 Second order

subcircuit corresponding to a Jm
real pole X )
u PoT2 3
1

To obtain the expression in (5.101) it is necessary that LC = 1/p2, LG = —2/ p,,
for instance, we can chose G = —p,,, L = 2/p2, C = 1/2. Thus, the parame-
terized circuit is given by the sub-circuits in Figs.5.21, 5.20 and 5.23. The circuit
that corresponds to the output equations has new branches with current controlled
current sources. Only this sub-circuit contained parameterized components.

Another possibility to derive a parameterized circuit is to do as follows. In (5.100)
we denote by

1 P
ma%u(s) = fn(s), (5.103)
and by
(s = pm) S (5) = gm(5). (5.104)

Relationships (5.103) and (5.104) are equivalent to

Sgm(S) = pm&m(s) + %u(s), (5.105)
$fm(8) = Pm fn(5) + gm(5), (5.106)
which correspond in the time domain to
) en) + Puge), (5.107)
dt du
d@(’) = P fun®) + g (0). (5.108)

Equations (5.107) and (5.108) can be synthesized with the subcircuit shown in
Fig.5.24. In this case the circuit that corresponds to the output equation is the one
in Fig. 5.25. In brief, the parameterized reduced order circuit can be either the one
in Figs.5.21, 5.20 and 5.23 or in Figs. 5.25, 5.20 and 5.24. In both approaches only
the circuit that corresponds to the output equation is parameterized. The second
approach has the advantage that can be generalized for a transfer function having
complex poles as well.
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Fig. 5.24 Subcircuit corresponding to the second order term (second approach)
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Fig. 5.25 Parameterized circuit corresponding to the output equation (second approach)

5.2.7.2 Case of Complex Poles
Nominal Differential Equation Macromodel

If some of the g poles are complex, then they appear in conjugated pairs since
they are the roots of the characteristic equation corresponding to a real matrix. We
assume for the beginning that the transfer function has only one pair of complex
conjugate poles: p = a + jb and p* = a — jb. In this case the transfer function is

s) = ki N ky  (s—a)ki + ko) + jb(ki —k2)
Y Cs—p  s—p* (s —a)®>+b?

(5.109)

The numerator can be a real polynomial in s only if k; and k, are complex
conjugated residues: k| = ¢ +jd, ko = ¢ —jd. In this case, the matrices in (5.86) are

A:[a+jb 0 T

T . . _
0 a—jbi|’ b—[ll] c-[c+Jdc—Jd] x—[xlxz]

(5.110)

In order to obtain a real coefficient equation, a matrix transformation is intro-
duced. The system (5.88) becomes

dx(¢)
de

14 =VAV 'Vx(@) + Vbu(), (5.111)

du(t)

i(t) = koou(t) + ko i1

+cV VX)), (5.112)
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where
1 _ 1 1 L
V:[ f_f] V—lz[_f f} (5.113)
V2 V2 2 V2
Let
A ~ ~ 1T ~ —1 a _b
2=Vx=[% %] . A=vav''= b al (5.114)
b=Vb=[-v20], é=cV'=[-V2cv2d]. (5115
The transformation A = VAV ' is a similarity transformation, preserving the

eigenvalues of the matrix and thus the characteristic polynomial of the system.
The two equations corresponding to the complex conjugated pair of poles

d Xt | _| P 0 X1 1
ol R | K Y C

become after applying the similarity transformation

d )21 a—b )ACl —«/E

sl =le 2 [ o 5117)
If there are several pairs of complex conjugated poles, Eq. (5.117) will be true for
any of these pairs and, by renaming p — py, X1 — X, X2 = X/, a — apm,
b — by, the synthesized circuit is shown in Fig. 5.26.

In general, if the system has ¢ poles out of which ¢, are real and g. = (¢ —¢,)/2
are pairs of complex conjugate poles, then the synthesis will be done as follows: for
each real polem = 1,...,4,, let k,, be the residue corresponding to the pole; for
each pair of complex conjugate polesm = 1,..., g, letthe polebe p, = amm+ jbm,
with the corresponding residue k), = ¢, + jdy. An equivalent circuit for the output
equation is shown in Fig.5.27. It consists of the following elements connected in
parallel:

* A capacitance k;
* A conductance koo,

(=l

3

>
| 1=

Fig. 5.26 Sub-circuit corresponding to a pair of complex conjugate poles
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Fig. 5.27 Sub-circuit corresponding to a pair of complex conjugate poles

* ¢, voltage controlled current sources (having the parameter k,,, controlled by the

voltages x,,),

* g, voltage controlled current sources (having the parameter —~/2c,,, controlled

by the voltages X/,)

* g, voltage controlled current sources (having the parameter +/2d,,, controlled by

the voltages X/).

The voltages x,, are defined on the g, subcircuits that correspond to real poles
(Fig. 5.20) and the voltages x/,, X/ are defined on the g, subcircuits that correspond
to the pair of complex conjugate poles (Fig. 5.26).

Parametric DEM

To derive the parametric circuit in the case of complex poles, we could proceed as
we did in the first approach for real poles. This would conduce to a transfer function
of order 4, which is not obvious how it can be synthesized. The second approach

can be extended to the case of complex poles, as follows.

Let’s consider Egs. (5.107) and (5.108) written for a pair of complex conjugate

poles p; = a + jb, p» = a — jb:

dgi(1)
dr

dfi)
dr

dgx(1)
dr

d f2(?)
dr

By using the matrix notations

_|& _| A
g_[gz] f_[fz]

= pi )+ Lutr),
(073

= p1 i) + g1(0),

= p2g2(t) + %MU),
o

= p2f2(1) + g2(2).

p

do

gl

p1/dex
0pa/da

)

|

P 0
0 p2

]

(5.118)

(5.119)

(5.120)

(5.121)

(5.122)
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it follows that (5.118) = (5.121) can be written in a compact form as

dg(r) ap
- = Ag(t) + wu(t), (5.123)
d{h(t) —Af(t)+g(0). (5.124)

and by applying the similarity transformation described in the previous section it
follows that

dg (1) =VAV$(1) + Va_pu(t), (5.125)
dr do
d{u(t) = VAV f0)+ 2), (5.126)

where V AV ! is given by (5.114). It is straightforward to derive that

Ip da b
Vw = [— 2@ - 2%] (5127)

Thus, the Eqgs. (5.123) and (5.124) corresponding to the two complex-conjugated
poles become after applying the similarity transformation

dlg|_[a-b]]& —/20a /b
dr |:§2i| B |:b a i||:§2i| + I:—ﬁab/aa}u(t)’ (5.128)

i f:l _ a—b f:l gl
JHE I FIE !

If there are several pairs of complex conjugated poles, equations above will be
true for any of these pairs and, by renaming p — py, &1 — &, &2 — &, 1 —
fs fo— f),a — am, b — by, the synthesized circuit is shown in Fig. 5.28.

aa'm 1 ~ b’mg'ZL 1 N A
V2 e U ~m ==1q,, 5 e f;n —Qm b £V
Im
ob 1., pomim 1. :
28—;”u —am ==|g! 5 =\’ |%m bin S
m

Fig. 5.28 Sub-circuit corresponding to a pair of complex conjugate poles
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( Ij % %1 1 4/2d,, () %mz—l %Zl +\/—d (v — g f,J

Fig. 5.29 Parametric sub-circuit corresponding to the output equation

The new terms added in the output equations are

S
f2

= (@ —a) [—v2e V2d | f = —V2c(a — ao) fi + V2d (@ — ao) .

ir(s,@) = (@ —ao) [k k*] [ } =(@—a)[kk*]V7'f = (5.130)

In general, if the system has ¢ poles out of which ¢, are real and g, = (¢ —¢,)/2
are pairs of complex conjugate poles, then the parametric synthesis will be done as
follows: for each real pole m = 1,...,¢,, let k,, be the residue corresponding to
the pole; for each pair of complex conjugate poles m = 1,...,q, let the pole be
Pr, = am + jbu, with the corresponding residue k), = ¢, + jd,. The equivalent
circuit for the parametric output equation is shown in Fig.5.29. It consists of the
following elements connected in parallel:

e A parameterized capacitance ko(o) = ko + (@ — «p)dko/0cx,

* A parameterized conductance koo (@) = koo + (@ — 0t9) 0k o/ 0t

* g, voltage controlled current sources (having as parameter the parameterized
value k,, (o) =k, + (o — ag) 9k, / 0cx, controlled by the voltages x,,),

* g, voltage controlled current sources (having as parameter the parameterized
value —ﬁcm (@), controlled by the voltages x/,),

* g, voltage controlled current sources (having the parameter ~/2d,, (e), controlled
by the voltages X)),

* ¢, voltage controlled voltage sources (having the parameter (¢ — o)k, con-
trolled by the voltages f,,,

* ¢, voltage controlled current sources (having the parameter —~/2c,, (o — o),
controlled by the voltages fn’l),

* g, voltage controlled current sources (having the parameter V2d,, (¢ — ap),
controlled by the voltages f,{[ ).

The voltages x,, are defined on the g, subcircuits that correspond to real poles
(Fig. 5.20), the voltages %/,, X/ are defined on the ¢, subcircuits that correspond
to the pair of complex conjugate poles (Fig.5.26), the voltages f,, are defined on
the ¢, subcircuits that correspond to real poles (Fig. 5.24), the voltages f;/l and f"/l’
are defined on the ¢, subcircuits that correspond to the complex poles (Fig. 5.28).
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//’
.
z

Fig. 5.30 Stripline parameterized structure

5.2.8 Case Study

In order to validate our approach and to evaluate different parametric models
which can be extracted by the proposed procedure, several experiments have been
performed on a test structure that consists of a microstrip (MS) transmission
line having one Aluminum conductor embedded in a SIO, layer. The line has
a rectangular cross-section, parameterized by several parameters (Fig.5.30). The
return path is the grounded surface placed at y = 0. The nominal values used are:
hy = lpm, b, = 0.69um, hs = 10pum, a = 130.5um, p; = hy, py = hy,
p3 = 3um, X,y = 264 pm. In order to comply with designer’s requirements, the
model should include the field propagation along the line, taking into consideration
the distributed parameters and the high frequency effects.

5.2.8.1 Validation of the Nominal Model

The first step of the validation refers to the simulation of the nominal case
for which measurements (S parameters) are available from the European project
FP5/Codestar (http://www.magwel.com/codestar/). By using dFIT + dELOB [52],
at low frequencies, the following values are obtained:

R =18.11k£2/m, L =322nH/m, C = 213pF/m, (5.131)

which are coherent with the values obtained from the measurements at low
frequencies, and validates the grid used and the extension of the boundary used
in the numerical model. Then, by using the method described in Sect.5.2.4 the
dependence of p.u.l. parameters with respect to the frequency was computed. The
comparison between the resulting S parameters and the measurements is shown in
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Fig. 5.31 Frequency characteristic Re(S;;): numerical model vs. measurements

Fig.5.31 and it validates the nominal model. The sensitivities of the p.u.l. parameters
are computed using the CHAMY software [40], by direct differentiation method
applied to the state space equations [41]. They could also be computed by Adjoint
Field Technique (AFT) [38, 53].

5.2.8.2 Parametric Models

In this section, the accuracy of several parametric models for the line capacitance is
investigated.

The first sets of tests considered only one parameter that varies, namely the width
of the line, p3. The nominal value chosen was p3 = 3 wm and samples in the interval
[1,5] wm were considered. The reference result was obtained by simulated the
samples separately (each sample was discretized and solved). These were compared
with the approximate values obtained from models A and R (Fig. 5.32). As expected
intuitively, the dependence w.r.t. p3 is almost linear and the A model is better than
the R model. Considering the relative variation of the parameters less than 15 %
(which is the typical limit for the technological variations nowadays) the relative
variation of the output parameter is obtained (Fig.5.32, right). The errors of both
affine and rational first order models for p.u.l. parameters are given in Table 5.2.
Model A based on the first order Taylor series approximation has a maximal error
for technologic variations 1.78 % for p.u.l. resistance when p3 is variable, whereas
model R has an approximation error of only 0.6 % for the same range of the
technological variations for p.u.l. capacitance when p3 is variable. Using (5.74) one
can be easily identify which is the best model for any case.
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Fig. 5.32 Left: Reconstruction of the p.u.l. C from Taylor Series first order expansion; Right:
Relative error w.r.t. the relative variation of parameter ps

Table 5.2 Maximal errors

Parameter | Quantity | Affine (A1) |Rational (R1)
[%] of p.u.l. parameters for 3 o011 015
technology variation of £ P : :
15 % C 0.65 0.25
D3 R 1.78 0.22
L 0.34 0.04
C 0.035 0.6

The second set of tests considered two parameters that vary simultaneously: p;
and ps. For reference, a set of samples in [0.8, 1.2] x [2, 4] wm were considered. The
p-u.l. capacitance was approximated using the additive, rational and multiplicative
models described above. In this case, a new model M is computed using an additive
model for p; and a rational one for p;, which is the best choice. Fig.5.33, left
compares the relative variation of the errors w.r.t. a relative variation of parameter
p1 for a variation of p3 of 5 %. Model M provides lower errors (maximum error is
2 %) than models A (3.7 %) and R (2.2 %). Figure 5.33, right illustrates that in the
range from 20 to 40 % model M is the best one if we look at the variation w.r.t. p3
for a variation of p; of 10 %.

Thus, by using the appropriate multiplicative models in the modeling of the
technological variability, the necessity of higher order approximations can be
eliminated.

5.2.8.3 Frequency Dependent Parametric Models

In this case, the parameter considered variable is h,. The sensitivity of the
admittance with respect to this parameter has been calculated according to (5.61),
using EM field solution. By applying Vector Fitting, a transfer function with 8 poles
has been obtained. This conduced to an overdetermined system of size (236, 26)
which has been solved with an accuracy (relative residual) of 3.7 % (Fig. 5.34-left).
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Fig. 5.33 Left: Relative error w.r.t. the relative variation of parameter p;, for a variation of p; of
5 %; Right: Relative error w.r.t. the relative variation of parameter p3, for a variation of p; of 10 %
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Fig. 5.34 Left: variation of the admittance sensitivity with respect to the frequency; right:
reference simulation vs. answer obtained from the frequency dependent parametric model (5.94)

Finally, the relative error of the A-VFIT model is 1.09 % compared to the relative
error of the A model which is 0.95 % for a relative variation of the parameter of
10 % (in Fig. 5.34-right the three curves are on top of each other).

5.2.9 Conclusions

The paper describes an effective procedure to extract reduced order parametric
models of on-chip interconnects allowing model order reduction in coupled field
(PDE) — circuit (DAE) problems. These models consider all EM field effects at
high frequency, described by 3D-FW Maxwell equations. The proposed procedure
is summarized by the following steps:

* Step 1 — Solve two field problems (2D EQS and FW-TM) and compute frequency
dependent p.u.l. parameters and their sensitivities with respect to the geometric
parameters that vary;

* Step 2 — Compute admittance for the real length of the line and its sensitivities
with respect to the variable parameters;
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* Step 3 — Choose the A/R variation model, i.e. the appropriate terminal excitation
(admittance or impedance);

* Step 4 — Apply Vector Fitting for the nominal case in order to extract a rational
model for the circuit function with respect to the frequencys;

* Step 5 — Compute sensitivities of poles and residues of the circuit function by
solving a least square problem;

* Step 6 — Assemble the frequency dependent parametric model by using the
compact expression (5.94) or by synthesis of a SPICE like parametric netlist
having frequency constant parameters.

Step 1 is dedicated to the extraction of the frequency dependent p.u.l. line
parameters in a more robust and flexible way than the inversion of the equation of
the short line segment. It is based on the solving of two field problems: 2D-EQS field
which describes the transversal effects such as capacitive coupling whereas EMQS-
TM field describes the longitudinal effects such as inductive, skin effect and eddy
currents. The longitudinal propagation is described by the classic TL equations, but
with frequency dependent p.u.l. line parameters.

Then (step 2), variability models for TL structures considering the dependency of
p-u.l. parameters w.r.t. geometric parameters, at a given frequency were analyzed. A
detailed study of the line sensitivity was made by using numeric techniques. For
one parameter case, the proposed methods avoid the evaluation of higher order
sensitivities, but keeping a high level of accuracy by introducing models based
on a rational approximation in the frequency domain. The multi-parametric case
has been analyzed, in addition, a multiplicative parametric model (M) has been
proposed. This is based on the assumption that the quantity of interest can be
expressed with separated variables, for which A and/or R models are used. Model
M is sometimes better than A and R models obtained from Taylor Series expansion.
Its specific terms (products of first order sensitivities) can thus approximate higher
order, cross-terms of Taylor Series. In order to automatically select the best first
order model for a multiparametric problem, the validity ranges of direct and reversed
quantities have to be evaluated (step 3). Once we establish the best model (A or
R) for each parameter, the M model will be easily computed by multiplication of
individual submodels. Our numerical experiments with the proposed algorithm in
all particular structures we investigated prove that the technological variability (e.g.
+20 % variation of geometric parameters, which is typical for the technology node
of 65 nm) can be modeled with acceptable accuracy (relative errors under 5 %)
using only first order parametric models for line parameters. This is one of the most
important results of our research.

Next, a rational approximation in the frequency domain, obtained with Vector
Fitting (step 4) is combined with a first order Taylor Series approximation. The
sensitivities of poles, residues and constant terms are computed by solving an over-
determined system of linear equations (step 5). The main advantage of this approach
is that the final result is amenable to be synthesized with a small parameterized
circuit (step 6). This method relies on the differential equation macromodel which
is extended in order to take into account the variability. It also assumes that a first
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order Taylor Series expansion for the parameter that varies is accurate enough for
the frequency range of interest. As shown in our previous work, there is a specific
excitation type of terminals for which this assumption is acceptable for a certain
frequency range. The passivity of the obtained circuit is guaranteed by the fact that
the transfer function used as input for the synthesis procedure is passive as it is
obtained by a fitting procedure with passivity enforcement.

Thus, the proposed method allows one to obtain parameterized reduced order cir-
cuits, having equivalent behavior as on-chip interconnects. These equivalent circuits
described in SPICE language are extracted by considering all electromagnetic field
effects in interconnects at very high frequency. This method applied to extract the
reduced order model of the system described by PDE is a robust and efficient one,
being experimentally validated.

The advantages of the proposed approach are:

* Its high accuracy, due to the consideration of all field effects at high frequencys;

* Fast model extraction due to the reduced order of degrees of freedom in the
numerical approach;

» High efficiency of the model order reduction step due to the use of Vector Fitting;
in all interconnect studied cases, extracted models with an order less than 10 had
an acceptable accuracy for designers.

* Simple geometric variability models based only on first order sensitivities, with
extended valability domain due to the appropriate excitation;

» Appropriate variation model for frequency and length of interconnects, due to the
transmission lines approach;

e The reduced SPICE models are simple and compact, containing ideal linear
elements with lumped frequency independent constant parameters: capacitances,
resistances and voltage controlled current sources; these element parameters have
very simple affine variation in the case of the geometric variability.

The proposed method was successfully applied to model technological variabil-
ity, without being necessary the use of higher order sensitivities.

5.3 Model Order Reduction and Sensitivity Analysis

Several types of parameters p = (d,s, 8) influence the behaviour of electronic
circuits and have to be taken into account when optimizing appropriate performance
functions f(p): design parameters d, manufacturing process parameters s, and
operating parameters 6.> The impact of changes of design parameters, e.g., the width
and length of transistors or the values of resistors, plays a key role in the design of

3Section 5.3 has been written by: Michael Striebel, Roland Pulch, E. Jan W. ter Maten, Zoran
Tlievski, and Wil H.A. Schilders. Of parts of this Section extensions can be found in the Ph.D.-
Thesis of the fourth author [95].
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integrated circuits. Deviations from the nominal values defined in the design phase
arise in the manufacturing process. Hence, to guarantee that the physical circuit
shows the performances that were specified, the design has to be robust with respect
to variations in the manufacturing phase. It has to be analysed how sensitive to
parameter changes an integrated circuit and its performance is.

The manufacturing process parameters have a statistical impact, f.i., for the oxide
thickness threshold. Examples of operating parameters are temperature and supply
voltage.

Sensitivity can ease calculations on statistics (for instance by including the
sensitivity in calculating the standard deviation of quantities that nearly linearly
depend on independent normal distributed parameters [91]: if F(p) ~ Fo+ Ap
with p; ~ N(0,0;) then 6*(F;) ~ }_; a;o; (o(F;), and 0; being the standard
deviation of F; and p;, resp.).

For optimizing one wants to minimize a performance function f(p) while also
several constraints have to be satisfied. The performance function f(p) and the
constraint functions c(p) can be costly to evaluate and are subject to noise (for
instance due to numerical integration effects). For both, the dependency on p can be
highly nonlinear. Here there is interest in derivative free optimization [118], or to
response surface model techniques [79, 80, 92, 117]. Partly these approaches started
because in circuit simulation, sensitivities of f(p) and c(p) with respect to p are
not always provided (several model libraries do not yet support the calculation of
sensitivities). However, when the number of parameters increases adjoint sensitivity
methods become of interest [74, 75]. For transient integration of linear circuits this is
described in [76, 77]. In [96] a more general procedure is described that also applies
to nonlinear circuits and retains efficiency by exploiting (nonlinear) techniques from
Model Order Reduction.

A special sensitivity problem arises in verification of a design after layouting.
During the verification the original circuit is extended by a huge number of
‘parasitics’, linear elements that generate additional couplings to the system. To
reduce their effect the dominant parasitics should be detected in order to modify the
layout.

Adjoint equations are also used for goal achievement. One example is in global
error estimation in numerical integration [73, 99].

In this Section we describe adjoint techniques for sensitivity analysis in the
time domain and indicate how MOR techniques like POD (Proper Orthogonal
Decomposition) may fit here. Next we give a short introduction into Uncertainity
Quantification which techniques provide an alternative way to perform sensitivity
analysis. Here pMOR (parameterized MOR) techniques can be exploited.

5.3.1 Recap MNA and Time Integration of Circuit Equations

Modified Nodal Analysis (MNA) is commonly applied to model electrical circuits
[86, 90]. Including the parameterization the dynamical behaviour of a circuit is then
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described by network equations of the general form

d
d—tq(X(t,p),p) +Jjx(, p),p) = s, p). (5.132a)

The state variables x(¢, p) € R”, i.e., the potentials at the network’s nodes and the
currents through inductors and current sources, are the unknowns in this system.
They depend implicitly on the parameters gathered in the vector p € R"7, because
the voltage-charge and current-flux relations of capacitors and inductors, subsumed
in q(-,-) € R", the voltage-current relations of resistive elements, appearing in
j(,-) € R" and the source terms s(-,-) € R”, i.e., the excitation of the circuit,
may depend on the parameterization. The elements’ characteristics q, j are usually
nonlinear in the state variables X, e.g., when transistors or diodes are present in the
design at hand.

If, however, all elements behave linear with respect to x, the MNA equations are
of the form

C(p)x(z,p) + G(p)x(z,p) = s(z, p), (5.132b)

where x denotes total differentiation, (d /dt) x(¢, p) with respect to time. C(p) and
G(p) are real n x n-matrices that might depend nonlinearly on the parameters p.

Usually the network equations (5.132) state a system of Differential-Algebraic
Equations (DAEs), i.e., (d/0x) q(x, p) (or C(p)) does not have full rank along the
solution trajectory x(¢, p).

In transient analysis the network equations (5.132) are solved on a time-interval
[t0, tena] C R, where the parameter vector p is fixed and a (consistent) initial value
Xop = X(t,p) € R" is chosen. As the system can usually not be solved exactly,
numerical integration, e.g., BDF (backward differentiation formulas) or RK (Runge-
Kutta) methods are used to compute approximations X; , ~ X(f;,p) to the state
variables on a discrete timegrid {fo,...,#,...,tx = tenq}. For a timestep i form
tj—1 tot; = tj—;+h, multistep methods, like the BDF schemes, approximate the time
derivative d%q(x(tl, p). p) by some k-stage operator pq(X;p, p) := aq(X;p,p) + B,
where & = a(h) € R is the integration coefficient and 8 € R" is made up of history
terms q(x, p, p) at the timepoints ¢, for u = [ —k,...,l — 1. For the backward
Euler method, e.g., we have

1 1
pq(X1p, P) := 7 q(X/p.P) _EQ(XI—I,INP)-
—— ~———
= =B
This results at each discretisation point #; € {fy, ], ...,tx} in a nonlinear equation

for the state variable x; p of the form

aq(x7p,p) + B + j(X1p, p) =s(17,p). (5.133)
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This nonlinear problem is usually solved with some Newton-Raphson technique,
where in each underlying iteration v = 1, 2,... a linear system with a system
matrix of the form

aq(-, 0

I _( qat.p) 3 p))( ) (5.134)
ox

appears. Typically, simplified Newton-Raphson iterqations may be applied. That is,

only the evaluation at x}l) is involved. Note, also when applying a onestep method,

like an RK-scheme, hnear systems, made up of the Jacobian (5.134) arise.

5.3.2 Sensitivity Analysis

We encounter that the state variables x(¢, p) implicitly depend on the the parameters
p € R"». Hence, one is interested in how sensitive the behavior of the circuit with
respect to variations in the parameters is. Thinking about “behavior of the system”
we can basically have in mind

(i) How do the state variables vary with varying parameters?
(ii)) How do measures derived from the state variables, e.g., the power consumption
change with varying parameter?

Furthermore, due to usually nonlinear dependence of the element characteristics
q and j or C and G, respectively, on the parameters, we are interested in variations
around a nominal value py € R"?.

In the following we will give a brief overview on the different kinds of
sensitivities and how they can be treated numerically. For further reading we refer
to the PhD thesis by Ilievski [95] and the papers by Daldoss et al. [78], Hovecar
et al. [93], Cao et al. [74, 75] and Ilievski et al. [96].

5.3.2.1 State Sensitivity

In (transient) state sensitivity one is interested, how the trajectories of the state
variables x vary with respect to the parameters p around the nominal setting po.
Hence, the goal is to compute

dx(r,p)

Xpo () i= e R™"»,  forallt € [tg, feng]- (5.135)
dp

|P=P0

As described by Daldoss et al. [78] we linearize the nonlinear network equa-
tions (5.132b) around the nominal parameter set po, i.e., we differentiate with
respect to p. We assume that the element functions ¢, j are sufficiently smooth
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such that we can exchange the order of differentiation (Schwarz’s theorem) and get:

d d
T [Cx(t) - Xpy ()] + G (1) - xp, (1) =S, (1) — (d—tcp(r) +G,(1)  (5.136)

0 0
with Cy(r) = B—E(X(I,Po),l’o), C, (1) = %(X(Z,Po),Po),
dj dj
Go(0) = GL (o). Po). - Gy(1) = 5 (0. po). o)
d
S,(@t) = £(17P0),

where C, (1), G, () € R and C,(1),G,(t).S,(r) € R""» and x(t, po) solves
the network problem (5.132a).

The initial sensitivity value x, (f0) =: X ,,0 =: X];OC can easily be calculated as
the sensitivity of the DC-solution x(0, po) := XEOC of the network equation (5.132a),
satisfying

J(Xp . po) = s(t0. po). (5.137)

Obviously, the DAE (5.136) states a linear time varying dynamical system for the
state sensitivity Xpo» €Ven when (5.132a) was nonlinear. We assume that we have
used the backward Euler method to solve the network problem (5.132). Using the
same time grid for solving the state sensitivity problem (5.136), we advance from
time point £ to t; = tj—; + h, i.e., we compute Xpod = Xpo (t;) again with the
backward Euler by solving

M; xp,; = rhs; (5.138)
with
1 aq dj
M[ L= ECX(Z[) + Gx(tl) ~ &(Xl,p()s pO) + &(Xl,p()vpo)s

d 1
rhs; 1 =8S,(1) — (Ecp(tl) + G, (1)) + Zcx(tl—l) * Xpo.l—1
(5.139)
1 (dq aq
~S,(t) — (E (%(Xl,povpo) - %(Xl—l,po’po))

dj 1 dq
+%(Xl,pov pO)) - Z&(Xl—l,pov pO) : Xpo,/—l'

We note, that the partial derivatives with respect to x have already been computed
in the transient analysis and are available, if they have been stored. Especially, the
system matrix M; is the same as we have used in applying the backward Euler
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method in the underlying simulation: within the Newton iterations these where the
system matrices in the steps where convergence was recorded. Hence, also the
decomposition of this matrix is available, such that the system could be solved
efficiently. For schemes other than the backward Euler, we can also state, that
the solution of the transient sensitivity problem (5.136) needs ingredients that are
available (if they have been stored) from the solution of the network problem with
the same method and the same step size. A reasoning for this and details on step
size control and error estimation can be found in the paper by Daldoss et al. [78].

However, the sensitivities of the element functions (,j and s have to be
calculated. In total, the evaluation of the right-hand side rhs; requires &'(n,, - n*) +
O(n, - n) operations [96]. As in addition a lot of data has to be stored, computing
the state sensitivities for circuits containing a large number of parameters is not
tractable.

5.3.2.2 Observation Function Sensitivity

Often one is not interested in the sensitivity x, (¢) of the states of the parameter
dependent network problem (5.132) but rather in the sensitivity of some perfor-
mance figures of the system, like e.g., power consumption. These measures can
usually be described by some observation function I (x, p) € R" of the form

tend
I'(x,p) = / g(x.17,p)dr, (5.140)

fo

where the function g : R” x RxR"”? — R" is such that the partial derivatives
dg / 0x and dg / dp exist and are bounded. Note that at the left-hand side of (5.140)
x = Xx(., p), which is a whole waveform in time.

The sensitivity of the observation function I' : R" x R"? — R"* around some
nominal parameter set pg € R"7, clearly is

ar or 9 ar
d (x(P0). Po) = =—(x(Po). Po) — (x(P0). P0) + —— (x(po). po) € R"" .
(5.141)

For problems where the sensitivity of a few observables, i.e., where n, is small
but the system depends on a large number 1, of parameters, the adjoint method,
introduced by Cao et al. in [74, 75] is an attractive approach. In the mentioned
papers, the observation sensitivity problem is derived for implicit differential
equations of the form

F(x,x,z,p) = 0. (5.142)
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Here we derive the observation sensitivity problem for problem (5.132a) as we
usually encounter in circuit simulation. The idea however, follows the idea presented
by Cao et al. in the papers mentioned.

The observation function’s sensitivity is not calculated directly. Instead, an
intermediate quantity A, defined by a dynamical system, the adjoint model [82]
of the parent problem, is calculated.

5.3.2.3 Adjoint System for Sensitivity Analysis

Instead of considering the definition (5.140) of the observation function I" directly,
we define an augmented observation function

fend d
Y (x.p) := I'(x,p) —/ AT(@) [d—IQ(X(LP),P) +J(x(.p).p) —S(t,p)} dt
' (5.143)

which arises from coupling the dynamics and the observation function I' by a
Lagrangian multiplier A (z) € R"*" that we will define more precisely further on.

If x(z, p) solves the network equations (5.132a) for p = py it holds ¥ (x, pp) =
I’ (x, po) and also the sensitivities coincide:

dF dr
(x Po) = p ——(X, o).

Note, that where it is clear from the context we omit in the following the
specifications of the evaluation points, e.g., (X, po)-

By the definitions (5.140) and (5.143) of the observation function and the
augmented observation function, respectively, we get

dr fend (9 dg Ox fend d dq dj ds
— = = _ Al (¢ - _
dp /to (8p+8x8p)d /,0 ()(dt dp dp dp) i

We have a closer look at the second integral and apply integration by parts:

/tend T( )(d dq) [A‘qu}tend /tend le@dt
0 dr d dp w dt dp
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Recombining this with the observation sensitivity (5.144) and expanding the total
derivatives with respect to p we see

dr

e LG CROVMOERSH0) e

tend dA‘T
+/ (TCX(I) —ATG (1) + )’x(l)) “ Xp, () dt (5.145)

Tend dA‘T T
4 / 7,0+ ZCo0) = AT [G, = 5,(0)] ) ar,
to
where C,, Gy, C,, G, and S, are the quantities defined in Eq. (5.136) and

3 Xn 3 NnoXn
Yo(6) = <2 (x(t,po) € R™, p(t) := = (x(t, po)) € R""»
0x op

are the partial derivatives of the kernel of the observable and can thus be computed,
if the solution trajectory x(¢, po) is known.

In the present form (5.145) the calculation of the observation function’s sensi-
tivity still demands to know the development of the state sensitivities xp, (7). As
the above considerations are valid for any smooth A (1) € R"™" we may choose
this parameter such that the state sensitivity disappears in the equation. We have
already seen that the sensitivity XEOC of the circuit’s operating point XEOC can easily
be calculated. Hence, choosing A such that

da
cf(r)z —G.(t)"A = —pT (@) (5.146a)
and AT(T)C.(T) =0, (5.146b)
the calculation of the observable function’s sensitivity reduces to evaluating

r
fl—p =A7(10) (Cx(10) xpy + Cp(10)) = AT (tena) Cp (fena)

» T (5.147)
+/ (yp(t) + 7c,,(z)—)LT [Gp—Sp(t)]) dr.

Equation (5.146a) inherits the basic structure of the underlying network prob-
lem (5.132a). Therefore, this equation defining the Lagrangian A (¢), is usually a
DAE system. This linear system is called the adjoint system to the underlying
network equation. For DAEs of index up to 1, the choice (5.146b) defines a
consistent initial value [75]. For systems of index larger and equal to 2, the
consistent initialisation is more difficult. As an initial value for A4 is specified for
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the end of the interval [fy, f.nq] Of interest, the adjoint equation (5.146a) is solved
backwards in time.

Several kind of observation functions also need x = d%x in addition to x. For
instance when considering jitter one is interesting in the time difference between
two subsequent times t; and 1, when a specific unknown reaches or crosses a
given value ¢ (with equal signs of the time derivative). For the frequency of the
jitter we have f = 1/T = 1/(t2 — 71). Let the specific unknown be x;(z, p).
The time moment t for which x;(r, p) = ¢ may be determined by inverse
interpolation between two time points #; and #; and known values x; obtained
by time integration such that x;(¢;, p) < ¢ < x;(t2, p). Of course v depends
on p, so more precisely we have x;(z(p), p) = c. By differentiation we obtain:
d(z)/dp = —[d(x;)/d] " d(x;)/dp.

Hence we are also interested in a more general case than (5.140)

fend

H(x(p). x(p). p) = / F(x(t. p). x(t.p). p)dr. (5.148)

fo

By a similar analysis as presented in [96] for (5.144)—(5.145) we derive (§ = 0x/dp)

/tm (aF L aF)dt
PREAN) ¢ ox op

oF
(87 o) Cultena) = 5 (tena) ) Xy (fena) = 7 (ena)C )

S H((p). x(p). )
p

oF
+(¢7 W) Cxlt0) = S (10) ) sy 10) + T (1) (1)

f0 dt " 0x
¢t r oF
+ Gt (6,-5,) + %)dt. (5.149)

which holds for any ¢ (z) € R"*"*. If ¢ is chosen such that

dc d oF OF\T
T T T
—_ = —(— — |\ — .1
C dt G dt(ax) (8x) ’ (5.150)
e T IF 7
with ‘initial’ value C; {(tend) = (?) (fend), (5.151)
X

a significant reduction occurs in (5.149) and x (¢) is not explicitly needed. This gen-
eralizes the result in [96] (see also [64]). Note that x, (0) = X(0,po) = Xpc(po),
which is the sensitivity of the DC-solution, which one needs to determine explicitly.
Some efficiency is gained by calculating {7 (0)C,(0)%pc = [CI(0)£(0)]” %Xpc
(whenn, > 1).Note however that (5.151) can be satisfied only when the right-hand



328 G. Ciuprina et al.

side is in the range of C;. Because in (5.150)—(5.151) the right-hand sides are
evaluated at x(¢, p), in general, the solution ¢ will depend on p, even in the case
of constant matrices C, and G,. This is in contrast to [64].

Summing up, the backward adjoint method for computing the sensitivity of the
observable I' with respect to parameter variations around a nominal parameter
setting po is carried out by the following steps

1. Solve the network DAE (5.132a) for x = x(¢, po), on the interval [ty, fenq];

2. Solve the backward adjoint problem (5.146a), subject to the initial condi-
tion (5.146b) for A on the interval [fenq, fo], i.€., backward in time;

3. Compute the observable sensitivity d I / d p using the expression (5.147).

Carrying out the backward adjoint method, one has to consider several aspects we
do not address here. Amongst these are the evaluations of the partial derivatives
like C, along the solution trajectory. On the one hand, these derivatives are usually
not available as a closed function but are approximated by finite differences. On
the other hand, the evaluation points, i.e., points on the trajectory x(#, po) are also
available as approximations only. Furthermore, the integral in the formula (5.147)
has to be approximated by a numerical quadrature. The nodes needed in the
according scheme may not be met exactly during transient simulation and/or during
the backward integration of the adjoint problem. For further reading on these
problems we refer to [95, 96].

However, leaving all these aspects aside, one has to integrate two dynamical
systems numerically. First the (nonlinear) forward problem (5.132a) for the states
and then the linear backward problem (5.146a). The contribution of the COMSON
project for transient sensitivity analysis was to add model order reduction (MOR) to
the process. More precisely, the idea elaborated during the project was to solve an
order reduced variant of the backward problem where the data needed to apply the
reduction is calculated from the forward solving phase. In the next section we will
describe the very basic idea of MOR and give a brief introduction to the specific
technique that was used in this project.

5.3.3 Model Order Reduction (with POD)

Solving a dynamical system with any numerical scheme implies to set up and solve
a series of linear equations. In circuit simulation typically the dimension of these
systems are in a range of 10°-~10°. Both the evaluation of the system matrices and
right-hand sides, e.g., M; and rhs; in (5.138)—(5.139), as well as solving the system,
i.e., decomposing the system matrices, is computationally costly.

However, in circuit design often the main interest is the analysis of how a circuit
block processes an input signal, e.g., if some input signal is amplified or damped by
the circuit. That means, one may not be interested in all z internal state variables but
only in a limited selection. This concern is described by an input-output variant of
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the network model. For a linear network problem (5.132b), omitting the parameters
for ease of notation, e.g., the corresponding input-output system reads

Cx(t) + Gx(¢) = Bu(r),

(5.152)
y() = Lx(1),
where u(f) € R and y(¢) € RY are the input and the output of the system, injected
to and extracted from the system by the matrices B € R"*” and L. € R?*".
As in an input-output setting, the states x represent an auxiliary variable only.
The idea of MOR is to replace the high-dimensional dynamical system (5.152) by

Ci(r) + Gz(r) = Bu(r),

R (5.153)
y(r) = La(1),
where z(7) € R’ and the system matrices C,G € R"™*", B € R"™*” and L € R?*"
are chosen such that r < n and y(¢) ~ y(t).

There are various methods to construct the reduced variant (5.153) from the full
problem (5.152). We refer to Chapter 4 for an overview, as well as to [63, 67, 69,
70, 103, 108-110, 121] for further studies.

A large class of MOR methods are based on projection. These methods determine
a subspace of dimension r, spanned by a basis of vectors v; € R" (i = 1,...,r).
The original state vector x(¢) is approximated by an element of this subspace that
can be written in the form Vz(t), where V = (vi,...,v,) € R Hence, one
replaces x(¢) by Vz(¢) in (5.152) and projects the equation onto the space subspaces
spanned by the columns of V by a Galerkin approach. In this way, a dynamical
system (5.153) emerges where the system matrices are given by

~

C:=vV'cv, G:=V'GV, B:=V'B, L:=LV. (5.154)

5.3.3.1 Proper Orthogonal Decomposition

While other MOR methods start operating from the matrices C, G, B and L, the
method of Proper Orthogonal Decomposition (POD) constructs the matrix V, whose
columns span the reduced space the system (5.152) is projected on, from the space
that is spanned by the trajectory x(¢), i.e., the solution of the dynamical system. The
method applies to nonlinear systems as well.

Recall, that our aim is to construct a reduced model for the backward adjoint
problem (5.146). As this is a linear system from which we know the system matrices
only after a solution of the underlying forward network problem (5.132a), POD
seems to be the best choice for this task.
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The mission POD fulfills is to find a subspace approximating a given set of data in
an optimal least-squares sense. The basis of this approach is known also as Principal
Component Analysis and Karhunen-Loéve theorem from picture and data analysis.

The mathematical formulation of POD [103, 107, 121] is as follows: Given a

set of K datapoints X := {xy,...,Xg}, a subspace S C R” is searched for that
minimizes
| K
1X = X3 := = > % — ox«ll5 (5.155)
k=1
where ¢ : R" — S is the orthogonal projection onto S, which has {¢,,...,¢,} as

an orthonormal basis of S.

This problem is solved, applying the Singular Value Decomposition (SVD) to the
matrix X := (Xq,...,Xg) € R"™K which is called snapshot matrix, as its columns
are (approximations to) the solution of the dynamical system (5.152) at timepoints
t,...,tg € [to, tena]- The SVD applied to the matrix X, provides three matrices:

@ ¢ R orthogonal,

¥ e RE*K orthogonal,

Y =diag(oy,...,0,) e RV withoy>--->0,>0,41=... =0k =0,
such that
0\ ;
X=9¢ v, 5.156
(5 0) (5.156)

where the columns of @ and ¥ are left and right eigenvectors, respectively, and
oy,...,0, are the singular values of X.

Then, for any r < v, taking @, ..., @, as the first r columns of the matrix @ is
optimal in the sense that it minimizes the projection mismatch (5.155).

Both cases,n > K and n < K, are allowed; in practice one often has n > K.

Finally, the MOR projection matrix V in (5.154) is chosen made up of these basis
vectors:

V:=(¢...,9,) € R,
To understand why the first 7 columns of @ solve the minimization problem (5.155)
one canrecall thatfori = 1,...,n theith column ¢, of @ is actually an eigenvector

of the correlation (or covariance) matrix of the snapshots with criz as eigenvalue:

XX"p; =0’ 9;.
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Algorithm 5.1 BRAM: Backward Reduced Adjoint Method

1: Integrate (5.132a) and store the solutions x(#;, p)

2: Build the snapshot matrix X = [x(y, p), ..., X(¢y, p)] (Where ty = fenq)

3: Determine the singular value decomposition X = @' ¥YV¥ and dominant singular values

O1y...,0p.

4: Determine the Proper Orthogonal Decomposition (POD) time-independent projection matrix
V, such that x &~ VX and %x ~ V%i

: if (BRAM II) then

Include a second forward time integration, now for the reduced system of equations.

: end if

: Integrate (5.157) backward in time using reduced matrices V*CIV and VI GTV and the

T
projected right-hand side VT[ )T ( ) ]

Intuitively the correlation matrix XX’ detects the principal directions in the data
cloud that is made up of the snapshots X, . .., Xx. The eigenvectors and eigenvalues
can be thought of as directions and radii of axes of an ellipsoid that incloses the
cloud of data. Then, the smaller the radii of one axis is, the less information is lost
if that direction is neglected.

We abandon to explain the derivation of POD in detail here as in literature e.g.,
[63, 103, 121] this is well explained. For details on the accuracy of MOR with POD
we refer to papers by Petzold et al. [94, 107].

5.3.4 The BRAM Algorithm

In [96] it was observed that a forward analysis in time of (5.132a) automatically
provides provides snapshots x(z;, p) at time points 7;. This can lead to a reduced
system of equations for £(¢) = V¢ in (5.150)—(5.151)

dt d OF IF\T
T ~T TaTvys — T (9% 157
VICIVE - VIGIVE = VI ()" V(ax),(SS)
with “initial’ value V7 CTVE(feng) = VT(T)T(zend), (5.158)
l X

Then the overall algorithm is described in Algorithm 5.1, without the lines 5-7.
Here it is assumed that the matrices are saved after the forward simulation. It is also
assumed that for the adjoint system the same step sizes are used as in the forward
run. If not, additional interpolation has to be taken into account to determine the
reduced matrices at intermediate solutions and also effort has to be spent in LU-
decomposition.

Apart from this discussion, the question is why this should work in general
(apart from special cases in [96]). The solution X A~ VX depends on the right-
hand side s of (5.132a). Clearly V”'s should contain the dominant behaviour of s. If
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T
VT[%(?J—E)T - (g—g) ] behaves similarly when compared to the right-hand side of

(5.150) we may expect a similar good approximation for the solution { = Vf .
Because the right-hand side of (5.157) does not depend on ¢ this can be checked
in advance, before solving (5.157). In the case of power loss through a resistor

T
we have (?TE) = (Ax)7 (for some matrix A) and we have to check if (Ax)7 ~

VIXTVTAT,
Another point of attention is that the projection matrix V found implies that we
more or less are looking to the sensitivity of the solution X of

d i i
E[VTq(VX(t, p).p)l + V7 j(Vx(t.p).p) = V's(t,p) (5.159)

rather than for the solution x of (5.132a). By this it is clear that V depends on p and
thus

X ~ ‘ X - — X~ —X + ‘_. . 60
ap p ’p 3 3 3

The question is: can we ignore the first term at the right-hand side of (5.160).
Here the last term represents the change inside the space defined by the span of
the columns of V. The first term represents the effect by the change of this space
itself. One may expect that this term is smaller than the last term (‘the first term
will in general require more energy’), especially when the reduction is more or less
determined by topology. In several tests we made, this first term indeed was much
smaller than the other term.

Note that we not intend to solve (5.159) by using a fixed projection matrix V,
valid for p = py, for several different values of p. The danger of obtaining improper
results when doing this was pointed out by [83]. Contrarily, we always apply an up-
to-date matrix V(p). However, this example shows that g—;’ is not always negligible.

One can collect V = [V(py). ..., V(px)] and apply an additional SVD to V. This
procedure provides a larger, uniform, projection matrix V.

In [95] the parameter dependency of the singular values for POD was analysed
for a battery charger, for a ring oscillator, and for a car transceiver example. Also
the nr of dominant singular values as function of p was studied. Finally the angle
between the subspaces for different p was studied. Note that one can use a matlab
function for this based on the algorithm by Knyazev-Argentati [98].

Finally, in [95] a modification was introduced in Algorithm 5.1 by introducing
the lines 5—7. Note that the additional step 6 is cheap. We obtain the solution of
the POD-reduced system. In [94, 103, 107, 121] error estimates are determined for
the approximation error of the POD approximation. Actually, in step 8, BRAM 11
determines the sensitivity of the POD solution. In Fig. 5.35 [95] the singular values
of POD after 3,500 snapshots within a simulation from #y) = O ms and #.,g = 200 ms
for a Li-ion charger for different values of the area of a capacitor. The parameter
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Singular Value Decay for Parameter Values
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Fig. 5.35 Singular values of POD after 3,500 snapshots for a Li-ion charger for different values
of the area of a capacitor

p took values p = 30, 32,34, 36, 38, 40. Clearly the first 100 singular values are
enough for a good reconstruction, which as a by-product als shows a high potential
for the application of the BRAM methods as the dimension of the problem can be
reduced by roughly a factor 35. In Fig.5.36 [95] the angle in the rotation of the
principle vector is studied, the nominal being for p = 30. The apparent jump to 90°
rotation near the cut off point is due to matrix diagonal zero padding introduced in
the general case for principle vector analysis. These large 90° rotations are not due
to principle vectors influenced by parameter changes and should not be taken into
account.

5.3.5 Sensitivity by Uncertainty Quantification

A modern approach to Uncertainty Quantification is to expand a solution x(¢, p)
in a series of orthogonal polynomials in which the p is argument of the (multidi-
mensional) polynomials and the ¢ appears in the coefficients. If the p are subject
to variations such a representation is called a generalized Polynomial Chaos (gPC)
expansion. Having established the expansion, this provides facilities similar like a
response surface model: fast and accurate statistics and sensitivity.
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Principle Vector Rotation, Truncation at first 100 dominent basis modes
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Fig. 5.36 Principle vector rotation as a function of the capacitor area for the problem in Fig. 5.35

In this section we shortly summarize some basic items. We also point out how a
strategy for parameterized Model Order Reduction (pMOR) fits here. This strategy
contains a generalization of one of the pMOR algorithms described in Sect. 5.1 of
this Chapter.

We will denote parameters by p = (py, ..., p,,)T and assume a probability space
given (2, o7, &) with & : o/ — R (measure; in our case the range will be [0, 1])
andp : 2 — Q C RY w — p(w). Here we will assume that the p; are
independent random variables, with factorizable joint probability density p(p).

For a function f : Q0 — R, the mean or expected value is defined by

<f>= /Q FP@)AP (@) = /Q 70 p(p)dp. (5.161)
A bilinear form < f, g > is defined by

< fg>= /Q £®) g0 pp)ip =< f g > . (5.162)

The last form is convenient when products of more functions are involved. Similar
definitions hold for vector- or matrix-valued functions f: 0 — R™".

We assume a complete orthonormal basis of polynomials (¢; );en, ¢ : R? — R,
given with < ¢;,¢; >= §; (i, j,> 0). When ¢ = 1, ¢; has degree i. To treat
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Table 5.3 One-dimensional orthogonal polynomials related to well-known probability density
functions

Distribution Polynomial Weight function Support range
Gaussian Hermite H,(p) e FTZ (—00, 00)
Uniform Legendre P,(p) 1 [—1,1]

Beta Jacobi P,‘,J'ﬁ(p) 11— p)yd+ p)? [—1,1]
Exponential Laguerre L,(p) e~ ? [0, c0)
Gamma Generalized Laguerre LY (p) ple? [0, 00)

a uniform distribution (i.e., for studying effects caused by robust variations) one
can use Legendre polynomials; for a Gaussian distribution one can use Hermite
polynomials [100, 123, 124]. Some one-dimensional polynomials are mentioned
in Table 5.3. A polynomial ¢ on R? can be defined from one-dimensional
polynomials: ¢i(p) = [1%_, ¢i,(pa). Actually i orders a vectori = (i, ....i5)";
however we will simply write ¢;, rather then ¢;. An example is given in (5.163),
using Legendre polynomials. Note that, due to normalization, Lo(p) = 1/+/2,
Li(p) = /3/2p, La(p) = %\/g(3p2 — 1) — see also [87]. In [88] one finds
algorithms how to efficiently generate orthogonal polynomials from a given weight
function.

$o(p) = Lo(p1) Lo(p2).
¢1(p) = Li(p1) Lo(p2).
$2(p) = Lo(p1) Li(p2).
¢3(p) = La(p1) Lo(p2), (5.163)
¢4(p) = L1(p1) L1(p2).
¢s(p) = Lo(p1) L2(p2).

We will denote a dynamical system by
F(x(z,p),t,p) =0, fort € [ty,11]. (5.164)

Here F may contain differential operators. The solution x € R" depends on ¢ and on
p- In addition initial and boundary values are assumed. In general these may depend
on p as well.

A solution x(¢,p) = (x1(¢.p)....,x,(t.p))" of the dynamical system becomes
a random process. We assume that second moments < xf (¢, p) > are finite, for all
t €lty,ti]land j = 1,...,n. We express x(¢, p) in a Polynomial Chaos expansion

x(t.p) = Y vi(t) ¢i(p). (5.165)

i=0
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where the coefficient functions v; () are defined by

vi(t) =< x(z,p). $i(p) > . (5.166)

Continuity/smoothness follow from the solution x(#, p) and similarly the construc-
tion of expected values and variances.
A finite approximation x” (¢, p) to x(z, p) is defined by

X"(t,p) = D _vi(t) ¢ (p). (5.167)

i=0

For long time range integration m may have to be chosen larger than for short time
ranges. Further below we will describe how the coefficient functions v;(¢) can be
efficiently approximated.

For functions x(¢, p) that depend smoothly on p convergence rates for ||x(¢,.) —
x"(t,.)||, in the norm associated with (5.162), are known. For instance, for
one-dimensional functions x(p) that depend on a scalar parameter p such that
xM .., x% are continuous (i.e., derivatives w.r.t. p), one has

1
lx() = xF Ol < €5 ||x<’<>(.)||L/%, (Hermite expansion [65]),  (5.168)
m

k
1 )
[x() =x7 Ol < C— Z [lxO )] ? (Legendre expansion [124]).
b m —~

12’
(5.169)

Here the Lf)-norms include the weighting/density function p(.). Note that the
upperbound in (5.169) actually involves a Sobolev-norm. In [72] one also finds
upperbounds using seminorms (that involve less derivatives).

For more general distributions p(.) convergence may not be true. For instance,
polynomials in a lognormal variable are not dense in L/z,. For convergence one needs
to require that the probability measure is uniquely determined by its moments [81].
One at least needs that the expected value of each polynomial has to exist. This
has a practical impact. The imperfections in a manufacturing process cause some
variability in the components of an electronic circuit. To address the variability,
corresponding parameters or functions are replaced by random variables or random
fields for uncertainty quantification. However, the statistics of the parameters often
do not obey traditional probability distributions like Gaussian, uniform, beta or
others. In such a case one may have to construct probability distributions or
probability density functions, respectively, which approximate the true statistics at a
sufficient accuracy. Thereby, one has to match corresponding data obtained from
measurements and observations of electronic devices. The resulting probability
distribution functions should be continuous and all moments of the random variables
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should be finite such that a broad class of methods like, e.g., Polynomial Chaos, is
applicable.

The integrals (5.166) can be computed by (quasi) Monte Carlo, or by multi-
dimensional quadrature. We assume quadrature grid points p!, p?,...,pX and
quadrature weights wy, 1 < k < K, such that

K
<x(1,p), ¢i(p) >~ Y wi x(1,p*) ¢ (p"). (5.170)
k=1

We solve (5.164) for x(z, pk), k = 1,..., K (K deterministic simulations). Here
any suitable numerical solver for (5.164) can be used. In fact (5.170) is a (discrete)
inner-product with weighting function wg (p) = > le wi 8(p—p*). This approach
is called Stochastic Collocation [100, 123, 124]. Afterwards we determine

K
vi(t) =Y wi x(t.p*) ¢i(p"). foreachi. (5.171)
k=0

Here the Polynomial Chaos expansion is just a post-processing step.

Only for low dimensions ¢, tensor-product grids of Gaussian quadrature are used.
Gaussian quadrature points are optimal for accuracy. In higher-dimensional cases
(g > 1) one prefers sparse grids [123, 124], like the Smolyak algorithm. Sparse
grids may have options for refinement. Note that Gaussian points do not offer this
refinement. Stroud-3 and Stroud-5 formulas [116] have become popular [122].

An alternative approach to Stochastic Collocation is provided by Stochastic
Galerkin. After, inserting an expansion of the solution, in polynomials in p,
into the equations one orthogonally projects the residue of the equations to the
subspace spanned by these polynomials. By this, one gets one big system of
differential equations in which the v; are the unknowns [100, 123, 124]. In practice,
Stochastic Collocation is much more easily combined with dedicated software
for the simulation problem at hand than is the case with Stochastic Galerkin.
Theoretically the last approach is more accurate. However, statistics obtained with
Stochastic Collocation is very satisfactory.

We note that the expansion x(¢, p), see (5.165), gives full detailed information
when varying p. From this the actual (and probably biased) range of solutions can
be determined. These can be different from envelope approximations based on mean
and variances.

Because of the orthogonality, the mean of x(¢, p) and of X" (¢, p) are equal and
are given by

E,[x(1.p)] = /Q x(t, P)p(p) dp = volt) = [Q (e dp. (5.172)
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Using (5.171), we get an approximative value. The integrals in (5.172) involve all py
together. One may want to consider effects of p; and p; separately. This restricts
the parameter space R? to a one-dimensional subset with individual distribution

densities p; (p) and p; (p).
A covariance function of x(z, p) can also be easily expressed

Rux(t1,12) = E,[(x(t1,p) — E, [x(11, p))" (x(12, p) — Ep[x(12, p)])]
= /Q(X(lep) —E,[x(t1,p)D)" (x(12,p) — E, [x(12, p))p(P) dP

~ < (xX"(t1,p) — E,[X" (11, p)D" (X" (2. p) — E, X" (12, p)]) >

< Q_vItei) QO _vi()$; (p) >

i=1 j=l1

=Y v ()vi(n). (5.173)

i=1

This outcome clearly depends on m. A (scalar) variance is given by

Var, [x(t. p)] = Rax(t.1) 2 Y VT (Vi (1) = 3 W01 = (VoI
i=1 i=1

(5.174)
where VI (1) = (07, vI (¢),...,vI(1))T. Note that this equals

m q q m q
Var, [x(t.p) & Y Y 07,(0) =D D v, (1) = Var)[xs(t.p).  (5.175)
i=1d=1 d=1i=1 d=1

Having a gPC expansion the sensitivity (matrix) w.r.t. p is easily obtained

Ix(z, p) - i (p)
S,(,p) = A i (t . 5.176
pom = | TP 3w T (5,176
One may restrict this to S, (¢, u,), where u, = E[p] and %;p) is the solution of

the system that is differentiated w.r.t. p at p = u,. For a scalar quantity x one can
order according to a ‘stochastic influence’ based on

ox ox
Oy — O ) (5.177)
P P1 apq Pq}
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Here cr;i = Var[p;]. The sensitivity matrix also is subject to stochastic variations.

With a gPC expansion one can determine a mean global sensitivity matrix by

Sp(z):Ep[aX(Z p)} Z () M o(p) dp. (5.178)

Note that the integrals at the right-hand side can be determined in advance and stored
in tables.
In [85] (see also [84]) a parameterized system in the frequency domain

[sC(p) + G(p)]x(s,p) = Bu(s), (5.179)
y(s.p) = B x(s, p). (5.180)

is considered. Here s is the (angular) frequency. For this system a parameterized
MOR approach is proposed, which exploits an expansion of C(p) and G(p)

ki kg

Cp) = Z @,.1,(P)Cyy ., s (5.181)
.01y =0..0

kg

G(p) = Z @i,..1,(P)Gyy. 1, (5.182)
.01y =0..0

I
®,.1,(p) = P\ P57 ... Py (5.183)

In [71] the parameter variation in C and G did come from parameterized layout
extraction of RC circuits.

In Algorithm 5.2 it is assumed that a set p!,p?,...,pX is given in advance,
together with frequencies sy, 52, ..., Sk. Let 1/ (sk, pk ). Furthermore, let A =
sC(p) + G(p) and AX = B, and, similarly, A; = A(¥*) = s C(p*) + G(p¥) and
A Xy = B.

A projection matrix V (with orthonormal columns v;) is determined such that
X(s,p) ~ X(s,p) = VX(s, p) = ZIK=/1 a; (s, p)v;. Algorithm 5.2 applies a strategy
of which a key step is found in [85]. The extension of V is similar to the recycling
of Krylov subspaces [102] and used in MOR by [84]. The refinement introduced in
[85] is in the selection from the remaining set (steps 5-6). Note that the residues
deal with B and with x and not with the effect in y. Hence, one may consider a
two-sided projection here. The method of [85] was used in [71] (using expansions
of the matrices in moments of p; note that used expressions from layout extraction
were linear in p).
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Algorithm 5.2 pMOR Strategy in Uncertainty Quantification

1: A set pl s pz, L. ,pK is given in advance, together with frequencies s, 5,, ..., Sg. In our case
the p', p?,...,p" can come from quadrature points in Stochastic Collocation. Let wk =
(sx. p¥). Furthermore, let A = sC(p) + G(p) and AX = B, and, similarly, Ay = A(¥F) =
sk C(p*) + G(p*) and A; X, = B.

2: Assume that we have already found some part of the (orthonormal) basis, V = (v, ..., V)

3: For any W/, that was not selected before to extend the basis, the actual error formally is
given by E/ = X(¥/) — Zf;l o; (¥7)v; and thus for the residue we have R/ = A ;E/ =
B — fo:l @ (¥/)A;v;. In [85] one determines R = B _L Span(A;V), the residue after
orthogonalization of B against Span(A ; V). This step does not require evaluation of a solution.

4: LetR= (Ry,...,R,), r; = X/, |IR;|| and determine jj such that r;, = max; r;.
5: if (rj, > ¢) then
6: X(¥},) may add most significantly rank to the space spanned by V. Hence one now really

evaluates X ;, = X(¥},) and orthogonalizes this against V and extends V with this orthogonal
complement. Thus X;, = X(¥},) = [Ax]7'B = [A(WFF)]7'B and V;, = X, — V(V'X})
is the expansion to V. One can use a rank-revealing QR for this step (which also includes a
tolerance). Note that until now one collects only zero-moments (in the frequency expansion);
for refinements see remarks at the end of this Section.
7 Reduce the set of the ¥* with ¥/, Go to Step 2.
8: else
9: Decide for applying MOR on remainder.
10: if (MOR) then

11: if (Expressions for C(p) and G(p) are explicitly known) then

12: Expand the matrices C(p) and G(p) in polynomials as in (5.181)—(5.182)

13: Apply the common projection matrix to get the reduced parameterized system.

14: Apply the collocation to the reduced system (and possibly re-evaluate for param-

eters used so far the solutions of the reduced system). The solutions of the reduced system at
the re-evaluated parameters may be compared to the solutions of the non-reduced system to
provide some error control. Note that the expanded expressions provide expressions for the
reduced system.

15: for all ¥* do

16: Evaluate C(p*) and G(p*) of the reduced system.

17: Solve the reduced system.

18: end for

19: One now has a parameterized reduced system.

20: else

21: for all ¥* do

22: Evaluate C(p*) and G(p*) of the big system (in the CAD environment, say).

23: Apply the common projection matrix to get the reduced system.

24: Solve the reduced system.

25: end for

26: end if

27: Determine the gPC-expansion of the solution of the reduced system.

28: Perform statistics and/or determine sensitivity of the solution of the reduced system.

29: else

30: Use the Krylov space found so far to efficiently solve all remaining solutions X(¥;).
Note that we can use the original expressions in (5.179).

31: Determine the gPC-expansion of the solution of the original system (5.179).

32: Perform statistics and/or determine sensitivity of the solution of the original system.

33: end if

34: end if
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This procedure assumes that the evaluation of a matrix Ay (and subsequent
matrix vector multiplications) is much cheaper than determining a solution X(¥).
Note also that after extending the basis V in the next step the norms of the residues
should reduce. This allows for some further efficiency in the algorithm [85]. Finally,
we remark that the X are zero order (block) moments at . After determining
the LU-decomposition of Ay one easily includes higher moments as well when
extending the basis.

A main conclusion of this section is that for the Stochastic Collocation the expan-
sions (5.181)—(5.183) are not explicitly needed by the algorithm. This facilitates
dealing with parameters that come from geometry, like scaling [111-115]. The
evaluation can completely be done within the CAD environment of the simulation
tool — in which case the expressions remain hidden.

The selection of the next parameter introduces a notion of “dominancy” from an
algorithmic point of view: this parameter most significantly needs extension of the
Krylov subspace. To invest for this parameter will automatically reduce work for
other parameters (several may even drop out of the list because of small residues).

If first order sensitivity matrices are available, like in C(p) = Co(po) + C’(po)p
and in G(p) = Go(po) + G'(po)p one can apply a Generalized Singular Value
Decomposition [89] to both pairs (CZ (po), [C']” (po)) and (G{ (po). [G']” (po)).
In [101] this was applied in MOR for linear coupled systems. The low-rank
approximations for C’(py) and G’(po) (obtained by a Generalized SVD [89]) give
way to increase the basis for the columns of B of the source function. Note that by
this one automatically will need MOR methods that can deal with many terminals
[68, 97, 120].

In Algorithm 5.2 and in [85] the subspace generated by the basis V is slightly
increasing with each new pi. A different approach is to apply normal MOR for
each py, giving bases Vi, and next determine V by an SVD or rank-revealing QR-
factorization of [V, ..., Vk]. In [66] this approach is used to obtain a Piecewise
#65-Optimal Interpolation pMOR Algorithm.

To efficiently apply parameterized MOR in Uncertainty Quantification is
described in [104, 119]. In [105, 106] sensitivity analysis of the variance did
provide ways to identify dominant parameters that contribute most to the variance of
a quantity of interest. This approach is different from the low-rank approximations
(using the Generalized SVD), mentioned above.

5.4 MOR for Singularly Perturbed Systems

For large systems of ordinary differential equations (ODEs), efficient MOR methods
already exist in the linear case, see [125].* We want to generalize according
techniques to the case of differential-algebraic equations (DAEs). On the one hand,

“4Section 5.4 has been written by: Kasra Mohaghegh, Roland Pulch and E. Jan W. ter Maten. For an
extended version we refer to the Ph.D.-Thesis [135] of the first author and to the papers [136, 137].
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a high-index DAE problem can be converted into a lower-index system by analytic
differentiations, see [127]. A transformation to index zero yields an equivalent
system of ODEs. On the other hand, a regularization is directly feasible in case of
semi-explicit systems of DAEs. Thereby, we obtain a singularly perturbed problem
of ODEs with an artificial parameter. Thus according MOR techniques can be
applied to the ODE system. An MOR approach for DAEs is achieved by considering
the limit to zero of the artificial parameter.

We consider a simplified, semi-explicit DAE system to illustrate some concepts
only

y() = £(y(1). 2(2)). y:R >R,

(5.184)
0 = g(y(1),z(1)), z:R >R,
with differential and perturbation index 1 or 2. For the construction of numerical
methods to solve initial value problems of (5.184), a direct as well as an indi-
rect approach can be used. The direct approach applies an e-embedding of the
DAEs (5.184), i.e., the system changes into

y@) = f(y (), 2(2)) N y(@) = f(y(1). 2(1))

(5.185)
ez(r) = g(y (1), z(1)) (1) = 1(y(1), (1))

with a real parameter ¢ # 0. Techniques for ODEs can be employed for the
singularly perturbed system (5.185). The limit ¢ — 0 yields an approach for solving
the DAEs (5.184). The applicability and quality of the resulting method still has to
be investigated.

Alternatively, the indirect approach is based on the state space form of the
DAEs (5.184) with differential and perturbation index 1 or 2, for nonlinear cases
see [139], i.e.,

y@) = f(y(0), 2(y(1))) (5.186)

with z(¢) = @(y(¢)). To evaluate the function @, the nonlinear system

gy(®), @(y(r)) =0 (5.187)

is solved for given value y(¢). Consequently, the system (5.186) represents ODEs
for the differential variables y and ODE methods can be applied. In each evaluation
of the right-hand side in (5.186), a nonlinear system (5.187) has to be solved. More
details on techniques based on the e-embedding and the state space form can be
found in [132].

Although some MOR methods for DAEs already exist, several techniques are
restricted to ODEs or exhibit better properties in the ODE case in comparison to the
DAE case. The direct or the indirect approach enables the usage of MOR schemes
for ODEs (5.185) or (5.186), where an approximation with respect to the original
DAE:s (5.184) follows. The aim is to obtain suggestions for MOR schemes via these
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strategies, where the quality of the resulting approximations still has to be analyzed
in each method.

In this section, we focus on the direct approach for semi-explicit system of
DAEs, i.e., the e-embedding (5.185) is considered. MOR methods are applied
to the singularly perturbed system (5.185). Two scenarios exist to achieve an
approximation of the behavior of the original DAEs (5.184) by MOR. Firstly, an
MOR scheme can be applied to the system (5.185) using a constant ¢ # 0, which is
chosen sufficiently small (on a case by case basis) such that a good approximation is
obtained. Secondly, a parametric or parameterized Model Order Reduction (pMOR)
method yields a reduced description of the system of ODEs, where the parameter &
still represents an independent variable. Hence the limit ¢ — 0 causes an approach
for an approximation of the original DAEs.

We investigate the two approaches with respect to MOR methods based on an
approximation of the transfer function, which describes the input-output behavior
of the system in frequency domain.

5.4.1 Model Order Reduction and e-Embedding

We restrict ourselves to semi-explicit DAE systems of the type (5.188)—(5.189) and
introduce w(t) as an output instead of y (¢) with exact the same condition. According
to (5.184), after linearizing, we can write the system as

Cx = —Gx + Bu(?), (5.188)
w(t) = Lx(?). (5.189)

The solution x and the matrix C exhibit the partitioning:

_ (Y o Lxk 0
X_(Z)’ C_( 0 lel)'

w(?) is the output of the system. The order of the system is n = k + [, where k
and / are the dimensions of the differential part and the algebraic part (constraints),
respectively, defined in the semi-explicit system (5.184). B € R™; L € R”*",
After taking the Laplace transform, the corresponding p x m matrix-valued rational
transfer function is

-1
H(S)ZL'(G—i-sC)_l.B:L.(G+S(Ik0xk 00 )) B,
Ix]

provided that det(G + sC) # 0 and x(0) = 0 and u(0) = 0. Following the direct
approach [135], the e-embedding changes the system (5.188)—(5.189) into:
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dx(t) _ =
% C(e) 2 Gx(1) +Bu(r),  x(0) = xo, (5.190)

w(t) = Lx(?),

where

(L O
C(e) = ( 0 SIM) for e € R

with the same inner state and input/output as before. For ¢ # 0, the matrix C(g) is
regular in (5.190) and the transfer function reads:

Hi(s) =L-(G+s-Ce)"'-B

provided that det(G + sC(e)) # 0. For convenience, we introduce the notation

o Tk O
M(s, e) :=s5C(e) = s ( 0 €sz1) .

It holds M(s, 0) = sC with C from (5.188).

Concerning the relation between the original system (5.188)—(5.189) and the
regularized system (5.190) with respect to the transfer function, we achieve the
following statement. Without loss of generality, the induced matrix norm of the
Euclidean vector norm is applied.

Lemma 5.1 Ler A, A € R, det(A) # 0 and |A — A|> = || AA|> where AA is
small enough. Then it holds:

IAT"3 - [1AA[2
IA= 2 - [ AA]l2

A~ = A" = o
Proof It holds

1A= — A7, = max HA x—A- xH .

lIxll2=1 2
Suppose y := A7 'x, § = A~'x, then the sensitivity analysis of linear systems
yields
1Ayl < K(A) [AAll, | [14x]l,
Iyl = 1— )il | 1AL X1l
——

=0
where the quantity

k() = A7, 1Al
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is the relative condition number. So by substituting the value of x(A) we have:

[A'], - 1AALL - A", s,

Iy —¥ll, < -
2 1— A7, - [AA]l,
then
- A7 2. 1AA
A A, < A AR
1 —[[A 2« | AA]2
O
We conclude from Lemma 5.1 that
lim A~ = A7,
AA—0
for example.
Theorem 5.1 For fixed s € C with det(G + M(s, 0)) # 0 and ¢ € R satisfying
Is| ¢ (5.191)

= e Mo,

for some ¢ € (0, 1), the transfer functions H(s) and H,(s) of the systems (5.188)—
(5.189) and (5.190) exist and it holds

IH(s) — He(s) [l < 1Ll - 1Bl - K(5) - [s] - [é]

with

1
K(s) = 7— (G + M)~

Proof LetA = G+M(s, 0) and A= G+M(s, ¢). The condition (5.191) guarantees
that the matrices A are regular. The definition of the transfer functions implies:

IH) — H()ll, < L], - |A™ = A7 - Bl

We obtain:

= Is] - lel.
2

|a-A], = 6.0 - Mol = i1+ | (3 )
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Applying the Lemma 5.1, the term at the right-hand side of the expression above
becomes:

—112
”A 1”2' ||M(S,O)—M(S,8)|I2
27 1= [|A7Y; - IM(s,0) — M(s, &)l

a4~

IA

1
T AT IMGs.0) = Ms. o)

IA

K(s) [M(s,0) —M(s, &), -

Thus the proof is completed. O

It is clear that for inequality (5.191) we have:

¢
s#0eC: e <
Is| - I(G + M(s,0) 7l
s=0eC: ¢ arbitrary

We conclude from Theorem 5.1 that
lim H.(s) = H(s)
e—>0
for each s € C with G 4 sC regular. The relation (5.191) gives feasible domains

of e

1:]e] < ¢ —
16 +M(,0) T,

[s| > 1:]e| <
|s] -

Is| <

(G + M(s.0)) "I,
We also obtain the uniform convergence

|H(s) —Hy(s)||, < K |¢|] forall se S
in a compact domain S C C and ¢ < § with:

1 ~
§ = ¢ -min for § =0,
ses (G + M(s,0)7" |,

1

8:6’.

1 -
min - | min — for § # 0,
mum+Mmmwm}deJ #
~_———
<1

with § := {z € S : |z| > 1}. Furthermore, Theorem 5.1 implies the property

lin}) H(s) —H.(s) =0
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for fixed ¢ assuming det G # 0. However, we are not interested in the limit case of
small variables s.

For reducing the DAE system (5.188)—(5.189), we have two ways to handle the
artificial parameter ¢, which results in two different scenarios. In the first scenario,
we fix a small value of the parameter €. Thus we use one of the standard techniques
for the reduction of the corresponding ODE system. Finally, we achieve a reduced
ODE (with small ¢ inside). The ODE system with small ¢ represents a regularized
DAE. Any reduction scheme for ODE:s is feasible. Recent research shows that the
Poor Man’s TBR (PMTBR), see [138], can be applied efficiently to the ODE case.
Figure 5.37 indicates the steps for the first scenario.

In the second scenario, the parameter ¢ is considered as an independent variable
(value not predetermined). We can use the parametric MOR for reducing the
corresponding ODE system. The applied parametric MOR is based on [128, 129]
in this case. The limit ¢ — 0 yields the results in an approximation of original
DAEs (5.188)—(5.189). The existence of the approximation in this limit still has to
be analyzed. Figure 5.38 illustrates the strategy for the second scenario.

Fig. 5.37 The approach of
the e-embedding for MOR in DAE constant € ODE
the first scenario dimension n = dimension »n
constant €
MOR
for ODEs
v
Reduced ODE

dimension 9 << n
constant €

Fig. 5.38 The approach of

the e-embedding for MOR in DAE parameter & . ODE
the second scenario dimension 7 dimension 71
parameter €
Parametric
MOR
Reduced limit & —0 Reduced ODE
. System dimension q<<n
dimenSion q<<n
pa.rameter €
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Theorem 5.1 provides the theoretical background for the both scenarios. We
apply an MOR scheme based on an approximation of the transfer function to the
system of ODEs (5.190). Let H, (s) be a corresponding approximation of H,(s).

It follows

IH(s) — He(s)[|2 < [[H(s) — He(9)[|2 + [He(s) — He(s) 2 (5.192)

for each s € C with det(G + sC) # 0. Due to Theorem 5.1, the first term
becomes small for sufficiently small parameter . However, & should not be chosen
smaller than the machine precision on a computer. The second term depends on the
applicability of an efficient MOR method to the ODEs (5.190). Thus H, (s) can be
seen as an approximation of the transfer function H(s) belonging to the system of
DAEs (5.188)—(5.189).

5.4.2 Test Example and Numerical Results

We consider a substitute model of a transmission line (TL), see [130], which
consists of N cells. Each cell includes a capacitor, an inductor and two resistors,
see Fig.5.39. This TL model represents a scalable benchmark problem (both in
differential part and algebraic part but not separately), because we can select the
number N of cells. The used physical parameters are

C=10"F/m, L=10%H, R=0.1Q/m, G =10S/m.

We apply modified nodal analysis, see [131], to the RLC circuit and then the state
variables x € R3V*3 consist of the voltages at the nodes, the currents traversing the

i hL i+1/2 hR i+1

S

hC/2 —_

Fig. 5.39 One cell of the RLC transmission line
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inductances L and the currents at the boundaries of the circuit:

Vo, Vi, oo, V), 1y2, 1372, ..., IN—1)2),
M2, Vapas oo Vveiy2),s (o, In).

So far we have 3N + 3 unknowns and only 3N 4 1 equations. Thus two boundary
conditions are necessary. Equations for the main nodes and the intermediate nodes
in each cell are

%CI_)O + 4GV + Ly — L =0,
hCI/l + hGK + ],-{—1/2 - Il—l/z =07 i = la"'aN_ 17
%CVN + %GVN + Iy —Iy-12=0,

Vitipo=Vi
—lit12 + e
]’lLI,‘_H/z + (Vi+l/2_ Vi)=0,i=0,1,...,N —1,

where the variable 4 > O represents a discretization step size in space. We apply the
boundary conditions

Iy —u(t) =0,
LliN + Vy =0

with L; > 0 and an independent current source u. Now a direct approach (e-
embedding) is used. For the first simulation the variable ¢ is fixed to 10~'* and
1077, respectively, and the PMTBR method [138] is used as a reduction scheme
for the ODE system. For all runs we selected the number of cells to N = 300,
which results in the order n = 903 of the original system of DAEs (5.188)—(5.189).
Figure 5.40 shows the transfer function both for the DAE and the ODE (including ¢)
and the reduced ODE with fixed ¢ for frequencies s = i with @ € R. The number
in parentheses shows the order of the systems.

Finally the second scenario with parametric MOR is studied. We apply the
PIMTAB parametric MOR following [133, 134]. The limit ¢ — 0 gives the result
for the reduced DAE.The error plot for the parametric reduction scheme is shown
in Fig. 5.41. The error plot shows an overall nice match for the case of ¢ = 0, 10710
and as the value for the parameter ¢ increases, the accuracy of the method and of the
reduction algorithm decreases. It is also important to mention that the order of the
reduced system in the second scenario is nearly half of the one in the first scenario.

Table 5.4 shows which value for the parameter ¢ is acceptable for the both
scenarios.
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Fig. 5.40 Original transfer function for DAE and ODE and reduced transfer function of PMTBR
in case of three different parameters ¢. The frequency o ranges from 1078 to 108

Table 5.4 Acceptance of the method: different values for ¢ are mentioned. A dash indicates that
the error is not calculated; A. and N.A indicate accepted and not accepted, respectively

Value used for ¢ :

Scenario with fixed &

Scenario with parametric ¢

54.3

Conclusions

0 10— 1010 1077
Same as DAE A. A. N.A.
A. - A. N.A.

In this section we applied the e-embedding to approximate a linear system of DAEs
by a system of ODEs. We did consider the transfer function in the frequency
domain as a function of ¢ and proved uniform convergence for frequencies s in
a compact region S where the matrix G + sC is regular (and thus its inverse
uniformly bounded). This motivated the usage of MOR methods for ODEs. Most
of the reduction schemes are designed and adopted for linear ODEs. Well-known
methods are PMTBR (Poor Man’s Truncated Balanced Realization [138]) and the
spectral zeros preservation MOR of Antoulas [126].
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Error Plot
50 "
— Epsilon=0
- - Epsilon=1e-10
0 |-e- Epsilon=1e-7
o
=
‘2- -50
S
w
-100|
-150

10* 10° 108
Frequency (rad/sec)

Fig. 5.41 Absolute error plot for the transfer function in the e-embedding, reduction carried out
by parametric MOR with PIMTAB, ¢ = 0, 10~°, 10~

In the first scenario we applied a fixed ¢ and studied for a transmission line model
the behavior of the transfer functions of the DAE, of the ODE and of the reduced
model obtained with PMTBR for ¢ = 1074, 1071°, 1077, Already for the last
value the transfer functions between DAE and ODE differ significantly. If we choose
bigger values for ¢, the system is more friendly but the error is larger and the solution
will be changed. On the other hand the transfer function obtained by PMTBR is able
to approximate quite well the transfer function of the ODE.

In the second approach we applied the parametric MOR technique PIMTAB
[133, 134] to the parameterized ODE. Here we do not need to predefine the value
of the . We obtain a parameterized MOR that gives a reduced model for ¢ = 0 for
which the transfer function approximates well the one for the DAE [135, 137].

References
References for Section 5.1

1. Achar, R., Nakhla, M.S.: Simulation of high-speed interconnects. Proc. IEEE 89(5), 693-728
(2001)

2. Antoulas, A.C.: Approximation of Large-Scale Dynamical Systems. SIAM, Philadelphia
(2005)



352

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

G. Ciuprina et al.

. Benner, P., Mehrmann, V., Sorensen, D.C. (eds.): Dimension Reduction of Large-Scale
Systems. Lecture Notes in Computational Science and Engineering, vol. 45. Springer,
Berlin/Heidelberg (2005)

. Bi, Y.: Effects of paramater variations on integrated circuits. MSc.-Thesis, Delft University
of Technology/Technical University Eindhoven, The Netherlands (2007)

.Bi, Y., van der Kolk, K.-J., Ioan, D., van der Meijs, N.P.: Sensitivity computation of
interconnect capacitances with respect to geometric parameters. In: Proceedings of the IEEE
International Conference on Electrical Performance of Electronic Packaging (EPEP), San
Jose, CA, USA, pp. 209-212 (2008)

. Ciuprina, G., Ioan, D., Niculae, D., Ferndndez Villena, J., Silveira, L.M.: Parametric models
based on sensitivity analysis for passive components. In: Intelligent Computer Techniques in
Applied Electromagnetics. Studies in Computational Intelligence Series, vol. 119, pp. 231-
239. Springer, Berlin/Heidelberg (2008)

. Ciuprina, G., Loan, D., Mihalache, D., Seebacher, E.: Domain partitioning based parametric
models for passive on-chip components. In: Roos, J., Costa, L. (eds.) Scientific Computing
in Electrical Engineering 2008. Mathematics in Industry, vol. 14, pp. 37-44. Springer,
Berlin/Heidelberg (2010)

. Daniel, L., Siong, O.C., Low, S.C., Lee, K.H., White, J.K.: A multiparameter moment-
matching model-reduction approach for generating geometrically parametrized interconnect
performance models. IEEE Trans. Comput. Aided Des. Integr. Circuits Syst. 23, 678-693
(2004)

. Davis, T.A.: Direct Methods for Sparse Linear Systems. The Fundamentals of Algorithms.

SIAM, Philadelphia (2006)

Davis, T.A., Palamadai Natarajan, E.: Algorithm 907: KLU, a direct sparse solver for circuit

simulation problems. ACM Trans. Math. Softw. 37(3), Article 36 (2010)

Elfadel, .M., Ling, D.L.: A block rational Arnoldi algorithm for multipoint passive model-

order reduction of multiport RLC networks. In: Proceedings of the International Conference

on Computer Aided-Design (ICCAD), San Jose, pp. 6671 (1997)

El-Moselhy, T.A., Elfadel, I.M., Daniel, L.: A capacitance solver for incremental variation-

aware extraction. In: Proceedings of the IEEE/ACM International Conference on Computer

Aided-Design (ICCAD), San Jose, pp. 662—669 (2008)

Feldmann, P., Freund, R.W.: Efficient linear circuit analysis by Padé approximation via the

Lanczos process. IEEE Trans. Comput. Aided Des. Integr. Circuits Syst. 14(5), 639-649

(1995)

Fernandez Villena, J., Schilders, W.H.A., Silveira, L.M.: Parametric structure-preserving

model order reduction. In: IFIP International Conference on Very Large Scale Integration,

VLSI - SoC 2007, Atlanta, pp. 31-36 (2007)

Freund, R.W.: Sprim: structure-preserving reduced-order interconnect macro-modeling. In:

Proceedings of the International Conference on Computer Aided-Design (ICCAD) 2004, San

Jose, pp. 80-87 (2004)

Gunupudi, P.K., Khazaka, R., Nakhla, M.S., Smy, T., Celo, D.: Passive parameterized

time-domain macromodels for high-speed transmission-line networks. IEEE Trans. Microw.

Theory Tech. 51(12), 2347-2354 (2003)

Heydari, P., Pedram, M.: Model reduction of variable-geometry interconnects using

variational spectrally-weighted balanced truncation. In: Proceedings of the International

Conference on Computer Aided-Design (ICCAD), San Jose, pp. 586-591 (2001)

Jaimoukha, I.M., Kasenally, EM.: Krylov subspace methods for solving large Lyapunov

equations. SIAM J. Numer. Anal. 31, 227-251 (1994)

Kamon, M., Wang, F., White, J.: Generating nearly optimally compact models from Krylov-

subspace based reduced-order models. IEEE Trans. Circuits Syst. II: Analog Digit. Signal

Process. 47(4), 239-248 (2000)

Kula, S.: Reduced order models of interconnects in high frequency integrated circuits. Ph.D.-

Thesis, Politehnica University of Bucharest (2009)



5 Parameterized Model Order Reduction 353

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.
33.

34.

35.

36.

37.

Li, J.-R., Wang, F, White, J.: Efficient model reduction of interconnect via approximate
system Grammians. In: Proceedings of the International Conference on Computer Aided-
Design (ICCAD), San Jose, pp. 380-383 (1999)

Li, P, Liu, F, Li, X., Pileggi, L.T., Nassif, S.R.: Modeling interconnect variability using
efficient parametric model order reduction. In: Proceedings of the Design, Automation and
Test in Europe Conference and Exhibition (DATE), Munich, pp. 958-963 (2005)

Li, X., Li, P, Pileggi, L.: Parameterized interconnect order reduction with explicit-and-
implicit multi-parameter moment matching for inter/intra-die variations. In: Proceedings of
the International Conference on Computer Aided-Design (ICCAD), San Jose, pp. 806-812
(2005)

Li, Y, Bai, Z., Su, Y., Zeng, X.: Model order reduction of parameterized interconnect
networks via a two-directional Arnoldi process. IEEE Trans. Comput. Aided Des. Integr.
Circuits Syst. 27(9), 1571-1582 (2008)

Liu, Y., Pileggi, L.T., Strojwas, A.J.: Model order reduction of RC(L) interconnect including
variational analysis. In: Proceedings of the 36th ACM/IEEE Design Automation Conference
(DAC), New Orleans, pp. 201-206 (1999)

Moore, B.: Principal component analysis in linear systems: controllability, observability, and
model reduction. IEEE Trans. Autom. Control AC-26(1), 17-32 (1981)

Odabasioglu, A., Celik, M., Pileggi, L.T.: PRIMA: passive reduced-order interconnect
macromodeling algorithm. IEEE Trans. Comput. Aided Des. Integr. Circuits Syst. 17(8),
645-654 (1998)

Phillips, J.: Variational interconnect analysis via PMTBR. In: Proceedings of the International
Conference on Computer Aided-Design (ICCAD), San Jose, pp. 872-879 (2004)

Phillips, J.R., Silveira, L.M.: Poor Man’s TBR: a simple model reduction scheme. IEEE
Trans. Comput. Aided Des. Integr. Circuits Syst. 24(1), 43-55 (2005)

Phillips, J., Daniel, L., Silveira, L.M.: Guaranteed passive balancing transformations for
model order reduction. IEEE Trans. Comput. Aided Des. Integr. Circuits Syst. 22(8), 1027—
1041 (2003)

Pillage, L.T., Rohrer, R.A.: Asymptotic waveform evaluation for timing analysis. IEEE Trans.
Comput. Aided Des. Integr. Circuits Syst. 9(4), 352-366 (1990)

Saad, Y.: Iterative Methods for Sparse Linear Systems. Pws Publishing Co., Boston (1996)
Schilders, W.H.A., van der Vorst, H.A., Rommes, J. (eds.): Model Order Reduction: Theory,
Research Aspects and Applications. Mathematics in Industry, vol. 13. Springer, Berlin (2008)
Silveira, L.M., Kamon, M., Elfadel, I., White, JJK.: A coordinate-transformed Arnoldi
algorithm for generating guaranteed stable reduced-order models of RLC circuits. In:
Proceedings of the International Conference on Computer Aided-Design (ICCAD), San Jose,
pp. 288-294 (1996)

Yang, F., Zeng, X., Su, Y., Zhou, D.: RLCSYN: RLC equivalent circuit synthesis for
structure-preserved reduced-order model of interconnect. In: Proceedings of the International
Symposium on Circuits and Systems, New Orleans, pp. 2710-2713 (2007)

Yu, H., He, L., Tan, S.X.D.: Block structure preserving model order reduction. In: BMAS —
IEEE Behavioral Modeling and Simulation Workshop, San Jose, pp. 1-6 (2005)

Zhu, Z., Phillips, J.: Random sampling of moment graph: a stochastic Krylov-reduction
algorithm. In: Proceedings of the Design, Automation and Test in Europe Conference and
Exhibition (DATE), Nice, pp. 1502-1507 (2007)

References for Section 5.2

38.

Bi, Y., van der Meijs, N., Ioan, D.: Capacitance sensitivity calculation for interconnects by
adjoint field technique. In: Proceedings of the 12th IEEE Workshop on Signal Propagation
on Interconnects (SPI-2008), pp. 1-4 (2008)



354

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

G. Ciuprina et al.

Bossavit, A.: Most general non-local boundary conditions for the Maxwell equations in a
bounded region. COMPEL: Int. J. Comput. Math. Electr. Electron. Eng. 19(2), pp. 239-245
(2000)

CHAMELEON-RF website. http://www.chameleon-rf.org

Ciuprina, G., Ioan, D., Niculae, D., Fernandez Villena, J., Silveira, L.: Parametric models
based on sensitivity analysis for passive components. In: Wiak, S., Krawczyk, A., Dolezel,
1. (eds.) Intelligent Computer Techniques in Applied Electromangetics. Studies in Computa-
tional Intelligence, vol. 119, pp. 231-239. Springer, Berlin (2008)

Clemens, M., Weiland, T.: Discrete electromagnetism with the finite integration technique.
Prog. Electromagn. Res. 32, 65-87 (2001)

Deschrijver, D., Mrozowski, M., Dhaene, T., De Zutter, D.: Macromodeling of multiport
systems using a fast implementation of the vector fitting method. IEEE Microw. Wirel.
Compon. Lett. 18(6), 383-385 (2008)

Ferranti, F.,, Antonini, G., Dhaene, T., Knockaert, L.: Passivity-preserving parameterized
model order reduction for PEEC based full wave analysis. In: Proceedings of the 14th IEEE
Workshop on Signal Propagation on Interconnects, pp. 65-68 (2010)

Goel, A.K.: High Speed VLSI Interconnections. Wiley Series in Microwave and Optical
Engineering. Wiley-IEEE Press, John Wiley & Sons, Hoboken, NJ, USA (2007)

Gustavsen, B.: Improving the pole relocating properties of vector fitting. IEEE Trans. Power
Deliv. 21(3), 1587-1592 (2006)

Gustavsen, B., Semlyen, A.: Rational approximation of frequency domain responses by vector
fitting. IEEE Trans. Power Deliv. 14(3), 1052-1061 (1999)

Toan, D., Ciuprina, G.: Reduced order models of on-chip passive components and intercon-
nects, workbench and test structures. In: Schilders, W.H.A., van der Vorst, H.A., Rommes, J.
(eds.) Model Order Reduction: Theory, Research Aspects and Applications. Mathematics in
Industry, vol. 13, pp. 447-467. Springer, Berlin (2008)

Ioan, D., Ciuprina, G., Radulescu, M.: Algebraic sparsefied partial equivalent electric circuit
— ASPEEC. In: Anile, A.M., Ali, G., Mascali, G. (eds.) Scientific Computing in Electrical
Engineering. Series Mathematics in Industry vol. 9, pp. 45-50. Springer, Berlin (2006)

Ioan, D., Ciuprina, G., Radulescu, M.: Absorbing boundary conditions for compact modeling
of on-chip passive structures. COMPEL: Int. J. Comput. Math. Electr. Electron. Eng. 25(3),
652-659 (2006)

Ioan, D., Ciuprina, G., Radulescu, M., Seebacher, E.: Compact modeling and fast simulation
of on-chip interconnect lines. IEEE Trans. Magn. 42(4), 547-550 (2006)

Ioan, D., Ciuprina, G., Kula, S.: Reduced order models for HF interconnect over lossy
semiconductor substrate. In: Proceedings of the 11th IEEE Workshop on SPI, pp. 233-236
(2007)

Toan, D., Ciuprina, G., Schilders, W.: Parametric models based on the adjoint field technique
for RF passive integrated components. IEEE Trans. Magn. 44(6), 1658-1661 (2008)

Toan, D., Schilders, W., Ciuprina, G., van der Meijs, N., Schoenmaker, W.: Models for
integrated components coupled with their environment. COMPEL: Int. J. Comput. Math.
Electr. Electron. Eng. 27(4), 820-828 (2008)

Kinzelbach, H.: Statistical variations of interconnect parasitics: extraction and circuit simu-
lation. In: Proceedings of the 10th IEEE Workshop on Signal Propagation on Interconnects
(SPI), pp. 33-36 (2006)

Kula, S.: Reduced order models of interconnects in high frequency integrated circuits. Ph.D.-
Thesis, Politehnica University of Bucharest (2009)

Palenius, T., Roos, J.: Comparison of reduced-order interconnect macromodels for time-
domain simulation. IEEE Trans. Microw. Theory Tech. 52(9), 2240-02250 (2004)

Rédulet, R., Timotin, A., Tugulea, A.: The propagation equations with transient parameters
for long lines with losses. Rev. Roum. Sci. Tech. 15(4), 585-599 (1979)


http://www.chameleon-rf.org

5 Parameterized Model Order Reduction 355

59

60

61
62

. Stefdnescu, A.: Parametric models for interconnections from analogue high frequency
integrated circuits. Ph.D.-Thesis, Politehnica University of Bucharest (2009)

. Stefanescu, A., lIoan, D., Ciuprina, G.: Parametric models of transmission lines based on
first order sensitivities. In: Roos, J., Costa, L.R.J. (eds.) Scientific Computing in Electrical
Engineering 2008. Mathematics in Industry, vol. 14, pp. 29-36. Springer, Berlin/Heidelberg
(2010)

. The Vector Fitting Web Site. http://www.energy.sintef.no/produkt/VECTFIT/index.asp

. van der Meijs, N., Fokkema, J.: VLSI circuit reconstruction from mask topology. VLSI J.
Integr. 2(3), 85-119 (1984)

References for Section 5.3

63

64.

65.

66.

67.

68

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

. Antoulas, A.C.: Approximation of Large-Scale Dynamical Systems. SIAM Publications,
Philadelphia (2005)

Armbruster, H., Feldmann, U., Frerichs, M.: Analysis based reduction using sensitivity
analysis. In: Proceedings of the 10th IEEE Workshop on Signal Propagation on Interconnects
(SPI), pp. 29-32 (2006)

Augustin, F., Gilg, A., Paffrath, M., Rentrop, P., Wever, U.: Polynomial chaos for the
approximation of uncertainties: chances and limits. Eur. J. Appl. Math. 19, 149-190 (2008)
Baur, U., Beattie, C., Benner, P., Gugercin, S.: Interpolatory projection methods for parame-
terized model reduction. SIAM J. Comput. 33, 2489-2518 (2011)

Benner, P.: Advances in balancing-related model reduction for circuit simulation. In: Roos, J.,
Costa, L.R.J. (eds.) Scientific Computing in Electrical Engineering SCEE 2008. Mathematics
in Industry, vol. 14, pp. 469-482. Springer, Berlin/Heidelberg (2010)

. Benner, P., Schneider, A.: Model reduction for linear descriptor dystems with many ports.
In: Giinther, M., Bartel, A., Brunk, M., Schops, S., Striebel, M. (eds.) Progress in Industrial
Mathematics at ECMI 2010. Mathematics in Industry, pp. 137-143. Springer, Berlin/New
York (2012)

Benner, P., Mehrmann, V., Sorensen, D. (eds.): Dimension Reduction of Large-Scale Systems.
Lecture Notes in Computational Science and Engineering, vol. 45. Springer, Berlin (2005)
Benner, P, Hinze, M., ter Maten, E.J.W. (eds.): Model Reduction for Circuit Simulation.
Lecture Notes in Electrical Engineering, vol. 74. Springer, Berlin (2011)

Bi, Y., van der Kolk, K.-J., Fernandez Villena, J., Silveira, L.M., van der Meijs, N.: Fast
statistical analysis of RC nets subject to manufacturing variabilities. In: Proceedings of the
DATE 2011, Grenoble, 14-18 Mar 2011

Canuto, C., Hussaini, M.Y., Quarteroni, A., Zang, T.A.: Spectral Methods — Fundamentals in
Single Domains. Springer, Berlin (2010)

Cao, Y., Petzold, L.R.: A posteriori error estimation and global error control for ordinary
differential equations by the adjoint method. SIAM J. Sci. Comput. 26(2), 359-374 (2004)
Cao, Y, Li, S., Petzold, L.: Adjoint sensitivity analysis for differential-algebraic equations:
algorithms and software. SIAM J. Sci. Comput. 149, 171-191 (2002)

Cao, Y., Li, S., Petzold, L., Serban, R.: Adjoint sensitivity for differential-algebraic equations:
the adjoint DAE system and its numerical solution. SIAM J. Sci. Comput. 24(3), 10761089
(2002)

Conn, A.R., Haring, R.A., Visweswariah, C., Wu, C.W.: Circuit optimization via adjoint
Lagrangians. In: Proceedings of the ICCAD, San Jose, pp. 281-288 Nov 1997

Conn, A.R., Coulman, PK., Haring, R.A., Morrill, G.L., Visweswariah, C., Wu, C.W.:
JiffyTune: circuit optimization using time-domain sensitivities. [EEE Trans. CAD ICs Syst.
17(12), 1292-1309 (1998)

Daldoss, L., Gubian, P., Quarantelli, M.: Multiparameter time-domain sensitivity computa-
tion. IEEE Trans. Circuits Syst. I: Fund. Theory Appl. 48(11), 1296-1307 (2001)


http://www.energy.sintef.no/produkt/VECTFIT/index.asp

356

79

80.

81.

82.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

G. Ciuprina et al.

. Echeverria Ciaurri, D.: Multi-level optimization: space mapping and manifold mapping.
Ph.D.-Thesis, University of Amsterdam (2007). http://dare.uva.nl/document/45897
Echeverria, D., Lahaye, D., Hemker, PW.: Space mapping and defect correction. In:
Schilders, W.H.A., van der Vorst, H.A., Rommes, J. (eds.) Model Order Reduction: Theory,
Research Aspects and Applications. Mathematics in Industry, vol. 13, pp. 157-176. Springer,
Berlin/Heidelberg (2008)

Ernst, O.G., Mugler, A., Starkloff, H.-J., Ullmann, E.: On the convergence of generalized
polynomial chaos expansions. ESAIM: Math. Model. Numer. Anal. 46, 317-339 (2012)
Errico, R.M.: What is an adjoint model?. Bull. Am. Meteorol. Soc. 78, 2577-2591 (1997)

. Feng, L.: Parameter independent model order reduction. Math. Comput. Simul. 68(3), 221-
234 (2005)

Feng, L., Benner, P.: A robust algorithm for parametric model order reduction. PAMM Proc.
Appl. Math. Mech. 7, 1021501-1021502 (2007)

Fernandez Villena, J., Silveira, L.M.: Multi-dimensional automatic sampling schemes for
multi-point modeling methodologies. IEEE Trans. Comput. Aided Des. Integr. Circuits Syst.
30(8), 1141-1151 (2011)

Fijnvandraat, J.G., Houben, S.H.M.J., ter Maten, E.J.W., Peters, J.M.F.: Time domain analog
circuit simulation. J. Comput. Appl. Math. 185, 441-459 (2006)

Gautschi, W.: OPQ: a Matlab suite of programs for generating orthogonal polynomials and
related quadrature rules (2002). http://www.cs.purdue.edu/archives/2002/wxg/codes
Gautschi, W.: Orthogonal polynomials (in Matlab). J. Comput. Appl. Math. 178, 215-234
(2005)

Golub, G.H., Van Loan, C.F.: Matrix Computations, 3rd edn. The Johns Hopkins University
Press, Baltimore (1996)

Giinther, M., Feldmann, U., ter Maten, J.: Modelling an discretization of circuit problems. In:
Schilders, W.H.A., ter Maten, E.J.W. (eds.) Handbook of Numerical Analysis, Volume XIII.
Special Volume: Numerical Methods in Electromagnetics, pp. 523-659, Chapter 6. Elsevier
Science, Amsterdam/Boston (2005)

Hausler, R., Kinzelbach, H.: Sensitivity-based stochastic analysis method for power varia-
tions. In: Proceedings of the Analog *06. VDE Verlag (2006)

Hemker, P.W., Echeverrfa, D.: Manifold mapping for multilevel optimization. In: Ciuprina,
G., Toan, D. (eds.) Scientific Computing in Electrical Engineering SCEE 2006. Series
Mathematics in Industry, vol. 11, pp. 325-330. Springer, Berlin/New York (2007)

Hocevar, D.E., Yang, P., Trick, T.N., Epler, B.D.: Transient sensitivity computation for
MOSEFET circuits. IEEE Trans. Comput. Aided Des. Integr. Circuits Syst. 4(4), 609-620
(1985)

Homescu, C., Petzold, L.R., Serban, R.: Error estimation for reduced-order models of
dynamical systems. SIAM Rev. 49(2), 277-299 (2007)

Ilievski, Z.: Model order reduction and sensitivity analysis. Ph.D.-Thesis, TU Eindhoven
(2010). http://alexandria.tue.nl/extra2/201010770.pdf

Ilievski, Z., Xu, H., Verhoeven, A., ter Maten, E.J.W., Schilders, W.H.A., Mattheij, R.M.M.:
Adjoint transient sensitivity analysis in circuit simulation. In: Ciuprina, G., loan, D. (eds.)
Scientific Computing in Electrical Engineering SCEE 2006. Series Mathematics in Industry,
vol. 11, pp. 183-189. Springer, Berlin/New York (2007)

Ionutiu, R.: Model order reduction for multi-terminal Systems — with applications to circuit
simulation. Ph.D.-Thesis, TU Eindhoven (2011). http://alexandria.tue.nl/extra2/716352.pdf
Knyazev, A.V., Argentati, M.E.: Principle angles between subspaces in an A-based scalar
product: algorithms and perturbation estimates. SIAM J. Sci. Comput. 23(6), 2009-02041
(2002). [Algorithm available in Matlab, The Mathworks, http://www.mathworks.com/]
Lang, J., Verwer, J.G.: On global error estimation and control for initial value problems. SIAM
J. Sci. Comput. 29(4), 1460-U1475 (2007)

Le Maitre, O.P., Knio, O.M.: Spectral Methods for Uncertainty Quantification, with Applica-
tions to Computational Fluid Dynamics. Springer, Dordrecht (2010)


http://dare.uva.nl/document/45897
http://www.cs.purdue.edu/archives/2002/wxg/codes
http://alexandria.tue.nl/extra2/201010770.pdf
http://alexandria.tue.nl/extra2/716352.pdf
http://www.mathworks.com/

5 Parameterized Model Order Reduction 357

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Lutowska, A.: Model order reduction for coupled systems using low-rank approximations.
Ph.D.-Thesis, TU Eindhoven (2012). http://alexandria.tue.nl/extra2/729804.pdf

Parks, M.L., de Sturler, E., Mackey, G., Johnson, D.D., Maiti, S.: Recycling Krylov subspaces
for sequences of linear systems. SIAM J. Sci. Comput. 28(5), 1651-1674 (2006)

Pinnau, R.: Model reduction via proper orthogonal decomposition. In: Schilders, W.H.A.,
van der Vorst, H.A., Rommes, J. (eds.) Model Order Reduction: Theory, Research Aspects
and Applications. Mathematics in Industry, vol. 13, pp. 95-109. Springer, Berlin/Heidelberg
(2008)

Pulch, R., ter Maten, E.J.W.: Stochastic Galerkin methods and model order reduction for
linear dynamical systems. Provisionally accepted for International Journal for Uncertainty
Quantification (2015)

Pulch, R., ter Maten, E.J.W., Augustin, F.: Sensitivity analysis of linear dynamical systems
in uncertainty quantification. PAMM - Proceedings in Applied Mathematics and Mechanics,
Vol. 13, Issue 1, pp. 507-508 (2013) DOI:10.1002/pamm.201310246

Pulch, R., ter Maten, E.J.W., Augustin, F.: Sensitivity analysis and model order reduction for
random linear dynamical systems. Mathematics and Computers in Simulation 111, pp. 80-95
(2015) DOT: http://dx.doi.org/10.1016/j.matcom.2015.01.003

Rathinam, M., Petzold, L.R.: A new look at proper orthogonal decomposition. SIAM J.
Numer. Anal. 41(5), 1893-1925 (2003)

Schilders, W.H.A.: Introduction to model order reduction. In: Schilders, W.H.A., van der
Vorst, H.A., Rommes, J. (eds.) Model Order Reduction: Theory, Research Aspects and
Applications. Mathematics in Industry, vol. 13, pp. 3-32. Springer, Berlin/Heidelberg (2008)
Schilders, W.H.A.: The need for novel model order reduction techniques in the electronics
industry. In: Benner, P., Hinze, M., ter Maten, E.J.W. (eds.): Model Reduction for Circuit
Simulation. Lecture Notes in Electrical Engineering, vol. 74, pp. 3-23. Springer, Berlin
(2011)

Schilders, W.H.A., van der Vorst, H.A., Rommes, J. (eds.) Model Order Reduction: Theory,
Research Aspects and Applications. Mathematics in Industry, vol. 13. Springer, Berlin/Hei-
delberg (2008)

Stavrakakis, K.K.: Model order reduction methods for parameterized systems in electromag-
netic field simulations. Ph.D.-Thesis, TU-Darmstadt (2012)

Stavrakakis, K., Wittig, T., Ackermann, W., Weiland, T.: Linearization of parametric FIT-
discretized systems for model order reduction. IEEE Trans. Magn. 45(3), 1380-1383 (2009)
Stavrakakis, K., Wittig, T., Ackermann, W., Weiland, T.: Three dimensional geometry
variations of FIT systems for model order reduction. In: 2010 URSI International Symposium
on Electromagnetic Theory, pp. 788-791 (2010)

Stavrakakis, K., Wittig, T., Ackermann, W., Weiland, T.: Model order reduction methods for
multivariate parameterized dynamical systems obtained by the finite integration theory. In:
2011 URSI General Assembly and Scientifc Symposium, p. 4 (2011)

Stavrakakis, K., Wittig, T., Ackermann, W., Weiland, T.: Parametric model order reduction
by neighbouring subspaces. In: Michielsen, B., Poirier, J.-R. (eds.) Scientific Computing in
Electrical Engineering SCEE 2010. Series Mathematics in Industry, vol. 16, pp. 443-451.
Springer, Berlin/New York (2012)

Stroud, A.: Approximate Calculation of Multiple Integrals. Prentice Hall, Englewood Cliffs
(1971)

SUMO (SUrrogate MOdeling) Lab. IBCN research group of the Department of Information
Technology (INTEC), Ghent University (2012). http://www.sumo.intec.ugent.be/

ter Maten, E.J.W., Heijmen, T.G.A., Lin, A., El Guennouni, A.: Optimization of electronic
circuits. In: Cutello, V., Fotia, G., Puccio, L. (eds.) Applied and Industrial Mathematics in
Italy II, Selected Contributions from the 8th SIMAI Conference. Series on Advances in
Mathematics for Applied Sciences, vol. 75, pp. 573-584. World Scientific Publishing Co.
Pte. Ltd., Singapore (2007)

ter Maten, E.J.W., Pulch, R., Schilders, W.H.A., Janssen, H.H.J.M.: Efficient calculation of
Uncertainty Quantification. In: Fontes, M., Giinther, M., Marheineke, N. (eds) Progress in


http://alexandria.tue.nl/extra2/729804.pdf
http://www.sumo.intec.ugent.be/

358

120.

121.

122.

123.

124.

G. Ciuprina et al.

Industrial Mathematics at ECMI 2012, Series Mathematics in Industry Vol. 19, Springer, pp.
361-370 (2014)

Ugryumova, M. V.: Applications of model order reduction for IC modeling. Ph.D.-Thesis, TU
Eindhoven (2011). http://alexandria.tue.nl/extra2/711015.pdf

Volkwein, S.: Model reduction using proper orthogonal decomposition (2008). http://www.
uni-graz.at/imawww/volkwein/POD.pdf

Xiu, D.: Numerical integration formulas of degree two. Appl. Numer. Math. 58, 1515-1520
(2008)

Xiu, D.: Fast numerical methods for stochastic computations: a review. Commun. Comput.
Phys. 5(2-4), 242-272 (2009)

Xiu, D.: Numerical Methods for Stochastic Computations — A Spectral Method Approach.
Princeton University Press, Princeton (2010)

References for Section 5.4

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Antoulas, A.C.: Approximation of Large-Scale Dynamical Systems. Advances in Design and
Control. STAM, Philadelphia (2005)

Antoulas, A.C.: A new result on passivity preserving model reduction. Syst. Control Lett. 54,
361-374 (2005)

Ascher, U.M., Petzold, L.R.: Computer Methods for Ordinary Differential Equations and
Differential-Algebraic Equations. SIAM, Philadelphia (1998)

Daniel, L., Siong, O.C., Chay, L.S., Lee, K.H., White, J.: A multiparameter moment-
matching model-reduction approach for generating geometrically parameterized interconnect
performance models. IEEE Trans. Comput. Aided Des. 23(5), 678-693 (2004)

Feng, L., Benner, P.: A robust algorithm for parametric model order reduction based on
implicit moment matching. PAMM Proc. Appl. Math. Mech. 7, 1021501-1021502 (2007)
Giinther, M.: Partielle differential-algebraische Systeme in der numerischen Zeitbereichsanal-
yse elektrischer Schaltungen. Nr. 343 in Fortschritt-Berichte VDI Serie 20. VDI, Diisseldorf
(2001)

Giinther, M., Feldmann, U.: CAD based electric circuit modeling in industry I: mathematical
structure and index of network equations. Surv. Math. Ind. 8, 97-129 (1999)

Hairer, E., Wanner, G.: Solving Ordinary Differential Equations II: Stiff and Differential-
Algebraic Problems, 2nd edn. Springer, Berlin (1996)

Li, Y., Bai, Z., Su, Y., Zeng, X.: Parameterized model order reduction via a two-directional
Arnoldi process. In: Proceedings of the IEEE/ACM International Conference on Computer-
Aided Design (ICCAD), pp. 868-873 (2007)

Li, Y.-T., Bai, Z., Su, Y., Zeng, X.: Model order reduction of parameterized interconnect
networks via a two-directional Arnoldi process. IEEE Trans. Comput. Aided Des. Integr.
Circuits Syst. 27(9), 1571-1582 (2008)

Mohaghegh, K.: Linear and nonlinear model order reduction for numerical simulation of
electric circuits. Ph.D.-Thesis, Bergische Universitdt Wuppertal, Germany. Available at Logos
Verlag, Berlin (2010)

Mohaghegh, K., Pulch, R., Striebel, M., ter Maten, J.: Model order reduction for semi-explicit
systems of differential algebraic systems. In: Troch, L., Breitenecker, F. (eds) Proceedings
MATHMOD 09 Vienna — Full Papers CD Volume, pp. 1256-1265 (2009)

Mohaghegh, K., Pulch, R., ter Maten, J.: Model order reduction using singularly perturbed
systems, provisionally accepted for J. of Applied Numerical Mathematics (APNUM) (2015)


http://alexandria.tue.nl/extra2/711015.pdf
http://www.uni-graz.at/imawww/volkwein/POD.pdf
http://www.uni-graz.at/imawww/volkwein/POD.pdf

5 Parameterized Model Order Reduction 359

138. Phillips, J., Silveira, L.M.: Poor’s man TBR: a simple model reduction scheme. In:
Proceedings of the Design, Automation and Test in Europe Conference and Exhibition
(DATE), vol. 2, pp. 938-943 (2004)

139. Schwarz, D.E., Tischendorf, C.: Structural analysis of electric circuits and consequences for
MNA. Int. J. Circuit Theory Appl. 28, 131-162 (2000)



Chapter 6
Advanced Topics in Model Order Reduction

Davit Harutyunyan, Roxana Ionutiu, E. Jan W. ter Maten, Joost Rommes,
Wil H.A. Schilders, and Michael Striebel

Abstract This chapter contains three advanced topics in model order reduction
(MOR): nonlinear MOR, MOR for multi-terminals (or multi-ports) and finally an
application in deriving a nonlinear macromodel covering phase shift when coupling
oscillators. The sections are offered in a preferred order for reading, but can be read
independently.

Section 6.1, written by Michael Striebel and E. Jan W. ter Maten, deals
with MOR for nonlinear problems. Well-known methods like TPWL (Trajectory
PieceWise Linear) and POD (Proper Orthogonal Decomposition) are presented.
Development for POD led to some extensions: Missing Point Estimation, Adapted
POD, DEIM (Discrete Empirical Interpolation Method).
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Section 6.2, written by Roxana Ionutiu and Joost Rommes, deals with the multi-
terminal (or multi-port) problem. A crucial outcome of the research is that one
should detect “important” internal unknowns, which one should not eliminate in
order to keep a sparse reduced model. Such circuits come from verification prob-
lems, in which lots of parasitic elements are added to the original design. Analysis
of effects due to parasitics is of vital importance during the design of large-scale
integrated circuits, since it gives insight into how circuit performance is affected by
undesired parasitic effects. Due to the increasing amount of interconnect and metal
layers, parasitic extraction and simulation may become very time consuming or even
unfeasible. Developments are presented, for reducing systems describing R and RC
netlists resulting from parasitic extraction. The methods exploit tools from graph
theory to improve sparsity preservation especially for circuits with multi-terminals.
Circuit synthesis is applied after model reduction, and the resulting reduced netlists
are tested with industrial circuit simulators. With the novel RC reduction method
SparseMA, experiments show reduction of 95 % in the number of elements and 46x
speed-up in simulation time.

Section 6.3, written by Davit Harutyunyan, Joost Rommes, E. Jan W. ter Maten
and Wil H.A. Schilders, addresses the determination of phase shift when perturbing
or coupling oscillators. It appears that for each oscillator the phase shift can be
approximated by solving an additional scalar ordinary differential equation coupled
to the main system of equations. This introduces a nonlinear coupling effect to
the phase shift. That just one scalar evolution equation can describe this is a
great outcome of Model Order Reduction. The motivation behind this example is
described as follows. Design of integrated RF circuits requires detailed insight in
the behavior of the used components. Unintended coupling and perturbation effects
need to be accounted for before production, but full simulation of these effects can
be expensive or infeasible. In this section we present a method to build nonlinear
phase macromodels of voltage controlled oscillators. These models can be used to
accurately predict the behavior of individual and mutually coupled oscillators under
perturbation at a lower cost than full circuit simulations. The approach is illustrated
by numerical experiments with realistic designs.

6.1 Model Order Reduction of Nonlinear Network Problems

The dynamics of an electrical circuit can in general be described by a nonlinear, first
order, differential-algebraic equation (DAE) system of the form':

L g(x0)) +x(0) + Bu@) = 0. an

!Section 6.1 has been written by Michael Striebel and E. Jan W. ter Maten.
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completed with the output mapping

y() = h(x(?), u(?)). (6.1b)

In the state equation (6.1a), which arises from applying modified nodel analysis
(MNA) to the network graph, x(t) € R" represents the unknown vector of circuit
variables at time ¢t € R; q,j : R" — R" describe the contribution of reactive and
nonreactive elements, respectively and B € R"" distributes the input excitation
u : R — R"™. The system’s response y(¢) € R” is a possibly nonlinear function
h: R" x R" — R? of the system’s state x(¢) and inputs u(z).

In circuit design, (6.1a) is often not considered to describe the overall design but
rather to be a model of a subcircuit or subblock. Connection to and communication
with a block’s environment is done via its terminals, i.e. external nodes. Therefore,
we assume in the remainder of this document that the inputs u(¢) and outputs y(¢)
denote terminal voltages and terminal currents, respectively, or vice versa, which
are injected and extracted linearly, i.e., the output mapping is assumed to be of the
form

y(@) = Cx(1), (6.1c)

with C € R”*",

The dimension n of the unknown vector x(¢) is of the order of the number of
elements in the circuit, which can easily reach hundreds of millions. Therefore, one
may solve the network equations (6.1a) and (6.1c) by means of computer algebra in
an unreasonable amount of time only.

Model order reduction (MOR) aims to replace the original model (6.1a)
and (6.1c) by a system

d A .
d—t(I(Z(l)) +J(z(1)) + Bu(?) = 0,

§(1) = Cz(1).

(6.2)

withz(t) € R"; §.j : " — R” and B € R” and C € R”*", which can compute
the system response y(z) € R? that is sufficiently close to y(¢) given the same input
signal u(¢), but in much less time.

6.1.1 Linear Versus Nonlinear Model Order Reduction

So far most research effort was spent on developing and analysing MOR techniques
suitable for linear problems. For an overview on these methods we refer to [1].

When trying to transfer approaches from linear MOR, fundamental differences
emerge.
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To see this, first consider a linear problem of the form

d
EEX(Z) + Ax(1) +Bu(r) =0, withE,A € R,

(6.3)
y(t) = Cx(¢).
The state x(¢) is approximated in a lower dimensional space of dimension r < n,
spanned by basis vectors which we subsume in V = (vy,...,v,) € R
x(t) ~ Vz(t), with z(t) e R". (6.4)

The reduced state z(¢), i.e., the coefficients of the expansion in the reduced space, is
defined by a reduced dynamical system. Applying Galerkin technique, this reduced
system arises from projecting (6.3) on a test space spanned by the columns of
some matrix W € R"™". There, W and V are chosen, such that their columns are
biorthonormal, i.e., W'V = L.,. The Galerkin projection2 yields

A

E—z(1) 4+ Az(t) + Bu(r) = 0,

d
dt (6.5)
y(t) = Cz(t)

with E = WEV, A = WAV € R and B = W/B € R”", C = CV «
R”*". The system matrices E, A, B, C of this reduced substitute model are of smaller
dimension and constant, i.e., need to be computed only once. However, E, A are
usually dense whereas the system matrices E and A are usually very sparse.

Applying the same technique directly to the nonlinear system means obtaining
the reduced formulation (6.2) by defining §(z) = W q(Vz) and j(z) = W j(Vz).
Clearly, q and j map from R” to R".

To solve network problems of type (6.2) numerically, usually multistep methods
are used. This means that at each timepoint #; a nonlinear equation

a(z) + B; + (@) +Bu() =0 (6.6)

has to be solved for z; which is the approximation of z(#). In the above equation
« is the integration coefficient of the method and B, € R contains history from
previous timesteps. Newton techniques that are used to solve (6.6) usually require
an update of the system’s Jacobian matrix in each iterations v:

0 q 0 9 3
Jf):(a_q+_'])‘ (,,)ZWT|:O[—q+—J:|
Z=Z[

0z 0z ox ox 6.7)

x(")=Vz;V) '

2Most frequently V is constructed to be orthogonal, such that W = V can be chosen.
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The evaluation of the reduced system, i.e., q and j, necessitates in each step the back
projection of the argument z to its counterpart Vz followed by the evaluation of the
full system q and j and the projection to the reduced space with W and V.

Consequently, with respect to computation time no reduction will be obtained
unless additional measures are taken or other strategies are pursued.

6.1.2 Some Nonlinear MOR Techniques

In MOR for linear systems especially methods based on Krylov subspaces [19] and
balanced realization [30] are well understood and highly elaborated. Hence, it seems
likely to adapt them to nonlinear problems, too. In the following, we shortly describe
these approaches and give references for further reading.

6.1.2.1 Krylov Subspace Methods in Nonlinear MOR

In linear MOR Krylov subspace methods are used to construct reduced order models
of systems (6.3) such that the moments, i.e., the coefficients in a Taylor expansion
of the frequency domain transfer function of original and reduced system match up
to a certain order. The transfer function H : C — C?* is defined by the linear
equation H(s) = C(sE + A)"!B.

It is not straightforward to define a transfer function for the nonlinear prob-
lem (6.1a) and (6.1c). Instead, there are Krylov based techniques that deal with
bilinear systems (6.8) or linear periodically time varying (LPTV) problems (6.9).

bilinear system: %ﬁ(z) + AX(r) + NX(H)u(r) + ﬁu(t) =0 (6.8)
LPTV system: %[E(I)X(I)] + A()x() + Bu(r) =0 (6.9)

The type of problem (6.8) arises from expanding a nonlinear problem x(¢) +
f(x(#)) + Bu(t) = 0 around an equilibrium point. Systems of type (6.9) with
matrices E(¢), A(¢) that are periodic with some period T one gets when linearising
the system (6.1) around a periodic steady state solution with x°(t + 7') = x°(¢).

Volterra-series expansion, followed by multivariable Laplace-transformation and
multimoment expansions are the key to apply Krylov subspace based MOR. For
further reading we refer to [15] and the references therein.

In case of the LPTV systems, a timevarying system function H(s,?) can be
defined. This plays the role of a transfer function and can be determined by a
differential equation. H(s, ¢) has to be determined in terms of time- or frequency
samples on [0, T") for one s. Krylov techniques can then be applied to get a reduced
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system with which samples for different frequencies s can be constructed. We refer
to [21] and the references therein.

Given a nonlinear problem (6.1a) and (6.1c) of dimension 7, the bilinear system
that is reduced actually has a dimension of n + n> + n® + ---, depending on the
order of the expansion. Similar, the system in the LPTV case that is subject to
reduction has dimension k - n with k being the number of timesamples in the initial
determination of H(s, 7). Therefore, it seems that these methods are suitable for
small to medium sized nonlinear problems only.

6.1.2.2 Balanced Truncation in Nonlinear MOR

The energy L. (Xo) that is needed to drive a system to a given state X, and the energy
L,(x¢) the system provides to observe the state X, it is in are the main terms in
Balanced Truncation. A system is called balanced if states that are hard to reach are
also hard to observe and vice versa, i.e. L.(x) large implies L,(x). Truncation, i.e.
reduced order modelling is then done by eliminating these states.

For linear problems L. and L, are connected directly, by means of algebraic
calculation, to the reachability and observability Gramians P and Q, respectively.
These can be computed from Lyapunov equations, involving the system matrices
E, A, B, C of the linear system (6.3). Balancing is reached by transforming the state
space such that P and Q are simultaneously diagonalised:

P = Q = diag(oy,...,0n)

with the so called Hankel singular values o1, .. ., 0,. From the basis that arises from
the transformation only those basis vectors that correspond to large Hankel singular
values are kept. The main advantage of this approach is that there exists an a priori
computable error bound for the truncated system.

In transferring Balanced Truncation to nonlinear problems, three main tracks can
be recognized. Energy consideration is the common ground for the three directions.

In the approach suggested in [20] the energy functions arise from solving
Hamilton-Jacobi differential equations. Similar to the linear case, a state-space
transformation is searched such that L. and L, are formulated as quadratic form
with diagonal matrix. The magnitude of the entries are then basis to truncation again.
The transformation is now state dependent, and instead of singular values, we get
singular value functions. As the Hamilton-Jacobi system has to be solved and the
varying state-space transformations have to be computed, it is an open issue, how
the theory could be applied in a computer environment.

In Sliding Interval Balancing [46], the nonlinear problem is first linearised around
a nominal trajectory, giving a linear time varying system like (6.9). At each state
finite time reachability and observability Gramians are defined and approximated
by truncated Taylor series expansion. Analytic calculations, basically the series
expansions, connect the local balancing transformation smoothly. This necessary
step is the limiting factor for this approach in circuit simulation.
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Finally, balancing is also applied to bilinear systems (6.8). Here the key tool are
so called algebraic Gramians arising from generalised Lyapunov equations. How-
ever, no one-to-one connection between these Gramians and the energy functions
L., L, can be made, but rather they can serve to get approximative bounds for
the aforementioned. Furthermore, convergence parameters have to be introduced to
guarantee the solvability of the generalised Lyapunov equations. For further details
we refer to [9, 14] and the references therein.

6.1.3 TPWL and POD

In view of high dimensional problems in circuit simulation and feasibility in a com-
putational environment, Trajectory PieceWise Linearization (TPWL) and Proper
Orthogonal Decomposition (POD) are amongst the most promising approaches for
the time being. The basic idea of TPWL is to replace nonlinearity with a collection
of linear substitute problems and apply MOR on these. The background of POD
is to identify a low dimensional manifold the solution resides on and reformulate
the problem in such a way that it is solved in terms of the basis of this principal
manifold.
In the following we give more details on the steps done for both approaches.

6.1.3.1 Trajectory PieceWise Linearization

The idea of TPWL [33], is to represent the full nonlinear system (6.1a) and (6.1c¢)
by a set of order reduced linear models that can reproduce the typical behaviour of
the system.

Since its introduction in [33, 34], TPWL has gained a lot of interest and several
adaptions have been made, see e.g., [18, 39, 49]. In the following we will basically
follow the lines in the original works [33, 34] and briefly mention alternatives that
have been suggested.

For extracting a model, a training input u(z) for ¢ € [fgan, fend] 1S chosen and
a transient simulation is run in order to get a trajectory, i.e. a collection of points

Xo, . . . , Xy, approximating x(#;) at timepoints fg = fo < ] < ++- < t§y = feng. The
training input is chosen such that the trajectory it causes, reflects the typical state
of the system. On the trajectory, points {xgn, e ,XIS““} C {Xo,...,Xy} are chosen

around which the nonlinear functions q and j are linearised:

qx(1) ~ q(x(") + E; - (x(1) = x"): jx(0) = j(xi") + A - (x(1) — x}")
(6.10)

with E; =

3 and A; = u
X n

X=X}l ox X=X}m
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Then the nonlinear state-space equation (6.1a) can locally be replaced locally
around xi" fori = 1,...,s by

L s + 811+ AX(O) + 7, + Bu(t) = 0. 6.11)

with §; = q(xI") — E;x" and y; = j(xi") — A;x!in,
One approach, used by Rewieriski [33], to get a model that represents the
nonlinear problem on a larger range, is to combine the local models (6.11) to

d s S
- (Z w; (x(8) [Eix (1) + &-1) + ) wi(x(®) [Ax(1) + ;] + Bu(t) =0,
i=0 i=0
(6.122)

where w; : R" — [0, 1] fors = 1,...,s is a state-dependent weight-function. The
weighting functions w; are chosen such that w; (x(¢)) is large for x close to x/" and
such that wo(x(2)) + - - + wy(x(¢)) = 1.

A different way to define a global substitute model, suggested by Vo3 [49] is

: d
;w,- x(1)) (El- X0 + Ax(0) + yl-) + Bu(t) = 0. (6.12b)

Although different in definition, in deployment both approaches (6.12a) and (6.12b)
are equivalent, as we will see later.

Figure 6.1 illustrates the idea: Along a training trajectory, extracted from a full
dimensional simulation, a set of locally valid linear models is created. When this
model is used for simulation with a different input, the existing linear models are
turned on and off, adapted to the state the system is in at one moment.

Simulation of the piecewise linearized system (6.12a) or (6.12b) may already
be faster than simulation of the original nonlinear system. However, the linearized
system can be reduced by using model order techniques for linear systems to
increase efficiency.

The main difference between linear MOR and TPWL is that the latter introduces
in addition to the application of a linear MOR technique the selection of lineariza-

Fig. 6.1 TPWL — model — training trajectory
extraction and usage - - trajectory from different input
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tion points (to get a linear problem) and the weighting of the linear submodels (to
recover the global nonlinear behavior).

Reducing the System

Basically, any MOR-technique for linear problems can be applied to the linear
submodels (6.11), i.e., (E;,A;,[B, y;],C). Note that we did extend the columns
of B with y; — thus MOR may exploit refinements for multiple terminals (see,
f.i., Sect.6.2 in this Chapter). Originally Rewienski [33] proposed the usage of
Krylov-based reduction. Vasilyev, Rewiefiski and White [40] introduced Balanced
Truncation to TPWL and VoB3 [49] uses Poor Man’s TBR (PMTBR) as linear MOR
kernel. Each of these methods creates local subspaces, spanned by the columns of
projection matrices V; € R fori = 0,...,s. For some comparisons on different
MOR methods used within TPWL, see [29]. For comparison between TPWL and
POD (see Sect. 6.1.3.2), see [7, 42].

In a second step one global subspace is created from the information contained
in the local subspaces. This is done by applying a singular value decomposition
(SVD) on the aggregated matrix Voge = [Vo,x0"; ... ; V,, xI1]. Note that the XI}“
are “snapshots” in time of the nonlinear solution. Their span actually forms a POD-
subspace (see Sect. 6.1.3.2) that is collected on-the-fly within TPWL. The inclusion
reduces the error of the solution of the reduced model [7].

The final reduced subspace is then spanned by the r dominating left singular
vectors, subsumed in V € R"*", Furthermore let W € R™*" be the corresponding
test matrix, where often we have W = V. Then a reduced order model for the
piecewise-linearized system (6.12a) is

i=0

d K . . K . . N
- (Z wi (V2(1)) [Eiz(t) + si]) + 3 wi(Va(r)) [A,-z(t) + yi] + Bu(r) =0,
i=0
(6.13)
with E; = WTE;V,A; = WAV, §; = W7§,. 5, = Wy, and B = W'B.

Selection of Linearization Points

A crucial point in TPWL is to decide, which linearization points xg“, ... ,x?“
should be chosen. With a large number of such points, we could expect to find a
linear model suitable to reproduce the nonlinear behaviour locally. But, this would
especially cause to store huge amount of data, making the final model slow. On the
other hand, if too few points are chosen to linearise around, the nonlinear behaviour
will not be reflected correctly. Different strategies to decide upon adding a new

linearization point, and hence a new model automatically exist:

* In the original work, Rewienski [33, 34] suggests to check at each accepted
timepoint ¢ during simulation for the relative distance of the current state
X; =& X(#) of the nonlinear problem to all yet existing i linearization states
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xg“, e ,xl.ml. If the minimum is equal to or greater than some parameter o > 0,

i—
ie.
.
min T > a, (614)
o1\ N

x; becomes the (i 4 1)st linearization point. Accordingly, a new linear model,
arising from linearizing around x%ij‘_l = X; is added to the collection. The
parameter « is chosen depending on the steady state of the system (6.1a).

* In [49] the mismatch of nonlinear and linear system motivates the creation of a
new linearization point and an additional linear model: at each timepoint during
training both the nonlinear and a currently valid linear system are computed in
parallel with the same stepsize. If the difference of the two approximations to the
true solution at a timepoint #;4+; becomes too large, a new linear model is created
from linearizing the nonlinear system around the state the system was in at the
previous timepoint #;.

e The strategy pursued by Dong an Roychowdhury [18] is similar to (6.14).
Here, not deviations between states but function evaluations at the current
approximation X, and the linearization points lei“ are considered.

* In Martinez [28] an optimization criterion is used to determine the linearization
points. The technique exploits the Hessian of the system as an error bound metric.

Determination of the Weights

When replacing the full nonlinear problem with the TPWL model (6.13) the weights
w; @ R" — [0, 1] are responsible for switching between the linear submodels,
i.e., for choosing the linear model that reflects best the behaviour caused by the
nonlinearity.

Besides the specifications of the desired behaviour, made before, one wants to
have minimum complexity, i.e., one aims at having to deal with a combination of
just a small number of linear submodels at each timepoint. It is hence obvious that
the weight functions have to be nonlinear in nature. Again, different strategies exist:

¢ Both Rewienski [33] and VoB [49] use

w;(X) = e_%'d"("), with d; (x) = ||x — x}i“||2 and m = mind;(x).  (6.15a)

The constant B adjusts how abrupt the change of models is. A typical value is
B =25.
* Dong and Roychowdhury [18], however, use

oo \ P
wi(X) = (%e%’) , (6.15b)
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where d; (x) and m are the same as in (6.15a) and M is the minimum distance,
taken in the 2-norm, amongst the linearization points. The parameter p is chosen
from {1, 2}.

In both cases, the weights are normalized such that ), w; (x) = 1.

Clearly the nonlinearity of the weights causes the TPWL-model (6.13) arising
from (6.12a) — and similar the reduced model that would originate from (6.12b)
— to be nonlinear still. That means, after applying a numerical integration scheme
to (6.13), still a nonlinear problem has to be solved to get an approximation z; ~
z(#;). To overcome this problem, both Rewieniski [33] and Vof [49] decouple the
evaluation of the weights from the time discretisation by replacing

w; (Vzr) »> w; (Vzy) with z; ~ zy,

i.e., for calculating z; from the discretisation of (6.13) at ¢t = 1, z; in the
weighting is replaced by a cheaper approximation z;. It is easy to see that with
this action, (6.12a) and (6.12b) are equivalent.

Note: The work of Dong and Roychowdhury [18] does actually not consider a
piecewise linear a but piecewise polynomial approach, i.e., the Taylor expansions
in (6.10) contain one more coefficient, leading to the need for reducing local bilinear
systems. Tiwary and Rutenbar [39] look into details of implementing a TPWL-
technique in an economic way.

TPWL and Time-Domain MOR

In [53] the TPWL approach is combined with wavelet expansions that are defined
directly in the time-domain. For wavelets in circuit simulation we refer to [16, 17]
and for technical details to [10, 11, 51, 52]. After linearizing a differential equation

d
EX(Z) = f(x(t)) + Bu(?) (6.16)
at x; = x(t;), we obtain that X(¢#) = x(¢) — x; is approximately given by

%i(t) = f(x;) + AR(t) — x;) + Bu(t), 6.17)
= AX(t) + f(x;) — Ax; + Bu(?). (6.18)

where A = af (") (t;). The output request y(#) = Cx(¢) transfers to y(¢) = Cx; +
Cx(?), in Wthh the first term is known. Thus it is sufficient to consider on an interval
[0, T'] the sum of the solutions of the two problems

%x(t) = Ax(1) + Bu(r), (6.19)

y() = Cx(7) (6.20)
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and

ditx(t) = Ax(t) + f(x;) — Ax;, (6.21)
y(t) = Cx(2). (6.22)

Assuming T being integer (see [53] for the more general case), for a wavelet order
J we get M = 27 - T + 3 basis functions 0;(¢), j = 1,... M. We can write
x(t) = H;0(z), and x(¢) = H,6(¢), respectively, where 8(¢) = (6,(¢),...,0m(?))
and H;, H, € R”M_ We can plug these expressions into (6.19) and into (6.21).
However, note that in (6.19) the source term is time-dependent, while in (6.21) the
source term is constant. Hence rather then to consider (6.19), one considers

%X(t) = Ax(t) + Bé(?), (6.23)
y() = Cx(7) (6.24)

where §(z) is an impulse excitation with the property fot, 8(r)dt = 1. Then,
for (6.23), the matrix H; satisfies

d
Hld—t@(t) = AH,0(t) + B4(¢) (6.25)
Assuming that the wavelets have their support in [0, '] we derive
t
H,6(r) = AH, / f(r)dt + B. (6.26)
0

In [53] one applies collocation using M collocation points. Next H; is found after
solving the resulting Sylvester equation. A similar approach is done for (6.21).
Now one determines V; = Orthog(H;,H,,X;) (note that this is similar to the
multiple terminal approach mentioned before for the frequency domain case). From
(V1,...,Vy) one determines an overall orthonormal basis V € R#n X r that is used
for the projection as before.

6.1.3.2 Proper Orthogonal Decomposition and Adaptions

The Proper Orthogonal Decomposition (POD) method, also known as the Principal
Component Analysis and Karhunen-Logve expansion, provides a technique for
analysing multidimensional data [24, 27].

In this section we briefly describe some basics of POD. For a more detailed
introduction to POD in MOR we refer to [31, 47]. For further studies we point
to [32], which addresses error analysis for MOR with POD and [50] where the
connection of POD to balanced model reduction can be found.



6 Advanced Topics in Model Order Reduction 373

POD sets work on data extracted from a benchmark simulation. In a finite
dimensional setup like it is given by (6.1a), K snapshots of the state x; ~ x(f;),
the system is in during the training interval [fsr, fend], are collected in a snapshot
matrix

X =(x],...,xg) €R™K, (6.27)

The snapshots, i.e., the columns of x, span a space of dimension k¥ < K. We
search for an orthonormal basis {vi,...,V;} of this space that is optimal in the
sense that the time-averaged error that is made when the snapshots are expanded in
the space spanned by just r < k basis vectors to X, ;,

1
(IIx — X, ||§) with the averaging operator (f) = i Z f; (6.28)

is minimised. This least squares problem is solved by computing the eigenvalue
decomposition of the state covariance matrix %XXT or, equivalently by the singular
value decomposition (SVD) of the snapshot matrix (assuming K > n)

(o]
x = UST with UeR"™ TeRKX andS:( )onx(K_n) ,

(6.29)

where Uz and T are orthogonal and the singular values satisfy o1 > 02 > ---0;, > 0.
The matrix V € R whose columns span the reduced subspace is now build from
the first » columns of u, where the truncation r is chosen such that

" o2 d
Ziz1% 5 4 (630)

2i=107 100
where usually d = 99 is usually a reasonable choice. For the, in this way
constructed matrix, it holds VIV = 1I,.,. Therefore, Galerkin projection as

described above can be applied to create a reduced system (6.2).

However, as mentioned in Sect.6.1.1 the cost for evaluating the nonlinear
functions q, j is not reduced. In the following we describe some adaptions to POD
that have been made to overcome this problem.

6.1.3.3 Missing Point Estimation

The Missing Point Estimation (MPE) was proposed by Astrid [2, 4] to reduce the
cost of updating system information in the solution process of time varying systems
arising in computational fluid dynamics. Verhoeven and Astrid [3] brought the MPE
approach forward to circuit simulation.
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Once a POD basis is constructed, there is no Galerkin projection deployed.
Instead a numerical integration scheme is applied which in general leads to system
of n nonlinear equations, analogue to (6.6), for the r dimensional unknown z;, that
approximate z(#;). In MPE this system is reduced to dimension g withr < g < n by
discarding n—g equations. Formally this can be described by multiplying the system
with a selection matrix? P, € {0, 1}#*", stating a g-dimensional overdetermined
problem

aq(Vz)) +P,B, +j(Vz)) + P,Bu(yy) = 0, 6.31)

with q(Vz;) = P,q(Vz) and j(Vz)) = P,j(Vz;). The system (6.31) is solved at
each timepoint #; for z; in the least-squares sense [3, 41, 44, 45].

The effect of P, operating on q(-) and j(-) is the same as evaluating only the
g < n components of q and j corresponding to the columns P, has a 1 in.

The choice of P, is motivated by identifying the g most dominant state variables,
i.e., components of x. In terms of the POD basis this is connected to restricting the
orthogonal V to V= P,V € R® in an optimal way. This in turn goes down to

U |
. T _ ) )
min| (V'V) =1l (6.32)

Details on reasoning and solving (6.32) can be found in [4].

6.1.3.4 Adapted POD

A second approach to reduce the work of evaluating the nonlinear functions,
Adapted POD, was proposed in [41, 43—45]. Having done an SVD (6.29) on the
snapshot matrix, not directly a projection matrix V is defined from the singular
values and vectors. Instead the matrix L = uX € R, with ¥ = diag(o1,...,0,)
is defined. Hence, L arises from scaling the left-singular vectors with the corre-
sponding singular values. Although L is not orthogonal, its columns are. Next we
transform the original system (6.1a) by writing x(¢) = Lw(¢) with w(¢) € R" and
using the Galerkin approach:

% [L"qLw(1))] + L"j(Lw(t)) + L"Bu(r) = 0. (6.33)

At this point, L and LT are treated as two different matrices, one acting on the
parameter of the function, the other on the value. For both L and L we identify the
r and g, most dominant columns. A measure for the significance of a column vector
v € R" is its 2-norm ||v||,.

3This means, the matrix has exactly one non-zero entry per row at most one non-zero per column.
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As the columns of L are ordered according to the singular values, we will pick
the first 7 columns in this case. Now L and L7 are approximated by matrices that
agree with the respective matrix in the selected r and g selected columns but have
the n — r and n — g, respectively, remaining columns set to 0 € R". This can be
expressed with the help of selection matrices P, € {0,1}*" and P, € {0, 1}5>",
respectively:

L~LP/P, and L" ~L'P]P,. (6.34)

We may conclude L” ~ PI'P,L"P{P,, insert these approximations in (6.33) and
multiply with P,, bearing in mind that P, PrT =1L

d
o [P,LTpgpgq(LPZP,W)] +P,L"P]Pj(LP/P,w)+P/L"Bu=0. (6.35)

Note that due to the approximations to L and L7 in the above equation w has
changed to w which can merely be an approximation to the former. We introduce
Y, = diag(oy,...,0,) and let V € R be the first r columns of u. In this wa we
have LP7 = VS, . Finally we scale (6.35) with X! and introduce a new unknown
z = X ,P,w € R" from which we can reconstruct the full state by approximation
X ~ Vz. We end up with

d _ - ~
o [W,Q(VZ)] + W,(j(Vz) + Bu(t) =0, (6.36)
with q(Vz) = qu(Vz),j(Vz) =P,j(Vz), W, , = VTPg € R™¢ and B = V”B.

Here P, has the same effect as noted in the previous subsection: not the full
nonlinear functions q and j have to be evaluated but g components only.

6.1.3.5 Discrete Empirical Interpolation

Recently, Chaturantabut and Sorensen [12, 13] did present the Discrete Empirical
Interpolation Method (DEIM) as a further modification of POD. It originates from
partial differential equations (PDEs) where the nonlinearities exhibit a special
structure. It can, however, be applied to general nonlinearities as well. We give a
brief introduction of how this may look like in circuit simulation problems.

Given a nonlinear function f : R" — R", the essential idea of DEIM is to approx-

imate f(x) by projecting it on a subspace, spanned by the basis {u;, ..., u,} C R":
f(x) ~ Uc(x), (6.37)
where U = (uy,...,uy) € R"*¢ and ¢(x) € R? is the coefficient vector. Forcing

equality in (6.37) would state an overdetermined system for the g < n coefficients
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ct(x). Instead accordance in g rows is required, which can be expressed by
P.f(x) = (P,U)c(x), (6.38)

with a selection matrix P, € {0, 1}¢*". If P, U is non-singular, (6.38) has a unique
solution ¢(x) and, hence f(x) can be approximated by

f(x) ~ U (P,U) " P,f(x), (6.39)

which means that f(x) is interpolated at the entries specified by P,.

In (6.39),U (PgU)_l can be computed in advance, and, again, the multiplication
P, f(x) corresponds to evaluating only those entries of f, addressed by P,.

Using the notations introduced before, POD with the DEIM modification yields
a reduced model (6.2) with

a(z(1)) = W q(z(t)), j(z(t)) = Wj(t)), B=V'B, C=cCV’,
(6.40)

with W = VTU (PgU)_1 and q(-) = P,q(-) and j(-) = P,j(-). Here POD provides
the state-space part of the reduction, i.e., V. And DEIM determines the subspace
on which q and j is projected, hence the columns of the matrix U € R"*# and the
selection Py.

The reduced subspace, suitable for representing a nonlinear function f on, is
constructed from an SVD on a matrix F = (f(x),....f(xgx)) € R"K whose
columns are snapshots of the function evaluations. The matrix U in (6.39) consists
then of the g most dominant left singular vectors of F.

The core of DEIM is the construction of the selection P, € {0, 1}8*". A set
of indices {p1,...,pg} C {1,...,n}, determined by the DEIM-algorithm, define
the selection matrix, meaning that P, has a 1 in the ith row and p;th column (for
i=1,...,g) and 0 elsewhere.

The first index, p; is chosen to be the index of the largest (in absolute value) entry
inu;. Instep/ =2,..., g the residual

r41 = U = U (PU) 7' PUL

is computed where U; = (uy,...,w;) and P; € {0, 1}'*" is constructed from the
indices py, ..., o (cp.(6.39)). Then, the index corresponding to entry of the residual
r;+1 the largest magnitude of is taken as index p;4.

Setting up the selection matrix with this algorithm, P,U in (6.37) is guaranteed
to be regular. For a detailed description and discussion, including error estimates we
refer to [12, 13].

Note: Originally, DEIM is constructed in the context of discretisation and approx-
imation of PDEs with a special structure of the nonlinearity involved. Considering
network problem (6.1a) that leads to the reduced problem (6.40), we constructed
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a uniform DEIM-approximation, i.e., U and P, for the both nonlinearities, q and j
involved. This could probably be approached in a different way, too.

6.1.4 Other Approaches

We shortly address some other approaches. In [5, 6, 8, 48] Krylov-subspace methods
are applied to bilinear and quadratic-bilinear ODE-systems. One exploits the obser-
vation that several nonlinear functions can be generated by extending the system first
with additional unknowns for which simple differential equations are introduced. In
[48] also the application to DAE:s is discussed. In [22] a transformation from a set
of nonlinear differential equations to another set of equivalent nonlinear differential
equations that involve only quadratic terms of state variables is described to which
Volterra analysis is applied to derive a reduced model.

We already mentioned [20] for nonlinear balancing in which the energy functions
arise from solving Hamilton-Jacobi differential equations. Related work is on cross
Gramians for dissipative and symmetric nonlinear systems [25, 26].

In [37, 38] interpolating input-output behavior of nonlinear systems is studied.
This is related to table modelling.

6.1.5 Numerical Experiments

For testing purposes, a time-simulator, has been implemented in octave. The
underlying DAE integration scheme used here is CHORAL [23], a Rosenbrock-
Wanner type of method, adapted to circuitry problems. Besides performing
transient-analysis, TPWL and POD models can be extracted and reused in
simulations.

To show the performance of TPWL and POD when applied to an example from
circuit design, the nonlinear transmission line in Fig. 6.2, taken from [33] is chosen.
Only the diodes introduce the designated nonlinearity to the circuit, as the current
14 traversing a diode is modeled by 14 (v) = exp(40 - v) — 1 where v is the voltage
drop between the diode’s terminals. The resistors and capacitors contained in the
model have unit resistance and capacitance (R = C = 1), respectively. The current

S IET

Fig. 6.2 Nonlinear transmission line
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source between node 1 and ground marks the input to the system u(¢) = 1(¢) and

the output of the system is chosen to be the voltage at node 1: y(t) = v (¢).
Introducing the state vector x(t) = (vi(¢)....,vy(t))T € RY, where v;(r)

describes the voltage at node i € {1, ..., N} modified nodal analysis yields:

%X(t) +jx(@)) +Bu(t) =0

y(1) = Cx(1),

(6.41)

where B = CT = (1,0,...,0)" e RY andj: RY — R" with

2 _1 2 _ e40x1 _ e40(X1—X2)
-1 2 —1 e40(x1—x2) _ 540(x2—x3)
ix) = X — :
-1 2 —1 e}y —2—xy—1) _ o40(xy—1—XN)
-1 1 eM0GN—1—xN) _

We choose N = 100, causing a problem of dimension n = 100.

For extracting a model a shifted Heaviside function was used as training input.
Resimulation was done both with the training input and with a cosine function on
the interval [fg, fena] = [0, 10]:

0 r<3 1 2
utrain(t) = H(t - 3) = | >3 Mresim(t) = E (1 + cos (EI)) .

The TPWL-model was extracted with the Arnoldi-method as suggested in [33],
leading to a order reduced model of dimension 10. For choosing linearization points,
the strategy proposed by Rewienski with @ = 0.0167 in (6.14) has been tested.
With this setting, 27 linear models are constructed. Also the extended strategy
described in VoB [49] is implemented, but does not show much different results
for the transmission line. A more detailed discussion on the model extraction and
statistics on which models are chosen can be found in [35, 36].

For the transmission line, also a POD model as well as a POD model that has been
modified with the Discrete Empirical Interpolation Method (DEIM) algorithm is
constructed. By choosing d = 99.9 in (6.30) a reduced model of dimension 4 is con-
structed. Applying the DEIM algorithm the nonlinear ¢ and j where reduced to order
5. Figure 6.3 displays the singular values form snapshots collected during a training
run and the behaviour of the coverage function (6.30). Note, that only 38 singular
values are shown, although the full system is of dimension 100. This is caused by the
time domain simulation: with tolerances specified for the timestepping mechanism,
only 38 time steps where necessary to resolve the system. However, also with more
snapshots, the gradient of the singular values does not change remarkably.

Figures 6.4 and 6.5 show the trajectories, i.e., the behaviour in time, of the
voltages at nodes 1 and ten, when the training signal is and when the cosine like
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Fig. 6.4 Nonlinear transmission line: resimulation results

signal is applied at the input, respectively. The plots show the signals reproduced
by using the full model, the TPWL-model and the plain POD and DEIM-adapted
POD model. Slight deviations from the reference solution are obvious, but, in total,
a good matching is observable. However, the TPWL-model seems to have problems
following the reference solution, when a signal, different to the input is applied. This
indicates that there are still improvements possible.

Finally, Table 6.1 gathers the performance of the models, measured in time
consumption. Clearly, simulation with the TPWL model is cheaper than using the
full network as not the full nonlinearity has to be evaluated. Still, POD, adapted with
DEIM is superior, as no decision has to be made, which model to use. Furthermore,
as predicted in Sect.6.1.1 applying only projection without taking care of the
nonlinearity, does not guarantee cheaper to evaluate model: the plain POD model,
used for simulation, causes equal or even increased computational expenses.
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Fig. 6.5 Transmission line: different input
Table 6.1 Transmis'sion line: Resimulation (s) | Changed input (s)
performance of nonlinear Full orobl 667 166
MOR techniques ' problem : :
TPWL model 4.35 3.47
POD model 6.51 5.23
POD-DEIM model |1.98 1.63

6.2 Model Order Reduction for Multi-terminal Circuits

Analysis of effects due to parasitics is of vital importance during the design of large-
scale integrated circuits and derived products.* One way to model parasitics is by
means of parasitic extraction, which results in large linear RCL(k) networks. In ESD
analysis [65, 75], for instance, the interconnect network is modeled by resistors with
resistances that are based on the metal properties. In other (RF) applications one
needs RC or even RCLk extractions to deal accurately with higher frequencies as
well.

The resulting parasitic networks may contain up to millions of resistors, capac-
itors, and inductors, and hundreds of thousands of internal nodes, and thousands
of external nodes (nodes with connections to active elements such as transistors).
Simulation of such large networks within reasonable time is often not possible
[62, 63], and including such networks in full system simulations may be even
unfeasible. Hence, there is need for much smaller networks that accurately or even
exactly describe the behavior of the original network, but allow for fast analysis.

“4Section 6.2 has been written by Roxana Tonutiu and Joost Rommes. For an extended treatment on
the topics of this section see also the Ph.D. Thesis of the first author [68].
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In this section we describe recently developed methods for the reduction of
large R networks, and present a new approach for the reduction of large RC
networks. We show how insights from graph theory, numerical linear algebra, and
matrix reordering algorithms can be used to construct a reduced network that shows
sparsity preservation especially for circuits with multi-terminals (ports). Hence it
allows for the same number of external nodes, but needs much fewer internal nodes
and circuit elements (resistors and capacitors). Circuit synthesis is applied after
model reduction, and the resulting reduced netlists are tested with industrial circuit
simulators. For related literature we refer to [55-57].

The section is organized as follows. Section 6.2.1 revisits recent work on
reduction of R networks [83, 84]. It provides the basis for understanding how graph
theoretical tools can be used to significantly improve the sparsity of the reduced
models, which are later synthesized [70] into reduced netlists. Section 6.2.2 deals
with the reduction of RC networks. Section 6.2.2.1 first reviews an existing method
which employs Pole Analysis via Congruence Transformations (PACT) [73] to
reduce RC netlists with multi-terminals. In Sect. 6.2.2.2 the new method Sparse
Modal Approximation (SparseMA) is presented, where graph-theoretical tools are
brought in to enhance sparsity preservation for the reduced models. The numerical
results for both R and RC netlist reduction are presented in Sect. 6.2.3. Section 6.2.4
concludes.

6.2.1 Reduction of R Networks

In this section we review the approach for reducing R networks, as developed in
[83, 84]. Reduction of R networks, i.e., networks that consist of resistors only, is
needed in electro-static discharge analysis (ESD), where large extracted R networks
are used to model the interconnect. Accurate modeling of interconnect is required
here, since the costs involved may vary from a few cents to millions if, due to
interconnect failures, a respin of the chip is needed. An example of a damaged piece
of interconnect that was too small to conduct the amount of current is shown in
Fig.6.6.

6.2.1.1 Circuit Equations and Matrices

Kirchhoff’s Current Law and Ohm’s Law for resistors lead to the following system
of equations for a resistor network with N resistors (resistor i having resistance r;)

and n nodes (n < N):
R P{llip| |0
Lol 6
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Fig. 6.6 Example of a piece of interconnect that was damaged because it was too small to conduct
the amount of current caused by a peak charge

where R = diag(ry,...,ry) € RV is the resistor matrix, P € {—1,0, 1}V*" is
the incidence matrix, i, € RY are the resistor currents, i, € R” are the injected node
currents, and v € R” are the node voltages.

The MNA (modified nodal analysis) formulation [60, 76] can be derived
from (6.42) by eliminating the resistor currents i, = —R~' Pv:

Gv =i, (6.43)

where G = PTR™'P € R™" is symmetric positive semidefinite. Since currents
can only be injected in external nodes, and not in internal nodes of the network,
system (6.43) has the following structure:

el B
Glz Gzz Vi 0

where v, € R" and v; € R" are the voltages at external and internal nodes,
respectively (n = n. + n;), i. € R} are the currents injected in external nodes,
B € {—1,0, 1}"<*"¢ is the incidence matrix for the current injections, and G1; =
Gl € R G, € R and Gy, = GI, € R The block Gy is also
referred to as the terminal block.

A current source (with index s) between terminals a and b with current j results
in contributions B,; = 1, By; = —1, and i,(s) = j. If current is only injected
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in a terminal a (for instance if a connects the network to the top-level circuit), the
contributions are B, ; = 1 and i, (s) = j.

Finally, systems (6.42)—(6.44) must be made consistent by grounding a node
gnd, i.e., setting v(gnd) = 0 and removing the corresponding equations. In the
following we will still use the notation G for the grounded system matrix, if this
does not lead to confusion.

6.2.1.2 Problem Formulation

The problem is: given a very large resistor network described by (6.42), find an
equivalent network with (a) the same external nodes, (b) exactly the same path
resistances between external nodes, (¢) 7 < n internal nodes, and (d) 7 < r
resistors. Additionally, (e) the reduced network must be realizable as a netlist so
that it can be (re)used in the design flow as subcircuit of large systems.

Simply eliminating all internal nodes will lead to an equivalent network that
satisfies conditions (a)—(c), but violates (d) and (e): for large numbers m of external
nodes, the number of resistors 7 = (m? — m)/2 in the dense reduced network is in
general much larger than the number of resistors in the sparse original network (r
of O(n)), leading to increased memory and CPU requirements.

6.2.1.3 Existing Approaches

There are several approaches to deal with large resistor networks. In some cases the
need for an equivalent reduced network can be circumvented in some way: due to
sparsity of the original network, memory usage and computational complexity are
in principle not an issue, since solving linear systems with the related conductance
matrices is typically of complexity O(n%), where 1 < « < 2, instead of the
traditional O(n®) [79]. Of course, o depends on the sparsity and will rapidly
increase as sparsity decreases. This also explains why eliminating all internal nodes
does not work in practice: the large reduction in unknowns is easily undone by the
enormous increase in number of resistors, mutually connecting all external nodes.

However, if we want to (re)use the network in full system simulations, a reduced
equivalent network is needed to limit simulation times or make simulation possible
at all. In [77] approaches based on large-scale graph partitioning packages such
as (h)METIS [72] are described, but only applied to small networks. Structure
preserving projection methods for model reduction [66, 86], finally, have the
disadvantage that they lead to dense reduced-order models if the number of
terminals is large. There is commercial software [59, 64] available for the reduction
of parasitic reduction networks.
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6.2.1.4 Improved Approach

Knowing that eliminating all internal nodes is not an option and that projection
methods lead to dense reduced-order models, we use concepts from matrix reorder-
ing algorithms such as AMD [54] and BBBD [88], usually used as preprocessing
step for (parallel) LU- or Cholesky-factorization, to determine which nodes to
eliminate. The fill-in reducing properties of these methods also guarantee sparsity
of the reduced network. Similar ideas have also been used in [77, 89].

Our main motivation for this approach is that large resistor networks in ESD
typically are extracted networks with a structure that is related to the underlying
(interconnect) layout. Unfortunately, the extracted networks are usually produced by
extraction software of which the algorithms are unknown, and hence the structure
of the extracted network is difficult to recover. Standard tools from graph theory,
however, can be used to recover at least part of the structure.

Our approach can be summarized as follows:

1. The first step is to compute the strongly connected components [61] of the
network. The presence of strongly connected components is very natural in
extracted networks: a piece of interconnect connecting two other elements such
as diodes or transistors, for instance, results in an extracted network with two
terminals, disconnected from the rest of the extracted circuit. By splitting the
network into connected components, we have simplified the problem of reduction
because we can deal with the connected components one by one.

2. The second step is to selectively eliminate internal nodes in the individual
connected components. For resistor networks, this can be done using the Schur
complement [67], and no approximation error is made. The key here is that those
internal nodes are eliminated that give the least fill-in. First, (Constrained) AMD
[62] is used to reorder the unknowns such that the terminal nodes will be among
the last to eliminate. To find the optimal reduction, internal nodes are eliminated
one-by-one in the order computed by AMD, while keeping track of the reduced
system with fewest resistors.

Since the ordering is chosen to minimize fill-in, the resulting reduced
matrix is sparse. Note that all operations are exact, i.e., we do not make any
approximations. As a result, the path resistances between external nodes remain
equal to the path resistances in the original network.

3. Finally, the reduced conductance matrix can be realized as a reduced resistor
network that is equivalent to the original network. This is done easily by
unstamping the values in the G matrix intro the corresponding resistor values
and their node connections in the netlist [69]. Since the number of resistors (and
number of nodes) is smaller than in the original network, also the resulting netlist
is smaller in size.

An additional reduction could be obtained by removing relatively large resistors
from the resulting reduced network. However, this will introduce an approximation
error that might be hard to control a priori, since no sharp upper bounds on the
error are available [87]. Another issue that is subject to further research is that the
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optimal ratio of number of (internal) nodes to resistors (sparsity) may also depend
on the ratio of number of external to internal nodes, and on the type of simulation
that will be done with the network.

In the following sections we will describe how strongly connected components
and fill-in minimizing reorderings can be used for the reduction of RC networks as
well.

6.2.2 Reduction of RC Networks

This section presents the developments for RC netlist reduction, first by reviewing
an existing approach called PACT (Pole Analysis via Congruence Transformations).
Then, graph-based tools are brought in to enhance sparsity preservation with the
novel reduction method, SparseMA (Sparse Modal Approximation).

Following the problem description in [73], consider the modified nodal analysis
(MNA) description of an input impedance type RC circuit, driven by input currents:

(G + sC)x(s) = Bu(s), (6.45)

where x denote the node voltages, and u represent the currents injected into the
terminals (also called ports or external nodes). The number of internal nodes is #,
and the number of terminals is p, thus G € R@TW*(+n) € e RP+m*(r+m) apd
B € R(PT"*P A natural choice for the system outputs are the voltage drops at the
terminal nodes, i. e., y(s) = B” x(s). Thus the transfer function of (6.45) is the input
impedance:

Z(s) = &;) =B"(G +5C)7'B. (6.46)

u(s)

Modal approximation is a method to reduce (6.45), by preserving its most
dominant eigenmodes. The dominant eigenmodes are a subset of the poles of
Z(s) (i. e. of the generalized eigenvalues A(—G, C)) and can be computed using
specialized eigenvalue solvers (SADPA [80] or SAMDP [82, 85]). For the complete
discussion on modal approximation and its implementation we refer to [80, 81, 85].
Here, we emphasize that applying modal approximation to reduce (6.45) directly
is unsuitable especially if the underlying RC circuit has many terminals (inputs).
This is because modal approximation does not preserve the structure of B and B”
during reduction (for ease of understanding we denote the input-output structure
loss as non-preservation of terminals) [69]. Modeling the input-output connectivity
of the reduced model would require synthesis via controlled sources at the circuit
terminals, and furthermore would connect all terminals with one-another [69]. In
this chapter we present several alternatives for reducing RC netlists where not only
the terminals are preserved, but also the sparsity of the reduced models.
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Grouping the node voltages so that xp € R? are the voltages measured at the
terminal nodes (ports), and x; € R” are the voltages at the internal nodes, we can
partition (6.45) as follows:

Gp Gg CP C(T; Xp BP
= . 6.47
(|:GC G] ts CC C] Xy 0 u ( )
Since no current is injected into internal nodes, the non-zero contribution from the

inputis Bp € R?*P)_ Eliminating x;, system (6.47) is equivalent to:

[(Gp + 5Cp) — (Gc +5Cc) (G + 5sC1) ' (Ge +5Cc)]xp = Bpu

Yp(s) Yi(s)

(6.48)
Y(s) = Yp(s) = Y;(s) (6.49)

In (6.48) the matrix blocks (Gp + sCp) corresponding to the circuit terminals are
isolated. Applying modal approximation on Y/, (s) would reduce the system and
preserve the location of the terminals. This would involve for instance computing the
dominant eigenmodes of (—Gy, C;) via a variant of SAMDP (called here frequency
dependent SAMDP, because the input-output matrices (G¢ + sCc¢) depend on the
frequency s). We have implemented this approach, but it turns out that a large
number of dominant eigenmodes of (—Gy, C;) would be needed to capture the
DC and offset of the full system Y(s). Instead, two alternatives are presented that
improve the quality of the approximation: an existing method called PACT (Pole
Analysis via Congruence Transformations) [73] and a novel graph-based reduction
called SparseMA (Sparse Modal Approximation).

6.2.2.1 Existing Method: PACT

In [73] the authors propose to capture the DC and offset of Y(s) via a congruence
transformation which reveals the first two moments of Y(s) as follows. Since G is
symmetric positive definite, the Cholesky factorization LL” = G exists. Using the
following congruence transformation:

/ / /T
X:[ ! OT},G/:XTGX:[GPO]C’:XTCX:[CPCC}

—G;'G¢e L™ 0 I C'c C;
(6.50)
Egs. (6.48) and (6.49) are rewritten as:
[(G'p +5C'p) — s°C't(I+5C')7'C'¢]Xp = Bpu 6.51)

Y p(s) Y1 (s)

Y'(s) =Y'p(s) = Y(s), (6.52)
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where:
G'pr=Gp—-GLM, M=G;'G¢ (6.53)
Cp=Cp—N'M-M'Ce, N=C¢c—-C/M (6.54)
C¢c=L"'N, ¢;=L"'c,LT. (6.55)

In (6.51), the term Y’ p (s) captures the first two moments of Y’(s) and is preserved
in the reduced model. The reduction is performed on Y'; (s) only. In [73] this is done
via modal approximation as described next. Using the symmetric eigendecomposi-
tion C'; = UA,U”, UTU = L, the system matrices (6.50) are block diagonalized
as follows:

/
X/ — |:(I) gi| i G// — X/TG/X/ — |:G0P (I)i| — G/ (6.56)
¢ —x"cex = | € CcU|_[CrC 657
B e vt U] (e A '
Y (s) = Yo (s) — s [C" LA+ sA)) ' C¢] (6.58)

The reduced model is obtained by selecting only k of the n eigenvalues from A’

r r;
Y (s) = Y)p(s) — Z o S’A, ] =C Ui, A= Al (6.59)
In [73], a selection criterion for /\ﬁ, i = 1...k is proposed, based on a user-

specified error and a maximum frequency. These eigenmodes are computed in [73]
via the Lanczos algorithm. The criterion proposed in [81, 85] can also be used to
compute the dominant eigenmodes A; via SAMDP.

The advantage of the PACT reduction method is the preservation of the first two
moments of Y(s) in Y',(s). This ensures that the DC and offset of the response is
approximated well in the reduced model. The main costs of such an approach are:
(1) performing a Cholesky factorization of C; (which becomes expensive when n
is very large, (2) solving an eigenvalue problem from a dense C; matrix and, most
importantly, (3) the fill-in in the port block matrices G’,, C’, and in Cy.. It turns
out that (2) can be solved more efficiently by keeping C) as a product of sparse
matrices during computation, and will be addressed elsewhere. Avoiding problems
(1) and (3) however require new strategies to improve sparsity, and are presented
in Sect. 6.2.2.2. The fill-in introduced in G/,, C, becomes especially important for
RC netlists with many terminals [p ~ O(10%)]. Compared to the original model
where the port blocks Gp and Cp were sparse, the dense G'», C, will yield many
R and C components during synthesis, resulting in a reduced netlist where almost
all the nodes are interconnected. Simulating such netlists might require longer time
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measures than the original circuit simulation, hence sparser reduced models (and
netlists) are desired. Next, we present several ideas for improving the sparsity of
RC reduced models via a combination of tools including: netlist partitioning, graph-
based node reordering strategies, and efficient algorithms for modal approximation.

6.2.2.2 Improved Graph-Based Method: SparseMA

In this section we present an improved model reduction method for RC circuits,
which overcomes the disadvantages of PACT: it requires no matrix factorizations
prior to reduction, performs all numerical computations on sparse matrices, and
most importantly, preserves the sparsity of the matrix blocks corresponding to the
external nodes. The method is called sparse modal approximation (SparseMA) and
uses tools from graph theory to identify a partitioning and reordering of nodes
that, when applied prior to the model reduction step, can significantly improve the
sparsity of the reduced model.

The idea is to reorder the nodes in the RC netlist so that some of the internal
nodes (/) are promoted as external nodes, together with the circuit terminals (p).
We will denote as selected nodes the collection of p + m terminals and promoted
internal nodes. The n —m internal nodes are the remaining nodes. Supposing one has
already identified such a partitioning of nodes, the following structure is revealed,
where without loss of generality we assume the selected nodes appear in the border
of the G and C matrices:

Gr Gk CrCk|\[xr] _[O
([G?} Gs} s [C§ CSD [XS] B [Bs} u‘ (060

Note that in B the rows corresponding to the promoted m internal nodes are still
zero. Similarly to (6.48), the admittance is expressed as:

[(Gs +5Cs) — (Gk + sCx) (Gg + sCr) ' (Gg + sCk)]xs = Bsu

Ys(s) Yr(s)

(6.61)
Y(s) = Ys(s) — Yr(s). (6.62)

Recall that reducing Y, (s) directly from the simple partitioning (6.47) and (6.48) is
not a method of choice, because by preserving Y p (s) only, the DC and offset of Y (s)
would not be accurately matched. Using instead the improved partitioning (6.60)
and (6.61), one aims at better approximating the DC and offset of Y(s) by preserving
Ys(s) (which now encaptures not only the external nodes but also a subset of
the internal nodes). Finding the partitioning (6.60) only requires a reordering of
nodes, thus no Cholesky factorization or fill-introducing congruence transformation
is needed prior to the MOR step. One can reduce Yg(s) directly with modal
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approximation (via frequency dependent SAMDP), and preserve the sparsity of the
extended port blocks from Y (s).

By interpolating k dominant eigenmodes from the symmetric eigendecoposition
[ARr, V] = eig(—Gg, Cg), the reduced model is obtained:

q/ q;
= 1+ Ski

Y (s) = Ys(s) — , 4 = (Gk +5Cx) Viiug, Ai = Agpay-

(6.63)

In matrix terms, the reduced model is easily constructed by re-connecting the
preserved selected matrix blocks to the reduced blocks:

GR GK éR CK |:)A(R:| [ 0 :|
A + 5| A = u, 6.64
(& &) (& e])R-[ oo

where:

GR = V[{I:k]GRV[;,l;k] — diagonal, GK = V[T:’I:k]GK, Ggs — sparse
(6.65)

éR = V[T:’I:k]CRV[;,l;k] — diagonal, CK = V[T:,l:k]CK, Cs — sparse.
(6.66)

The remaining problem is how to determine the selected nodes and the partition-
ing (6.60). Inspired from the results obtained for R networks, we propose to first find
the permutation P which identifies the strongly connected components (sccs) of G.
Both G and C are reordered according to P, revealing the structure (6.60). With this
permutation, the circuit terminals are redistributed according to the sccs of G, and
several clusters of nodes can be identified: a large component consisting of internal
nodes and very few (or no) terminals, and clusters formed each by internal nodes
plus some terminals. We propose to leave all clusters consisting of internal nodes
and terminals intact, and denote these nodes as the selected nodes mentioned above.
If there are still terminals outside these clusters, they are added to these selected
nodes and complete the blocks Gg, Cs. The remaining cluster of internal nodes
forms G and Cg. The model reduction step is performed on Gg and Cg (and
implicitly on Gx and Cg). We also note that matrices q x and Qk resulting from
this partitioning usually have many zero columns, thus Gx and Cg will preserve
these zero columns.

The procedure is illustrated in Sect.6.2.3 through a medium-sized example.
Larger netlists can be treated via a similar reordering and partitioning strategy,
possibly in a recursive manner (for instance when after an initial reordering the
number of selected nodes is too large, the same partitioning strategy could be re-
applied to Gs and Cg and further reduce these blocks). Certainly, other reorderings
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of G and C could be exploited, for instance according to a permutation which
identifies the sccs of C instead of G. The choice for either using G or C to determine
the permutation P is made according to the structure of the underlying system and
may depend on the application. We also emphasize that the reduced models for
both PACT and SparseMA are passive [74] and therefore also stable. Passivity
is ensured by the fact that all transformations applied throughout are congruence
transformations on symmetric positive definite matrices, thus the reduced system
matrices remain symmetric positive definite.

6.2.3 Numerical Results

The graph-based reduction procedures were applied on several networks resulting
from parasitic extraction. We present results for both R and RC networks.

6.2.3.1 R Network Reduction

Table 6.2 shows results for three resistor networks of realistic interconnect layouts.
The number of nodes is reduced by a factor > 10 and the number of resistors by a
factor > 3. As a result, the computing time for calculating path resistances in the
original network (including nonlinear elements such as diodes) is 10 times smaller.

6.2.3.2 RC Network Reduction

We reduce an RC netlist with n = 3,231 internal nodes and p = 22 terminals
(external nodes). The structure of the original G and C matrices is shown in Figs. 6.7
and 6.8, where the p = 22 terminals correspond to their first 22 rows and columns.

The permutation revealing the strongly connected components of G reorders the
matrices as shown in Figs. 6.9 and 6.10. The reordering is especially visible in the
“arrow-form” capacitance matrix. There, the p = 22 terminal nodes together with

Table 6.2 Results of reduction algorithm

Network I Network 11 Network I11

Original Reduced Original Reduced Original Reduced
#external nodes 274 3,399 1,978
#internal nodes 5,558 516 99,112 6,012 101,571 1,902
#resistors 8,997 1,505 161,183 62,685 164,213 39,011
CPU time 10s 1s 67h 7h 20h 2h

Speed up 10x 9.5x 10x
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m = 40 internal nodes are promoted to the border, revealing the 62 selected nodes
that will be preserved in the reduced model (i.e. the Gg and Cg blocks in (6.60)).
The first n — m = 3,191 nodes are the remaining internal nodes and form the Gy
and Cg blocks in (6.60). The G block has only 1 non-zero column, and also in Cg
many zero columns can be identified.

The reduced SparseMA model is obtained according to (6.63) and (6.64) and
is shown in Figs.6.11 and 6.12. The internal blocks Gg and Cgr were reduced
from dimension 3,191 to f}R and C g of dimension k = 7, by interpolating the
7 most dominant eigenmodes of [Ag, V] = eig(—Gg, Cr). Note that Gy and Cy
are diagonal. The selected 62 nodes corresponding to the Gs and Cg blocks are
preserved, evidently preserving sparsity. The only fill-in introduced by the proposed
reduction procedure is in the non-zero columns of Gy and Cy. It is worth noticing
that G only has 1 non-zero column, thus remains sparse.

The sparsity structure of the PACT reduced model (6.59) is shown in Figs. 6.13
and 6.14. The blocks corresponding to the first 22 nodes (the preserved external
nodes) are full, as are the capacitive connection blocks to the reduced internal part.
Only the reduced internal blocks remain sparse (diagonal).

Aside from sparsity preservation, one is interested in the quality of the approx-
imation for the reduced model. In Fig.6.15, we show that the SparseMA model
accurately matches the original response for a wide frequency range (1Hz —
10THz). The Pstar [78] simulations of the synthesized model are identical to
the Matlab simulations (the synthesized model was obtained via the RLCSYN
unstamping procedure [71, 87]). In Fig.6.16, the relative errors between the
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Fig. 6.12 Reduced C matrix
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Fig. 6.15 AC simulation 1: original, reduced (Sparse MA) and synthesized model

original model and three reduced models are presented: SparseMA, PACT and the
commercial software Jivaro [64]. The SparseMA model is the most accurate for the

entire frequency range.
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Fig. 6.17 AC simulation 2: original, reduced (Sparse MA) and reduced (Jivaro)

Figure 6.17 shows a different AC circuit simulation, where the SparseMA model
performs comparably to the reduced model obtained with the commercial software
Jivaro [64]. Finally, the transient simulation in Fig. 6.18 confirms that the SparseMA
model is both accurate and stable.

Table 6.3 shows the reduction results for the RC network. For the 3 reduced
models: SparseMA, PACT and Jivaro we assess the effect of the reduction by means



6 Advanced Topics in Model Order Reduction 397

Time simulation — V2

Sparse SAMDP

n = 3253, kSparse SAMDP ~ 69, p=22

Magnitude [V]
o

= Original
—>— Reduced: Sparse SAMDP|

\/

0 0.5 1 1.5 2 25 3 35
Time [s] x 10~

3

Fig. 6.18 Transient simulation 1: all external nodes grounded and voltage measured at node 2.
Original and reduced (Sparse MA — synthesized)

Table 6.3 Results with SparseMA reduction on RC netlist

Original Red. SparseMA Red. PACT Red. Jivaro
#external nodes 22
#internal nodes 3,231 47 7 12
#unknowns 3,253 69 29 34
#resistors 7,944 78 68 28
#capacitors 3,466 383 414 97
#elements
—_— 3.53 9.8 68.8 10.4
#int. nodes
relements 35 6.7 16.6 3.67
#unknowns
CPU time 6.8s 0.1s 0.06 0.02s
Speed up 68x 113x 340x

of several factors. With all methods, both the number of nodes and the number
of circuit elements was reduced significantly, resulting in at least 68x speed-up in
AC simulation time. It should be noted that the SparseMA model and the Jivaro
model have lower ratios of feements upq felements hapn the PACT model. Even
though the Jivaro and the PACT model are faster to simulate for this network, the
SparseMA model gives a good trade-off between approximation quality, sparsity
preservation and CPU speed-up. Recall that the matrix blocks corresponding to the
circuit terminals become dense with PACT, but remain sparse with SparseMA. As

for circuits with more terminals ~ O(10%) the corresponding matrix blocks become




398 D. Harutyunyan et al.

larger, preserving their sparsity via SparseMA is an additional advantage. Hence,
the improvement on simulation time could be greater with SparseMA when applied
on larger models with many terminals.

6.2.4 Concluding Remarks

New approaches were presented for reducing R and RC circuits with multi-
terminals, using tools from graph theory. It was shown how netlist partitioning
and node reordering strategies can be combined with existing model reduction
techniques, to improve the sparsity of the reduced RC models and implicitly their
simulation time. The proposed sparsity preserving method, SparseMA, performs
comparably to the commercial tool Jivaro. Future work will investigate how similar
strategies can be applied to RC models with many more terminals [~ O(10%)] and
to RLCk netlists.

6.3 Simulation of Mutually Coupled Oscillators Using
Nonlinear Phase Macromodels and Model Order
Reduction Techniques

The design of modern RF (radio frequency) integrated circuits becomes increasingly
more complicated due to the fact that more functionality needs to be integrated on
a smaller physical area.’ In the design process floor planning, i.e., determining the
locations for the functional blocks, is one of the most challenging tasks. Modern
RF chips for mobile devices, for instance, typically have an FM radio, Blue-
tooth, and GPS on one chip. These functionalities are implemented with Voltage
Controlled Oscillators (VCOs), that are designed to oscillate at certain different
frequencies. In the ideal case, the oscillators operate independently, i.e., they are
not perturbed by each other or any signal other than their input signal. Practically
speaking, however, the oscillators are influenced by unintended (parasitic) signals
coming from other blocks (such as Power Amplifiers) or from other oscillators,
via for instance (unintended) inductive coupling through the substrate. A possibly
undesired consequence of the perturbation is that the oscillators lock to a frequency
different than designed for, or show pulling, in which case the oscillators are
perturbed from their free running orbit without locking.

The locking effect was first observed by the Dutch scientist Christian Huygens in
the seventeenth century. He observed that pendulums of two nearby clocks hanging
on the same wall after some time moved in unison [120] (in other words they

3Section 6.3 has been written by Davit Harutyunyan, Joost Rommes, E. Jan W. ter Maten and
Wil H.A. Schilders.
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locked to the same frequency). Similar effects occur also for electrical oscillators.
When an oscillator is locked to a different frequency, it physically means that the
frequency of the oscillator is changed and as a result the oscillator operates at the
new frequency. In this case in the spectrum of the oscillator we will observe a single
peak corresponding to the new frequency of the oscillator. Contrary to the locking
case, frequency pulling occurs when the interfering frequency source is not strong
enough to cause frequency locking (e.g. weak substrate coupling). In this case in
the spectrum of the pulled oscillator we will observe several sidebands around the
carrier frequency of the oscillator. In Sect. 6.3.9 we will discuss several practical
examples of locking and pulling effects.

Oscillators appear in many physical systems and interaction between oscillators
has been of interest in many applications. Our main motivation comes from the
design of RF systems, where oscillators play an important role [95, 100, 107, 120]
in, for instance, high-frequency Phase Locked Loops (PLLs). Oscillators are also
used in the modeling of circadian rhythm mechanisms, one of the most fundamental
physiological processes [91]. Another application area is the simulation of large-
scale biochemical processes [114].

Although the use of oscillators is widely spread over several disciplines, their
intrinsic nonlinear behavior is similar, and, moreover, the need for fast and accurate
simulation of their dynamics is universal. These dynamics include changes in the
frequency spectrum of the oscillator due to small noise signals (an effect known as
jitter [100]), which may lead to pulling or locking of the oscillator to a different
frequency and may cause the oscillator to malfunction. The main difficulty in
simulating these effects is that both phase and amplitude dynamics are strongly
nonlinear and spread over separated time scales [113]. Hence, accurate simulation
requires very small time steps during time integration, resulting in unacceptable
simulation times that block the design flow. Even if computationally feasible,
transient simulation only gives limited understanding of the causes and mechanisms
of the pulling and locking effects.

To some extent one can describe the relation between the locking range of an
oscillator and the amplitude of the injected signal (these terms will be explained in
more detail in Sect. 6.3.1). Adler [90] shows that this relation is linear, but it is now
well known that this is only the case for small injection levels and that the modeling
fails for higher injection levels [111]. Also other linearized modeling techniques
[120] suffer, despite their simplicity, from the fact that they cannot model nonlinear
effects such as injection locking [111, 127].

In this section we use the nonlinear phase macromodel introduced in [100] and
further developed and analyzed in [104-106, 111, 113, 115, 116, 127]. Contrary to
linear macromodels, the nonlinear phase macromodel is able to capture nonlinear
effects such as injection locking. Moreover, since the macromodel replaces the
original oscillator system by a single scalar equation, simulation times are decreased
while the nonlinear oscillator effects can still be studied without loss of accuracy.
One of the contributions of this paper is that we show how such macromodels can be
used in industrial practice to predict the behavior of inductively coupled oscillators.
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Returning to our motivation, during floor planning, it is of crucial importance
that the blocks are located in such a way that the effects of any perturbing signals
are minimized. A practical difficulty here is that transient simulation of the full
system is very expensive and usually unfeasible during the early design stages. One
way to get insight in the effects of inductive coupling and injected perturbation
signals is to apply the phase shift analysis [100]. In this section we will explain
how this technique can be used to estimate the effects for perturbed individual
and coupled oscillators, and how this can be of help during floor planning. We
will consider perturbations caused by oscillators and by other components such as
balanced/unbalanced transformers (baluns).

In some applications to reduce clockskew (clocksignals becoming out of phase),
for instance, oscillators can be coupled via transmission lines [102]. Since accurate
models for transmission lines can be large, this may lead to increased simulation
times. We show how model order reduction techniques [94, 96, 97, 124] can be used
to decrease simulation times without unacceptable loss of accuracy.

The section is organized as follows. In Sect. 6.3.1 we summarize the phase noise
theory. A practical oscillator model and an example application are described in
Sect. 6.3.2. Inductively coupled oscillators are discussed in detail in Sect. 6.3.3. In
Sect. 6.3.4 we give an overview of existing methods to model injection locking of
individual and resistively/capacitively coupled oscillators. In Sect. 6.3.5 we consider
small parameter variations for mutually coupled oscillators. In Sects. 6.3.6 and 6.3.7
we show how the phase noise theory can be used to analyze oscillator-balun
coupling and oscillator-transmission line coupling, respectively. In Sect. 6.3.8 we
give a brief introduction to model order reduction and present a Matlab script
used in our implementations. Numerical results are presented in Sect. 6.3.9 and the
conclusions are drawn in Sect. 6.3.10.

6.3.1 Phase Noise Analysis of Oscillator

A general free-running oscillator can be expressed as an autonomous system of
differential (algebraic) equations:

_d((]i(tx) +i(0) =0, (6.67a)

x(0) = x(7), (6.67b)

where x() € R” are the state variables, 7 is the period of the free running oscillator,
which is in general unknown, q,j : R" — R” are (nonlinear) functions describing
the oscillator’s behavior and » is the system size. The solution of (6.67) is called
Periodic Steady State (PSS) and is denoted by X,. Although finding the PSS
solution can be an challenging task in itself, we will not discuss this in the present
paper and refer the interested reader to, for example, [105, 108-110, 122, 123, 126].
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A general oscillator under perturbation can be expressed as a system of differen-
tial equations

dq(x)

= i) = ). (6.68)

where b(¢) € R” are perturbations to the free running oscillator. For small perturba-
tions b(7) it can be shown [100] that the solution of (6.68) can be approximated by

Xp (1) = Xpss (8 + (1)) +y(2), (6.69)

where y(#) is the orbital deviation and «(¢) € R is the phase shift, which satisfies
the following scalar nonlinear differential equation:

a(t) = VI (t +a(t)) - b(t), (6.70a)
a(0) =0, (6.70b)

where V(¢) € R” is called Perturbation Projection Vector (PPV) of (6.68). It is
a special projection vector of the perturbations and is computed based on Floquet
theory [99, 100, 115]. The PPV is a periodic function with the same period as the
oscillator and can efficiently be computed directly from the PPS solution, see for
example [101]. Using this simple and numerically cheap method one can do many
kinds of analysis for oscillators, e.g. injection locking, pulling, a priori estimate of
the locking range [100, 111].

For small perturbations the orbital deviation y(¢) can be ignored [100] and the
response of the perturbed oscillator is computed by

Xp(1) = Xpss(t 4+ (2)). (6.71)

6.3.2 LC Oscillator

For many applications oscillators can be modeled as an LC tank with a nonlinear
resistor as shown in Fig. 6.19. This circuit is governed by the following differential
equations for the unknowns (v, 7):

dv(t) v(t)

C——=
dr

+i(@t)+ S tanh(—v(t)) = b(t), (6.72a)

di (1)
dr

L

— (1) =0, (6.72b)
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Fig. 6.19 Voltage controlled v
oscillator: current of the
nonlinear resistor is given by
f(v) = S tanh(Lv(r))
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where C, L and R are the capacitance, inductance and resistance, respectively. The
nodal voltage is denoted by v and the branch current of the inductor is denoted by i.
The voltage controlled nonlinear resistor is defined by S and G,, parameters, where
S has influence on the oscillation amplitude and G,, is the gain [111].

A lot of work [111, 120] has been done for the simulation of this type of
oscillators. Here we will give an example that can be of practical use for designers.
During the design process, early insight in the behavior of system components is
of crucial importance. In particular, for perturbed oscillators it is very convenient to
have a direct relationship between the injection amplitude and the side band level.

For the given RLC circuit with the following parameters L = 930 - 107! H,
C = 1.145-102F R = 1,0002, S = 1/R, G, = —1.1/R and injected
signal b(t) = Aiysin(2mf), we plot the side band level of the voltage response
versus the amplitude Ajy; of the injected signal for different offset frequencies,
see Fig. 6.20. The results in Fig. 6.20 can be seen as a simplified representation of
Arnol’d tongues [98], that is helpful in engineering practice. We see, for instance,
that the oscillator locks to a perturbation signal with an offset of 10 MHz if the
corresponding amplitude is larger than ~ 10™* A (when the signal is locked the
sideband level becomes 0 dB). This information is useful when designing the floor
plan of a chip, since it may put additional requirements on the placement (and
shielding) of components that generate, or are sensitive to, perturbing signals.

As an example, consider the floor plan in Fig. 6.21. The analysis described above
and in Fig.6.20 first helped to identify and quantify the unintended pulling and
locking effects due to the coupling of the inductors (note that the potential causes
(inductors) of pulling and locking effects first have to be identified; in practice,
designers usually have an idea of potential coupling issues, for instance when there
are multiple oscillators in a design). The outcome of this analysis indicated that
there were unintended pulling effects in the original floorplan and hence some
components were relocated (and shielded) to reduce unintended pulling effects.
Finally, the same macromodels, but with different coupling factors due to the
relocation of components, were used to verify the improved floorplan.

Although the LC tank model is relatively simple, it can be of high value
especially in the early stages of the design process (schematic level), since it can
be used to estimate the effects of perturbation and (unintended) coupling on the
behavior of oscillators. As explained before, this may be of help during floor



6 Advanced Topics in Model Order Reduction 403

—— 1MHz-offset
—»— 2MHz-offset
—o— 5MHz-offset
—— 10MHz-offset
—— 20MHz-offset
—oe— 50MHz-offset
—— 100MHz-offset
—— 200MHz-offset
—6— 500MHz-offset
-8 -6 -4 -2 0
log10(amplitude)

side band level(dB)
|
(o]
o

Fig. 6.20 Side band level of the voltage response versus the injected current amplitude for
different offset frequencies
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Fig. 6.21 Floor plan with relocation option that was considered after nonlinear phase noise
analysis showed an intolerable pulling due to unintended coupling. Additionally, shielding was
used to limit coupling effects even further

planning. In later stages, one typically validates the design via layout simulations,
which can be much more complex due to the inclusion of parasitic elements. In
general one has to deal with larger dynamical systems when parasitics are included,
but the phase noise theory still applies. Therefore, in this paper we do not consider
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extracted parasitics. However, the values for L, C, R and coupling factors are
typically based on measurement data and layout simulations of real designs.

6.3.3 Mutual Inductive Coupling

Next we consider the two mutually coupled LC oscillators shown in Fig. 6.22. The
inductive coupling between these two oscillators can be modeled as

diy (¢ din (¢
P 00 di@)

= Vi
m ” v1(1), (6.73a)
dir (1) di((t)
L M = 1), 6.73b
2= + m v2(t) ( )

where M = k /L)L, is the mutual inductance and |k| < 1 is the coupling factor.

This makes the matrix
LM
M L,

positive definite, which ensures that the problem is well posed. In this section all
the parameters with a subindex refer to the parameters of the oscillator with the
same subindex. If we combine the mathematical model (6.72) of each oscillator
with (6.73), then the two inductively coupled oscillators can be described by the
following differential equations

d G,
C U(it(l) U;e(lt) +i()+ S tanh(?vl(t)) =0, (6.74a)
LG R 0} i

dr dr
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d Gu

o v;t(t) v;g) + i) + Stanh(?vz(t)) =0, (6.74¢)
dis () _ a4

L, : ()= -M T (6.74d)

For small values of the coupling factor k the right-hand side of (6.74b) and (6.74d)
can be considered as a small perturbation to the corresponding oscillator and we can
apply the phase shift theory described in Sect. 6.3.1. Then we obtain the following
simple nonlinear equations for the phase shift of each oscillator:

0
di(t) = VIt + ai(t)) - Iy di» (1) |, (6.75a)
U

0
0r(t) = Vi (t + aa(t)) - Y diy (1) |, (6.75b)
dt

where the currents and voltages are evaluated by using (6.71):
i), i1 (O] =X}, (t + a1(1)), (6.75¢)
[v2(2), i2(0)]" =X, (t + 0a2(2)). (6.75d)

Small parameter variations have also been studied in the literature by Volterra
analysis, see e.g. [92, 93].

6.3.3.1 Time Discretization
The system (6.75) is solved by using implicit backward Euler for the time

discretization and the Newton method is applied for the solution of the resulting
two dimensional nonlinear equations (6.76a) and (6.76b), i.e.

Ol;"-H =o' + ‘CV{(lm-H + a;ﬂ'H). (6.76a)
0
_Mfz(l’"“) S UONE
T
O{2m+1 =o' + ‘L'Vg(tm_H + a2m+1). (6.76b)
0
BYLIGAREUTGON §
T
1"+, "] = X, (7 4o, (6.76c)
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2" 1), ("] = x5, (" + o, (6.76d)

] =0,00 =0, m=1,...,

where T = ¢! — " denotes the time step. For the Newton iterations in (6.76a)
and (6.76b) we take (], o%') as initial guess on the time level (1 4-1). This provides
very fast convergence (in our applications within around four Newton iterations).
See [123] and references therein for more details on time integration of electric
circuits.

6.3.4 Resistive and Capacitive Coupling

For completeness in this section we describe how the phase noise theory applies to
two oscillators coupled by a resistor or a capacitor.

6.3.4.1 Resistive Coupling
Resistive coupling is modeled by connecting two oscillators by a single resistor,

see Fig. 6.23. The current i g, flowing through the resistor Ry satisfies the following
relation

. Uy — U2
= , 6.77
IRy R (6.77)
where Ry is the coupling resistance. Then the phase macromodel is given by
d1(1) = VIt +ai(1)) ((”1 - 82)/ RO) , (6.78a)
V; \/\/\/\/\ V-
1 R, 2
R] C1 L 1 LZ C2 RZ

flw)
WWA
VWA
N |
1
Q0000
V)
|
1
VWA
)y

Fig. 6.23 Two resistively coupled LC oscillators
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Fig. 6.24 Two capacitively coupled LC oscillators

dr(t) = VIt + ax(0)) - (_(”1 _0”2)/ RO) , (6.78b)

where the voltages are updated by using (6.71). More details on resistively coupled
oscillators can be found in [113].
6.3.4.2 Capacitive Coupling

When two oscillators are coupled via a single capacitor with a capacitance Cj (see
Fig. 6.24), then the current i, through the capacitor Cy satisfies

. d(vi —v
ic, = Co%. (6.79)
In this case the phase macromodel is given by
C d(vi — v2)
@) =Vit+a) | " : (6.80a)
0
_c d(vy — v2)
) =Vt +am®)-| " dr : (6.80D)
0

where the voltages are updated by using (6.71).
Time discretization of (6.78) and (6.80) is done according to (6.76).

6.3.5 Small Parameter Variation Model for Oscillators

For many applications performing simulations with nominal design parameters
is no longer sufficient and it is necessary to do simulations around the nominal
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parameters. In practice designers use Monte-Carlo type simulation techniques to
get insight about the device performance for small parameter variations. However
these methods can be very time consuming and not applicable for large problems.
For analyzing small parameter variations one can use polynomial chaos approach
described in [119]. But in this paper we apply the technique described in [128] to
mutually coupled oscillators. Here we briefly sketch the ideas of the method and for
details we refer to [128].
Consider an oscillator under a perturbation b(¢) described by a set of ODE’s:

d
d—’; + f(x, p) = b(t), 6.81)

where f describes the nonlinearity in the oscillator and it is a function of the state
variables x and the parameter p. Let us consider a parameter variation

p = po + Ap, (6.82)

where p is the nominal parameter and Ap is the parameter deviation from py. Then
for small parameter deviations the phase shift equation for (6.81) reads

a(t) = VIt +a(r)) - (b(t) — Fp(t + a(t)) Ap). (6.83a)
a(0) =0, (6.83b)

where V(¢) is the perturbation projection vector of the oscillator with nominal
parameters and

af
e () P Ixpss(t+a()).po (059

where X is the PSS of (6.81) with nominal parameters.
In Sect.6.3.9.1 we show numerical experiments of two inductively coupled
oscillators using small parameter variations.

6.3.6 Oscillator Coupling with Balun

In this section we analyze inductive coupling effects between an oscillator and a
balun. A balun is an electrical transformer that can transform balanced signals to
unbalanced signals and vice versa, and they are typically used to change impedance
(applications in (RF) radio). The (unintended) coupling between an oscillator and
a balun typically occurs on chips that integrate several oscillators for, for instance,
FM radio, Bluethooth and GPS, and hence it is important to understand possible
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Fig. 6.25 Oscillator coupled with a balun

coupling effects during the design. In Fig. 6.25 a schematic view is given of an
oscillator which is coupled with a balun via mutual inductors.

The following mathematical model is used for oscillator and balun coupling (see
Fig. 6.25):

o™M® 1O o+ tanh(@vl(z)) —0, (6.852)
dt R,

L diilit) + Mud’;g) Mlg,d’;f ) i) =0, (6.85b)

Czdvj;t ) ”;ft) 4 ir(t) + 1() = O, (6.85¢)

deizf) + Mudl;lg[) M 3d’;E ) () =0, (6.85d)

C3dv;—ft) + v;([) +is(t) =0, (6.85¢)

L3diil£t) + Mnd’;gt) + M23dljl—(t) — (1) = 0, (6.85f)

where Mjj = ky\/LiL;,i,j = 1,2,3,1 < j is the mutual inductance and k;;
is the coupling factor. The parameters of the nonlinear resistor are S = 1/R; and
G, = —1.1/R, and the current injection in the primary balun is denoted by 7(¢).
For small coupling factors we can consider M, =~ d’Z(’) + M3 d”(’) in (6.85b)as a
small perturbation to the oscillator. Then similar to (6 75), we can apply the phase
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shift macromodel to (6.85a)—(6.85b). The reduced model corresponding to (6.85a)—
(6.85b) is

da(?)

0
T dis(t) | (6.86)

dir (1
2(t) Mis
dt dt

—vT .
=Vt +at)) (—Mlz

The balun is described by a linear circuit (6.85¢)—(6.85f) which can be written in a
more compact form:

d t
EZ()+A()+BICII() C =0, (6.87)
where
G, 0 0 0
0 L2 0 M23
E = , 6.88
0 0 C 0 (6.88a)
0 My; 0 Ly
1/R,1 0 0
-10 0 0
A= .88b
0 01/R;0 |’ (6.88b)
0 0 —-10
BT = (0 M1, 0 My3), (6.88¢)
C'=(1t)000), (6.884)
= (v2(1) i2(2) v3(2) i3(1)) - (6.88¢)

With these notations (6.86) and (6.87) can be written in the following form

da(t) T ( 0 )

D VT + alt)) - o). (6.89)
dr —BTE0

Edzg)—f-A()—f-B “(Z)+c_0 (6.90)

where i1 () is computed by using (6.71). This system can be solved by using a finite
difference method.
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6.3.7 Oscillator Coupling to a Transmission Line

In some applications oscillators are coupled via transmission lines. By coupling
oscillators via transmission lines, for instance, one can reduce the clock skew in
clock distribution networks [102]. Accurate models for transmission lines may
contain up to thousands or millions of RLC components [129]. Furthermore, the
oscillators or the components that perturb (couple to) the oscillators can consists of
many RLC components, for instance when ones takes into account parasitic effects.
Since simulation times usually increase with the number of elements, one would like
to limit the number of (parasitic) components as much as possible, without losing
accuracy.

The schematic view of an oscillator coupled to a transmission line is given
in Fig. 6.26. Using phase macromodel for oscillator and by applying Kirchhoff’s
current law to the transmission line circuit, we obtain the following set of differential
equations:

y(1) —v(1)
da(t EAST ARG
o) _ VIt + a(r)) - R, (6.91a)
dt 0
dx(t
EXO _ 4xo) + Bug), (6.91b)
y(1) =C'x, (6.91¢)
where
E = diag(C,, C C)A—trid'a(l L ! ) (6.92a)
- lg 1, PRI nj» - lgRis Ri Ri+17Ri+17 .
% 0 vi(t) 1
00 va(t) (1) 0
B = . X = 2 ,u(t)—(l(t)),(?— | (6.92b)
01 v, (1) 0
oscillator
v RI Vl Rz V2 R" n
R C L C I(t)

=f(v})

i

Lol T I T

Fig. 6.26 Oscillator coupled to a transmission line
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Fig. 6.27 Two oscillators coupled via a transmission line

In a similar way the phase macromodel of two oscillators coupled via a
transmission line, see Fig. 6.27, is given by the following equations:

v1(f) —v(?)
do‘l(t) — V{(f + Oél(t)) . T (6933)
dr 0
Edzy)zzAxU)+-BuUL (6.93b)
Un (t) - Uo(t)
dan(t) _ Vit+ae)- |~ R |- (6.93¢)
dr 0

where o (¢) and «,(¢) (V) and V) are phase shifts (PPV’s) of the corresponding
oscillator. The matrices E, A and x are given by (6.92) and

1
7z 0
0 0

B=| . ,u(t)=(;0((tt))). (6.94)

Ry

6.3.8 Model Order Reduction

Model order reduction (MOR) techniques [94, 96, 97, 124] can be used to reduce
the number of elements significantly. Here we show how model order reduction can
be used for the analysis of oscillator perturbation effects as well. Since the main
focus is to show how MOR techniques can be used (and not which technique is the
most suitable), we limit the discussion here to Balanced Truncation [118]. For other
methods, see, e.g., [94, 96, 97, 124].
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Given a dynamical system (A4, B, C) (assume E = I'), balanced truncation [118]
consists of first computing a balancing transformation V' € R"*". The balanced
system (VT AV, VT B, VT C) has the nice property that the Hankel Singular Values®
are easily available. A reduced order model can be constructed by selecting the
columns of V' that correspond to the k& < n largest Hankel Singular Values. With
Vi € Rnxk having as columns these k columns, the reduced order model (of order
k) becomes (VkA Vi, VkTB, VkTC ). If E # I is nonsingular, balanced truncation
can be applied to (E~'A, E™'B, C). For more details on balanced truncation, see
[96, 97, 118, 124].

In this section we apply model order reduction to linear circuits that are coupled
to oscillators, and the relevant equations for each problem describing linear circuits
have the form of (6.89b)—(6.89c). For each problem the corresponding matrices A,
E, B, and C can be identified readily, see (6.88), (6.92), (6.94) and note C = C. We
use Matlab [117] implementation for balanced truncation to obtain reduced order
models:

sys = ss( -E\A, -E\B, C’, 0 ) ;
[hsv, baldatal] = hsvd(sys); % Hankel singular values

mor_dim = nnz((hsv>1e-10)); % choose largest singular

% values where mor dim is the dimension

% of the reduced system

rsys= balred(sys,mor dim,’Elimination’,’Truncate’, ...
’'Balancing’, baldata) ; $%$truncate

Note that we can apply balanced truncation because E is nonsingular. It is well
known that in many cases in circuit simulation the system is a descriptor system and
hence E is singular. Although generalizations of balanced truncation to descriptor
systems exist [124, 125], other MOR techniques such as Krylov subspace methods
and modal approximation might be more appropriate. We refer the reader to [94, 96,
97, 124] for a good introduction to such techniques and MOR in general.

6.3.9 Numerical Experiments

It is known that a perturbed oscillator either locks to the injected signal or is pulled,
in which case side band frequencies all fall on one side of the injected signal,
see, e.g., [111]. We will see that contrary to the single oscillator case, where side
band frequencies all fall on one side of the injected signal, for (weakly) coupled
oscillators a double-sided spectrum is formed.

In Sects. 6.3.9.1-6.3.9.3 we consider two LC oscillators with different kinds
of coupling and injection. The inductance and resistance in both oscillators are

6Similar to singular values of matrices, the Hankel singular values and corresponding vectors
can be used to identify the dominant subspaces of the system’s statespace: the larger the Hankel
singular value, the more dominant.
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L, = L, = 0.64nH and R; = R, = 5082, respectively. The first oscillator
is designed to have a free running frequency f; = 4.8 GHz with capacitance
Ci = 1/(4L 7% f*) = 1.7178 pF. Then the inductor current in the first oscillator
is A} = 0.0303 A and the capacitor voltage is V|, = 0.5844 V. In a similar way
the second oscillator is designed to have a free running frequency f, = 4.6 GHz
with the inductor current A, = 0.0316 A and the capacitor voltage V, = 0.5844 V.
For both oscillators we choose S; = 1/R;, G, = —1.1/R; withi = 1,2. In
Sect. 6.3.9.4 we describe experiments for an oscillator coupled to a balun.

The values for L, C, R and (mutual) coupling factors are based on measurement
data and layout simulations of real designs.

In all the numerical experiments the simulations are run until Tgp,y = 6 -
10~7s with the fixed time step z = 107'!. Simulation results with the phase
shift macromodel are compared with simulations of the full circuit using the
CHORAL[103, 121] one-step time integration algorithm, hereafter referred to as
full simulation. All experiments have been carried out in Matlab 7.3. We would like
to remark that in all experiments simulations with the macromodels were typically
ten times faster than the full circuit simulations.

In all experiments, for a given oscillator or balun we use the response of the
nodal voltage to plot the spectrum (spectrum composed of discrete harmonics) of
the signal.

6.3.9.1 Inductively Coupled Oscillators

Numerical simulation results of two inductively coupled oscillators, see Fig. 6.22,
for different coupling factors k are shown in Fig. 6.28, where the frequency is plotted
versus the Power Spectral Density (PSD”). In Fig. 6.28 we present results for the
first oscillator. Similar results are obtained for the second oscillator around its own
carrier frequency. For small values of the coupling factor we observe a very good
approximation with the full simulation results. As the coupling factor grows, small
deviations in the frequency occur, see Fig.6.28d. Because of the mutual pulling
effects between the two oscillators a double sided spectrum is formed around each
oscillator carrier frequency. The additional sidebands are equally spaced by the
frequency difference of the two oscillators.

The phase shift «;(¢) of the first oscillator for a certain time interval is given
in Fig. 6.29. We note that it has a sinusoidal behavior. For a single oscillator under
perturbation a completely different behavior is observed: in locked condition the
phase shift changes linearly, whereas in the unlocked case the phase shift has a
nonlinear behavior different than a sinusoidal, see for example [112].

"Matlab code for plotting the PSD is given in [107].
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Fig. 6.28 Inductive coupling. Comparison of the output spectrum of the first oscillator obtained by
the phase macromodel and by the full simulation for a different coupling factor k. (a) k& = 0.0005.
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Fig. 6.29 Inductive coupling. Phase shift o (¢) of the first oscillator with k = 0.001

Parameter Variation in Two Inductively Coupled Oscillators

Let us consider two inductively coupled oscillators with the nominal parameters
given in Sect.6.3.9 and a small parameter AL variation in the inductance of the
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second oscillator. Then the corresponding model is:

dvi(?) Ul(t) S

@ TR ThOF Etanh(—vl(f)) =0. (6.95)
dis(t) _wi(@) _ M di(1)

a L, L, d (6.95b)
dvy(?) V(1) . S G, 3

T CoR +ix(t) + G tanh(?vz(t)) =0, (6.95¢)
T Tor AL~ LAAL 4 (6.95d)

dt L+ AL  L,+ AL dt

By using the small parameter variation model given in Sect. 6.3.5 we obtain the
corresponding phase shift macromodel for (6.95):

0
@) = Vi@ +a@)-| Mdio) |, (6.962)
Ly dt
0
@) =Vi(+m®) | M di@) w@) . (6.96b)
L+ AL dt L}

where the currents and voltages are evaluated by using (6.75¢)—(6.75d).

For this numerical experiments we consider the coupling factor to be equal to
k = 0.0005. Furthermore, let us denote by £,;*"*4% and f£"**" the new frequency
of the second oscillator obtained by full simulation and phase macromodel for the
given parameter variation AL. Then we define

Af ffull AL _ phase AL )

In Fig.6.30 we show the relative frequency difference Af versus parameter
variation AL. We note that for small parameter variations (AL/L, < 0.01) the
phase macromodel provides a good approximation to the full simulation results.

In Fig.6.31 we show the output spectrum of the second oscillator for several
values of the parameter AL.

6.3.9.2 Capacitively Coupled Oscillators

The coupling capacitance in Fig.6.24 is chosen to be Cy = k - Cyean, Where
Ciean = (C1 + C3)/2 = 1.794 - 1072 and we call k the capacitive coupling factor.
Simulation results for the first oscillator for different capacitive coupling factors k
are given in Fig. 6.32 (similar results are obtained for the second oscillator around
its own carrier frequency).
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Fig. 6.33 Capacitive coupling. Phase shift of the first oscillator with k = 0.001

For a larger coupling factor k = 0.01 the phase shift macromodel shows small
deviations from the full simulation results Fig. 6.32d.

The phase shift o (¢) of the first oscillator and a zoomed section for some interval
are given in Fig. 6.33. In a long run the phase shift seems to change linearly with
a slope of a = —0.00052179. The linear change in the phase shift is a clear
indication that the frequency of the first oscillator is changed and is locked to a new
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frequency, which is equal to (1+a) f1. The change of the frequency can be explained
as follows: as noted in [114], capacitive coupling may change the free running
frequency because this kind of coupling changes the equivalent tank capacitance.
From a mathematical point of view it can be explained in the following way. For the
capacitively coupled oscillators the governing equations can be written as:

dvl(t) n vl_(t)

(Cr+ Co)—— R (6.97a)
Y+ S tanh(—vl(t)) -G dvj;t)
i
L l;y) — (1) =0, (6.97b)
(G2 + Co) dVZ(Z) + Uz_lgl) (6.97¢)
L)+ S tanh(—vz(t)) -G dv:lf’)
i
L, lif) - (6.97d)

This shows that the capacitance in each oscillator is changed by Cy and that the new
frequency of each oscillator is

- 1 )
fi= ,i=1,2.
27 /L (C; + Co)

In the zoomed figure within Fig. 6.33 we note that the phase shift is not exactly
linear but that there are small wiggles. By numerical experiments it can be shown
that these small wiggles are caused by a small sinusoidal contribution to the linear
part of the phase shift. As in case of mutually coupled inductors, the small sinusoidal
contributions are caused by mutual pulling of the oscillators (right-hand side terms
in (6.97a) and (6.97¢)).

6.3.9.3 Inductively Coupled Oscillators Under Injection
As anext example, let us consider two inductively coupled oscillators where in one

of the oscillators an injected current is applied. Let us consider the case where a
sinusoidal current of the form

1(t) = A sinQr(f1 — for)?) (6.98)



420 D. Harutyunyan et al.

—13

1 )((10_ b
o | M\ W\f JW‘ | w‘ | ” “ ‘ ‘ l
(L M | |u|
AR 2
N mlm ”fv h“m Vf" wr. H v v‘r \"H H\ i
s _ I I Il \r; H 'y s
1T HH Ul
|
0 2 4 6
time x107 time X 10_7
c 0 $ ——macromodel d 0 $ |——macromodel
-20 “\* * full simulation -20 I‘T * full simulation
- 335 -40 ) .
2 o0 ; i 3 g 60| } \l‘ *’X
R P e
& -100 s ‘ﬁ .’-” *l \“\ dﬁ & -100 il \‘T‘\ * TT‘ ;L
A I R e ek
e \@T :1 1#\‘1 lllg%‘i‘: 140 *ﬁ\' T.‘ : . 'mih
O P DR R J S IR ~160 & | it AR
4.6 4.8 5 4.4 4.6 4.8
frequency x 10° frequency x 10°
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is injected in the first oscillator. Then (6.75a) is modified to

—10)
M diy(t)

dt

di(t) = VIt +a;(t)) - (6.99)

For a small current injection with Aj;; = 10 WA and an offset frequency forr =
20 MHz the spectra of both oscillators and the phase shift with coupling factor
k = 0.001 are given in Fig. 6.34. It is clear from Figs. 6.34a, b that the phase shift
of both oscillators does not change linearly, which implies that the oscillators are
not in the steady state. As a result in Figs. 6.34c, d we observe spectral widening in
the spectra of both oscillators. We note that the phase macromodel simulations are
good approximations of the full simulation results.
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6.3.9.4 Oscillator Coupled to a Balun

Finally, consider an oscillator coupled to a balun as shown in Fig. 6.25 with the
following parameters values:

Oscillator Primary balun Secondary balun
L, =0.64nH L, =1.10nH L3 =3.60nH
C, =1.71pF C, = 4.00pF C; = 1.22pF
Ry =508 Ry, =408 Ry =602

The coupling factors in (6.85) are chosen to be
kiz =107, ki3 =5.96 % 107, ko3 = 9.33 % 107" (6.100)
The injected current in the primary balun is of the form
1(t) = Ainj sinQr (fo — for)?), (6.101)

where fy = 4.8 GHz is the oscillator’s free running frequency and fo = 20 MHz
is the offset frequency.

Results of numerical experiments done with the phase macromodel and the full
simulations are shown in Fig. 6.35. We note that for a small current injection (A4;p; =
1074 —1072 A) both the oscillator and the balun are pulled by each other. When the
injected current is not strong (A = 10~* A) the oscillator is pulled slightly and in
the spectrum of the oscillator (Fig. 6.35a) we observe a spectral widening with two
spikes around-60dB (weak “disturbance” of the oscillator). By gradually increasing
the injected current, the oscillator becomes more disturbed and in the spectrum we
observe widening with higher side band levels, cf. Fig. 6.35c—f. When the injected
current is strong enough (with Aj,; = 107" A) to lock the oscillator to the frequency
of the injected signal, we observe a single spike at the new frequency. Similar results
are also obtained for the secondary balun.

Oscillator Coupled to a Balun

Consider an oscillator coupled to a balun as shown in Fig. 6.25 with the following
parameters values:

Oscillator Primary balun Secondary balun

Ly =064-100° | L, =110-10"° | L3 =3.60-10""
C,=171-107"% | C;=4.00-1072 | C3=1.22-107"
R, =50 R, =40 R, = 60

The coefficients of the mutual inductive couplings are kj; = 1073, ki3 = 5.96
1073, ko3 = 9.33 % 1073, The injected current in the primary balun is of the form

1(t) = Ainj sinr (fo — for)?), (6.102)



422

D. Harutyunyan et al.

Ainj = 1074 A
a o ~—macromodel b o
20 « full simulation 20
& | o -40
z | z
a | ” a -60
D | s D
o | F o
[ roed % -80
M \
\ -100 {**”
‘ -120
4.8 4.82 4.84
frequency x10°
Ajpj =

c 0
-20

o

z

a

D

o

(1]
o

PSD(dB)

4.78

4.8
frequency

——macromodel . | ——macromodel
« full simulation /1 [_*_full simulation
|1 ‘w
'
|
I
| |
| |
| \
| | \
| | [
I
| o
Pl ” ‘;‘u‘ “ 94‘»
‘ [ | [ A
4.8 4.82 4.84 4.8 4.82 4.84
frequency x10° frequency x10°
Ainj = 1072 A
n ——macromodel f 0 4! ——macromodel
e « full simulation ' « full simulation
| -20 | -
A B R | N
voa e 4l — o
AR @ -40 th
R : BRI
PLlhr L o -60 A
SRR RUARAW:
S | 1Y _ | Vo
RFEAEEaE L WL
<. IS IR x| I f+
R NN ~100 [ | IR
476 478 48 4.82 484 486 476 478 4.8 482 4.84 486
frequency x10° frequency x10°
Ainj = 1071 A
inj =

4.78
frequency

48
x10°

4.76

4.78
frequency

4.8 4.82

x10°

Fig. 6.35 Comparison of the output spectrum of the oscillator coupled to a balun obtained by the
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Fig. 6.36 Comparison of the output spectrum of the oscillator coupled to a balun obtained by
the macromodel-full and the macromodel-MOR simulations for an increasing injected current
amplitude Aj,j and an offset frequency fo = 20 MHz

where fy = 4.8 GHz is the oscillator’s free running frequency, for is the offset
frequency and Ay is the current amplitude.

Results of the numerical experiments are shown in Fig. 6.36, where the results
obtained by the macromodel-MOR technique with mor_dim = 2 provide a good
approximation to the full-simulation results. We note that for the injected current
with A,y = 1071 A the oscillator is locked to the injected signal. Similar results are
also obtained for the balun.

6.3.9.5 Oscillators Coupled with Transmission Lines

In this section we consider two academic examples, where transmission lines are
modeled with RC components.
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Single Oscillator Coupled to a Transmission Line

Let us consider the same oscillator as given in the previous section, now coupled
to a transmission line, see Fig. 6.26. The size of the transmission line is n = 100
with the following parameters: C; = ... = C, = 1072 pF, R, = 40k, R, =
... = R, = 1£2. The injected current has the form (6.102) with A;;; = 1072 A and
fott = 20MHz. Dimension of the reduced system is mor_dim = 18. Simulation
results around the first and third harmonics (this oscillator does not have a second
harmonic) are shown in Fig. 6.37. The macromodel-MOR method, using techniques
described in Sect. 6.3.8, gives a good approximation to the full simulation results.

Two LC Oscillators Coupled via a Transmission Line

For this experiment we consider two LC oscillators coupled via a transmission line
with the mathematical model given by (6.93). The first oscillator has a free running
frequency fi; = 4.8 GHz and is described in Sect. 6.3.9.4. The second LC oscillator
has the following parameter values: Ry = 5052, Ly = 0.64nH, Cy = 1.87pF

and a free running frequency f, = 4.6 GHz. The size of the transmission line
is n = 100 with the following parameters: C; = ... = C, = 1072pF,R| =
R,y = 4k2,R, = ... = R, = 0.001 £2. Dimension of the reduced system

is mor_dim = 16. Numerical simulation results are given in Fig. 6.38. We note that

macromodel-MOR approach gives a very good approximation to the full-simulation
results.
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6.3.10 Conclusion

In this section we have shown how nonlinear phase macromodels can be used to
accurately predict the behavior of individual or mutually coupled voltage controlled
oscillators under perturbation, and how they can be used during the design process.
Several types of coupling (resistive, capacitive, and inductive) have been described
and for small perturbations, the nonlinear phase macromodels produce results with
accuracy comparable to full circuit simulations, but at much lower computational
costs. Furthermore, we have studied the (unintended) coupling between an oscillator
and a balun, a case which typically arises during design and floor planning of RF
circuits. For the coupling of oscillators with transmission lines we showed how the
phase macromodel can be used with model order reduction techniques to provide an
accurate and efficient method.
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Part IV
Optimization

This section is devoted to the optimization of the hot spot benchmark example
introduced by STMicroelectronics, which couples thermal and electrical effects.
The PDAE theory for electro-thermal coupled systems has been introduced in
Sect.2.2.2. Corresponding simulation paradigms based on the Demonstrater Plat-
form methodology can be found in Sect. 8.3. Chap. 7 discusses now how to embedd
an optimization flow in an industrial environment to optimize Power-Mos circuits
with respect to the peak current.



Chapter 7
Optimization Methods and Applications
to Microelectronics CAD

Salvatore Rinaudo, Valeria Cinnera Martino, Franco Fiorante,
Giovanni Stracquadanio, and Giuseppe Nicosia

Abstract In many areas of research and design, simulators are a crucial tool
for optimizing the relevant features of devices and for determining the effect of
parameter variations on the output of a given system. Many commercially available
simulation tools in the microelectronics industry are endowed with optimization
programs, usually based on Least Squares Methods coupled with a numerical
solver for minimizing, such as the normal equations or gradient methods. However
these optimization codes are strictly linked to the whole commercial simulation
package and cannot be easily adapted to the various requirements of an industrial
environment. This chapter aims at introducing the most important algorithms and
methods which could be of interest to CAD engineers working in universities or in
several microelectronics companies. The examples which will be illustrated are real
industrial cases and the results obtained with the cascade of simulators used within
STMicroelectronics will be presented.

7.1 Motivation

In many areas of research and design, simulators are a crucial tool for optimizing the
relevant features of devices and for determining the effect of parameter variations
on the output of a given system.

The simulators are used to replace a large amount of experiments and measure-
ments which are necessary to take into consideration the deterministic and stochastic
behaviour of the manufacturing processes of electronic devices.
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A very important application of optimization is the parameter extraction, by
which the parameters characterizing a given device within a given mathematical
model can be obtained from the measurements of some characteristics of the device.

For instance the parameters required to model the behaviour of a device are
related to physical quantities such as mobility, recombination and so on. When
a device is described by an equivalent circuit, as for example the Gummel-
Poon model, used by many circuit simulators (e.g. SPICE [36]), to perform the
characterization of the electrical behaviour of bipolar transistors, the parameters are
related to the electrical components of the circuit.

Many commercially available simulation tools in the EDA field of microelec-
tronics industry are endowed with optimization programs, usually based on Least
Squares Methods coupled with a numerical solver for minimizing, such as the
normal equations or gradient methods. However these optimization codes are
strictly linked to the whole commercial simulation package and cannot be easily
adapted to the various requirements of an industrial environment.

For instance, in some industrial applications, a designer would like to have a
global optimizer, which, being computationally expensive, is usually not available
in the commercial package. However the greater computational cost of global
optimization could be tolerable in an industrial context if efficient use be made
of the computing power of a given design unit (e.g. by an appropriate use of a
cluster of multivendors workstations). Another important example of great interest
is the optimization of a cost function which is computed by using several simulation
codes which are not integrated in a single software package and have been provided
by different software vendors. Still another example would be the need to add more
functions to the optimization (or parameter extraction) which are not usually found
in commercial optimization software.

Because of these various demands for customized optimization and tolerance
analysis in a CAD/CAM unit, several research groups in the microelectronics
industry have developed their own optimization packages.

In particular the TCAD unit of STMicroelectronics has developed a post process-
ing package called EXEMPLAR [33, 34] which encompasses global optimization
and advanced statistical sensitivity analysis for the cascade of commercial and in
house simulators, which are widely used by the design engineers throughout the
company. The activity, started two decades ago in ST with the development of
Exemplar, has been extended in the COMSON project.

This chapter aims at introducing for the most important algorithms and methods
which are part of the optimization framework Exemplar which could be of interest
to CAD engineers working in universities (graduate students) or in several micro-
electronics companies.

The examples which will be illustrated are real industrial cases and the results
obtained with the cascade of simulators used within STMicroelectronics will be
presented. This textbook is addressed to:

* Researchers in the microelectronics industry working in the CAD area. In
particular those who must keep and update the commercial simulation software
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used by CAD engineers; and must also integrate different commercial simulation
software within optimization environments.

* PhD or advanced students in electrical engineering, computer science and applied
mathematics.

7.2 The Optimization Problem

Optimization is the process by which one finds that value x that maximizes or
minimizes a given function f(x). The function f is called objective function.

Except in linear case, optimization proceeds by iteration, that is, starting from an
approximate trial solution, a good algorithm gradually refines the research space
until a predetermined level of precision has been reached. An extremum of f
(maximum or minimum point) can be either global or local.

Generally, the global extremum is required, even if to distinguish a local
extremum from a global extremum is not so simple. A technique to determine the
global minimum could be to vary the initial point and take as extremum the one
among all that results to be the minimum or maximum in absolute (if they are not
all equal). If necessary, a high number of initial points can be generated in a random
way. Another technique could be to perturb a local extremum to verify if the algo-
rithm gives again the same extremum. Relatively recent techniques such Simulated
Annealing and Genetic Algorithm are designed to minimize functions that are not
smooth and that may have many local minima. Simulated Annealing algorithms
introduce a random element into the iteration process, giving the algorithm a change
to escape from a local extremum. Genetic Algorithms carry information about
multiple candidates for the global extremum that are simultaneously refined as
iteration proceeds.

In the optimization field it is necessary to make another difference between con-
strained optimization and unconstrained optimization; we talk about constrained
optimization when the x value which minimizes or maximizes f has to satisfy a
priori one or more constraints.

Having established the optimization as unconstrained, we must choose an
optimization method. First of all, we must choose between methods that need
only evaluations of the function to be minimized and methods that also require
evaluations of the derivatives of f. In the multidimensional case, this derivative is
the gradient (V f), that is the vector whose components are the partial derivatives
of f with respect to x; fori =1,...,n.

Algorithms using the derivative are somewhat more powerful than those using
only the function, but not always enough so as to compensate for the additional
calculations of derivatives. Another criterion to be taken into account, to choose
an optimization method, is related to the quantity of memory it requires. We must
choose between methods that require storage of order n* and those that require
only of order n, where n is the number of dimensions. For moderate values of
n and reasonable memory sizes this is not a serious constraint. There will be,
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however, the occasional application where storage may be critical. Among the
methods which does not require the derivatives calculation and require a storage
of order n2, we have to focus more attention on Nelder and Mead’s Simplex
Method and on the Powell’s Method. For as much as regards the algorithms
which require the first derivatives calculation we can consider two major families
of algorithms: Conjugate Gradient Method and Quasi-Newton Methods. The
former requires only of order n storage, while the Quasi-Newton Methods require
of order n? storage. Both families require a one-dimensional minimization sub-
algorithm, which can itself either use, or not use, the derivatives calculation.

The EXEMPLAR optimizer widely used by ST design engineers, is mainly
based on optimization methods without derivatives. Some of these methods are:
the Simplex method [28], the Powell [31], the CRS (Controlled Random Search)
[7, 32] and the Direct method [26].

In the present chapter we describe the integration of ST PAN modeling flow
[4, 5] with the EXEMPLAR framework in which the innovative Discretized Immune
Algorithm (DIA) is encapsulated (Fig. 7.4).

7.3 Parameter Extraction for Compact Circuit Models

High-Voltage discrete power MOSFETs robustness is hardly tied to the topology of
the layout device. Weakness in layout designs could produce, for example, during
a classic UIS (Unclamped Inductive Switching), current focusing known as “hot
spots” [12, 27] that could compromise the integrity of the entire device. It will
be shown that an automatic optimization of a power MOSFET. layout can reduce
the peak currents focused in hot spot areas during an UIS. The device is modeled
using the innovative Power Analyzer (PAN) technique [4, 5] based on an accurate
extraction of a spice-like model of the power device starting from its physical layout
representation. The optimization is based on a framework fully integrated within the
PAN modeling flow, which utilizes many of the most used and effective state-of-art
optimization algorithms [23].

7.3.1 Automatic Physical Layout Optimization of Discrete
Power MOSFETs for Reducing the Effects of Current
Density

Discrete power MOSFET device represents nowadays a class of power devices
highly requested in the field of SMPS (Switched-Mode Power Supply) for Servers,
Solar & Desktop, AC/DC Converters, Battery Chargers, etc. due to their minimized
gate charge, high speed switching and lowest Rps(ON) (Static drain-source on
resistance).
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The basic internal structure of a power MOSFET is made up of several
elementary transistor cells connected in parallel rows in order to achieve the current
handling capability required by the design application. Each row, and hence each
single cell, is powered by a gate metal path that branches from the gate pad and
stretching itself across the entire device. In the layout, there are cells displaced in
areas far and very near to the gate pad; the result is that the gate impedance of
each cell seen towards the gate pad could vary in relation to its distance to the
gate pad [2, 6]. As a consequence of this non uniformity, it is possible to observe
during the turn-on or turn-off switching that some cells will receive or loose the gate
signal at different times causing a different behavior in terms of current carried. For
example, at high switching frequencies the time required by the gate signal to reach
the farthest elementary cell may be comparable to the switching times of the input
signal. Therefore, this provides fast switching times for cells near to the gate pad
and increasing delays for those located furthest away. The fast turn off for only
portions of the device forces the remainder to drive large amounts of current during
switching [2]. The result is a dramatic current density increase in the slowest parts
of the device causing what we call a “hot spot” . Hot spots are restricted areas where
probable thermal failures can make devices less robust. Also, in a UIS turn-off,
peaks of current forced by the inductor load will be carried only by those slower
cells, therefore, a better distribution of the cells is necessary to minimize the peak
current which is a constraint that the designer should consider in order to develop
a more robust devices [8, 24, 25]. This target could be reached by modifying the
distribution of the gate metal across the device but paying attention not to vary the
gate impedance of the whole device. This is strongly tied to the displacement of the
metal path which is often a given parameter requested by the customer.

A new optimization framework flow will be demonstrated using new optimiza-
tion algorithms that will modify the geometry of the layout. Moving element
positions in the layout can cause an increase or decrease of the current density
in the device depending on where elements are placed. Power Mos is made up of
elements such as metal gate, fingers, gate pad, source windows, etc. which is shown
in Fig.7.1.

For example, moving the metal fingers closer together can cause current to reach
some elementary MOS gates quicker and slower for others because the path traveled
may be decreased or increased. The number of relative placements for elements can
be enormous, therefore, a new optimization tool is designed to aid this process.

7.3.2 Modeling Approach

In order to better understand how the whole flow works, we will focus our attention
on a spice-like netlist model used in the flow. This model is produced by an
extraction starting from a CAD (Computer Aided Design) layout view of the device.
Since, the layout usually has many different CAD layers that are not useful during
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the final extraction. A simplified CAD view of the device is effectively used by the
modeling tool as input.

The extracting tool, PAN is used to extract the netlist of the device in two steps
from the simplified view.

The first step is to extract a numerical model which is strictly related to the layout
topology. Each layer is mapped to a number, for example, an elementary cell is
represented by the number 2. The second step starts from the numerical model which
automatically produces the spice-like netlist model through indexes interpretation.
The cell named as “MOS” corresponds to the model of a single elementary cell
which must be supplied by the user and it could also be extracted with the aid of a
TCAD (Technology CAD tool) simulation tool or by measurements on a wafer.

The peculiarity of this spice-like modeling flow is once the numerical model
is produced, then the final netlist could be easily extracted starting from this data.
This very important possibility releases the designer from the original layout so
that many more analysis can be performed simply by modify the numerical model
written in ASCII format which implies modification of the physical layout structure
(es. number of fingers, pad size, position, etc.).

Since the position of elements has been discretized such that they are put on a 2D
lattice with integer coordinates, the algorithms have to find the x and y coordinates
for each element of the circuit under observation.

It is important to outline that any algorithm that is able to work with discrete
variables are suitable for this problem, because it can be tackled as a black box
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optimization problem. In our work, we use, through the Exemplar optimizer, four
algorithms that are the state-of-art in black box and circuit design optimization:
in particular, we use Controlled Random Search (CRS), and Controlled Random
Search Enhanched (CRS-E) [7]. The modelling methodology has been evaluated in
several of its aspect and a U.S. Patent has also been deposited [5].

7.4 The Optimization Algorithm

Designing micro-electronic devices is a complex process, which takes into account
increasing frequency and bandwidth ranges, small size factor, high reliability and
low power consumption [3, 20, 29]. From a mathematical point of view, there
are three major aspects to take into account; the formulation of a formal model
of the system, the performance optimization and the robustness analysis. In this
chapter, we focus on finding an optimal design for the power MOSFET. The
space of solutions defined by the parameters of the power MOSFET is enormous
and it is highly rugged. Moreover, the power MOSFET is a complex device
which simulation requires ~5 min; due to this expensive computational cost, an
optimization algorithm has to find good solution using tight budget of simulations
[3, 20, 29]. In order to tackle effectively this optimization problem, we design a
new OPTIMIZATION IMMUNOLOGICAL ALGORITHM, called OPTIA [13, 18]. The
OPTIA is a stochastic optimization algorithm based on the Human Clonal Selection
Principle of the Immune System (IS) [1, 16, 17].

The IS is an excellent example of bottom-up optimization strategy through which
adaptation operates at the local level of cells and molecules, and useful behavior
emerges at the global level [15, 19]. In particular, the Clonal Selection theory shows
that B and T lymphocytes, that are able to recognize the antigen, will start to
proliferate by cloning upon recognition of such antigen. When a B cell is activated
by binding an antigen, many clones are produced in response via the so called
clonal expansion. The newly created cells can undergo to somatic hypermutation,
creating offspring B cells with mutated receptors: the higher the affinity of a B-cell
to the antigens, the more likely it will clone. This results in a Darwinian process
of variation and selection, called affinity maturation. The increase in size of these
populations couples with the production of cells with longer than expected lifetimes,
assuring the organism a higher specific responsiveness to that antigenic attack in the
future: the so called immunological memory of the system.

OPTIA tries to mimic the clonal selection principle for optimization: a problem is
an antigen and a B-cell is a candidate solution. The affinity between an antigen and
a B-cell is given by the objective function of the optimization problem [13, 14, 35].

Each B-cell is a vector of real values of dimension 7, where 7 is the dimension of
the problem; moreover each candidate solution has associated an age t: it indicates
the number of iterations since the last successful mutation [9, 13, 21]. Initially the
age is set to zero.
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Fig. 7.2 Pseudo-code of the
Optimization Immune
Algorithm (optIA)

1: procedure OPTIA(d; dup;ts;p; B;54)

2: t<—0

3 BCyep, < Create_Archive(s,)

4: PO — Initialize(d)

5: Evaluate (P")

6: while —~Termination_Condition() do
7 PLelo) — Cloning(PY; dup)

8 PWP) — Hypermutation(P{1); p)

9: Plmacro)  Macromutation(PP); B)
10 Evaluate( Pmacr))
11: Aging(PL); Pimacro) 7
12: PUTD — Selection(PY); PMacro); BC,. 1)
13: t—1+1

14: end while
15: end procedure

An initial population P® of dimension d is generated randomly, with each
variable constrained into its lower and upper bounds. However, it could be useful to
use an ad-hoc population to start the optimization process: optlA can take in input
a starting point pg, and it use this point to initializes one B-cell of the population
and the remaining d — 1 candidate solutions are initialized with vectors obtained as
a perturbation of pg,.

The algorithm is iterative: each iteration is made of a cloning, mutation and
selection phase [9, 10, 30]. The algorithm stops when a given stopping criterion
is verified: in particular, it ends when a maximum number of fitness function
evaluations is reached.The pseudo-code of the algorithm is shown in Fig. 7.2.

The cloning phase is responsible for the production of new B-cell. Each B-cell is
cloned dup times producing a population P,i,ilo) of size d - dup = N,., where each
cloned B-cell takes the same age of its parent. At the same time, the age of the parent
is increased by one.

After the P/ population is created, it undergoes to the mutation phase
in order to find better solutions. In the mutation phase, the hypermutation and
hypermacromutation are applied to each candidate solutions [11]. These operators
are the principle responsible of the exploring and exploiting ability of the algorithm.

The hypermutation operator is based on the self-adaptive gaussian mutation that
is computed by:

o/ = o; x exp((t x N(0,1)) + (z/ * N;(0, 1))) (7.1)
X/ =x; +0 % N(O,1). (7.2)

The hypermacromutation applies a convex mutation to a given solution according
to the following equation:

X = (1= B) % xi + B * s (73)
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where x; # xi, B € [0.1] is a random number obtained with uniform distribution.
Since variables x; and x; typically have different ranges, the value x; is normalized
within the range of x; using the following equation:

(xx — L)
worm — p . WKy, 7.4
X + Ur = Lo) x( ) (7.4)

where L;, U; are the lower and upper bounds of x; and Ly, Uy are lower and upper
bounds of x;. The value used to mutate the variables x; is then x;7™.

The mutation operators are controlled by a mutation rate « that is differently
defined according to the type of operator: for the hypermutation operator, it is
defined as

a = e (7.5)

instead for the macromutation operator is defined as

o= (%) x e/ (7.6)

where f is the fitness function value normalized in [0, 1].

These operators are applied sequentially: the hypermutation operator acts on the
P () and it produces a new population P*?) and the hypermacromutation mutate
the P™P) generating the P ") population.

The population P ™) is evaluated: if a B-cell achieves a better objective
function value, its age is set to zero otherwise it is increased by one.

The Aging operator is executed on P*) and P "%": it drops all the B-cells with
age greater than t;, 4 1, where 7, is a parameter of the algorithm.

The B-cells deleted by the AGING operator are not discarded but they are saved
into an archive BCy,., of size s,: if there is enough space into the archive, the B-cell
is saved into the first available location, otherwise a random location of the archive
is selected and it is substituted by this new B-cell.

The selection is then performed and the new PV is created by picking the best
individuals from the parents and the mutated B-cells: if |P¢+V| < d, d — |PUTD)|
B-cells are randomly taken from the archive and added to the new population.

Many real world problems associate to each variable of an optimization problem
a fineness parameter in addiction to lower and upper bounds.

OPTIA is able to handle this kind of variable using a grid based model: a grid can
be defined as an n-dimensional space which fineness is specified by a parameter 8.

When OPTIA evaluate the fitness of a B-cell, it projects the solution on the grid
and successively it evaluates the fitness of the projected point. It is possible to define
different strategies to project the point on the grid. For each variable of the problem,
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Fig. 7.3 Extraction of the

description file gpad_width = 7
gpad_length = 7
gpad x = 14
gpad_y =8
finger | x =6
finger 1 0 =9
finger 1 oy = 4

finger 2 x = 12

OPTIA uses the following projection equation:

M(x,1,u,8) = min(|x — x;|, |x} — x|) (1.7
. x =1

= 7.8

Xg 5 (7.8)
, U—X

= 7.9

x; 5 (7.9

where x is a variable of the problem, /, u are the relative lower and upper bounds
and § is the mesh fineness parameter.

7.4.1 The Optimization Flow

The methodology proposed is based on the possibility of modifying the device
layout structure by simply modifying the contents of the numerical model stored
in an ASCII file. Before using the numerical model in the optimization flow, it must
be translated into a text description format using a custom language named DES !
which is based on a series of parameters that exhaustively describes the content of
the numerical model.

The DES file automatically created by custom software starting from the
numerical model allows for a better definition of constraints that the optimizer must
take into consideration. The DES parameters are geometric locations of elements
within the power Mos layout, for example, the location of the finger 1 is given by
the x,y coordinates and the width parameters such as finger_1_x, finger_1_oy and
finger_1_o respectively. These parameters are setup as variables which are inputs to
the optimizer that can be modified by the optimizer algorithm to find the optimal
location. The same is true for each of the other parameters in Fig. 7.3.

The optimization flow works accordingly as shown in Fig. 7.4. Firstly, a reference
starting geometric layout must be provided. This geometric layout is simplified into

'DES name used to describe the description of the numerical model matrix.
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Fig. 7.4 10 Optimization Flow

anumerical mapped model of the layout which is extracted by the PAN tool so that it
can be converted using DES2MTX? software into a detailed text description for each
of the important elements. The text description contains the positional coordinates
and sizes of each element which describes the make up of the discrete power MOS.
These elements positions and sizes become the parameters which may be optimized
in order to resolve the current density problem which has been previously described.
Secondly, the detailed text description is provided as input to the optimization
framework as shown in Fig.7.3 along with constrained bounds for each elements
parameters under evaluation which is provided on the first iteration cycle and used
through out the entire optimization process. Also, at the same time the PAN tool also
converts the numerical mapped layout into a spice like netlist which is simulated
using a third party tool that is a circuit simulator such as Mentor Graphics Eldo [22]
or a fast spice simulator; the results of the performances or simulation results are
passed to the optimization framework as inputs. Next, the optimization algorithm
goes to work by first reading these inputs and lastly providing new elements
parameters values under evaluation. If the new values under optimization are not
within the given constrained bounds (not yet optimal), a new text description file
provided by the optimization framework is converted back to a numerical model
by the DES2MTX software. Then it is converted to a new spice like netlist again,

’DES2MTX is software to convert description language to numerical mapped data of the
PowerMos layout. At the same manner, also the Mtx2Des software has been developed.
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Fig. 7.5 Starting Layout

Starting
Layout

which is then simulated, and delivered to the optimization frame work. This flow is
cycled until optimal solutions are found or the maximum number of iterations has
been achieved by the optimizer, even if a solution cannot be obtained. However,
if an optimal solution has been found, the text description file provided by the
optimization framework is converted back to a numerical model by the DES2MTX.
Finally, the PAN tool converts the new numerical model to its original geometric
layout form as the optimized physical layout view.

7.4.2 Simulation Results

In this work, we used the optimization flow described in order to improve the
robustness of power MOSFET devices in terms of maximum current density allowed
in a UIS turn-off.

Taken as reference the starting layout of Fig. 7.5, we obtained as result of the
optimization a better new layout where that maximum currentpeak is lower than
the one in the starting layout. In the built spice-like model of the device, each
single cell represents a portion of area of the real device; the size of that area
depends on how dense the mesh has been chosen for the discretezation necessary
to extract the matrix. An evaluation of the drain current referred to the elementary
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Fig. 7.6 Ipeak current 2D map and waveforms in a UIS turn-off for the starting reference layout

cell and, hence, to a given area, will give us very useful current density information.
For technologist, such as parameter is known and represents a physical limit for
the technology even if other causes of failure are to be searched in an excess of
the silicon temperature reached due to the switching power and of some parasitic
bipolars triggered by the high slopes of the drain currents flowing across the
elementary cells [6]. All these aspects could be easily investigated using the PAN
tool together with the optimization flow but in this work, only matters tied to peak
currents are investigated and result presented. In figure 2D map and waveforms
referred to the Ipeak currents across the reference starting layout is reported in
Fig.7.6 . The light area on dark background represents regions of the devices where
currents are higher.

That 2D map gives information useful from the qualitatively point of view.
Quantitatively information, instead, are given by the waveforms on the right part
for Fig. 7.6 which reports the whole Idrain current across the drain terminal of the
devices 1, the average current /4, that should have been if each cell of the devices
would have switched ideally without gate/source delay and, at end, the maximum
peak current found across all the cells of the devices. The difference between ,eqx
and I, represents an index of current unbalancing of the device. To study the
effective of immune algorithm and two investigate the hardness of the problem, we
have conducted a long series of simulation using various optimization algorithm:
we have used the SIMPLEX, CRS and CRS-E methods. In our experimental protocol,
when it is possible, we use as a starting point the circuit proposed by the designers or
we generate one randomly. In particular, OPTIA can work completely from scratch
or take an initial point, that is assigned to an individual and the other individuals of
the population are small perturbations of this starting point.

The stopping criterion adopted is the attainment of a fixed number of simulations
(in our case 10%) or, for numerical methods, the achievement of the convergence.
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Table 7.1 PowerMosfet

v et . Algorithm Initial point Ipeak
optimization results using Desi S 9.948 x 102
evolutionary and numerical esigner’s pont | = : x
algorithms optIA Random point | 7.281 x 1073

Crs Random point 7.296 x 10~3
optIA Designer’s point | 7.394 x 103
Crs-E Random point 7397 x 103
Simplex Designer’s point | 7.894 x 1073

time=2.6700E-04

Id=0.999038
Ipeak= 0.730398 Idm= 0.9991228
EF o N
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Fig. 7.7 Ipeak current 2D map and waveforms in a UIS turn-off for the optimized layout

In Table 7.1, we report for each algorithm the best solution found in terms
of IPEAK by the various algorithms: by inspecting the results, OPTIA found the
best solution using random points. From an optimization point of view, this is
not surprising because the designer’s circuit can be a local optimum that prevent
the algorithm to find new good solutions. The 2D final current map and relative
waveforms have been shown in Fig.7.7. As it is possible to observe, during
the analyzed range of time, where the current peak occurs, the final value for
that parameter is normalized decreasing from 1.0000 to 0.73098 obtaining an
improvement of approximately 27 %. In order to obtain this new result the optimizer
has modified the geometry of the original layout by repositioning and modifying
elements in the layout. The optimizer has decreased the size of poly silicon gate
areas and repositioned them along the gate metal finger. It also repositioned the gate
metal fingers in horizontal fashion. The final result is a new layout geometrically
adjusted and optimized for the better (Fig. 7.8).
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Fig. 7.8 Optimized Layout / T T T \

7.5 Conclusion

In this work we have shown an innovative methodology for the power MOSFET
design aimed to improve robustness and performances. This methodology opens
new spaces in power device designing giving to the designers new innovative CAD
tools that allows investigating problematic until now little afforded due to the lack
of means. The work, yet in the preliminary phase has shown enormous potential
for investigation in future work, and of course, will be treated. The designed
evolutionary algorithm was shown to produce acceptable solutions in most cases,
where classical techniques failed.
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Part V
COMSON Methodology

The COMSON methodology is based in the linkage of a Demonstrator Platform
(Chap.8) with an e-learning environment (Chap.9). It is used for both testing
mathematical modells and methods derived in Chaps.2-7 and educating young
researchers.



Chapter 8
COMSON Demonstrator Platform

Georg Denk, Tamara Bechtold, Massimiliano Culpo, Carlo de Falco,
and Alexander Rusakov

Abstract This chapter describes the Demonstrator Platform (DP), a framework for
simulation of devices, interconnects, circuits, electromagnetic fields, and thermal
effects. This framework is used to develop and test new mathematical methods and
algorithms. Section 8.1 describes the design of the DP and gives an overview of
the available modules. Section 8.2 is a tutorial on how to use the DP focusing on
model-order reduction. It shows for the example of a micro-hotplate model all the
steps needed to apply model-order reduction, including postprocessing and error
estimation. In a second part, a coupled simulation of a circuit combined with a
reduced model of a transmission line is presented. Section 8.3 emphasizes the aspect
of the DP as a development framework. After introducing the benchmark example
of an n-channel power MOS-FET, it is shown how to combine and extend different
modules of the DP to a fully coupled electro-thermal simulation of the device.
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8.1 Introduction

The purpose of the COMSON project is to develop algorithms for coupled
multiscale simulation and optimization in nanoelectronics. As several nodes are
involved, a common platform for this development is needed. The main objective
of the consortium is therefore to realize an experimental Demonstrator Platform
in software code, which comprises simulation of devices, interconnects, circuits,
electromagnetic fields, and thermal effects in one single framework. It connects each
individual achievement, and offers an adequate simulation tool for optimization in
a compound design space.

The Demonstrator Platform is used as a framework to test mathematical methods
and approaches, so as to assess whether they are capable of addressing the industry’s
problems, and to adequately educate young researchers by hands-on experience on
state-of-the-art problems, and beyond. The Demonstrator Platform does not aim at
replacing existing industrial or commercial codes. However, it will be capable of
analyzing medium sized coupled problems of industrial relevance, thus offering a
chance to develop advanced mathematics for realistic problems. The second benefit
of such a platform is to collect the knowledge of models and methods, which is
widespread distributed over the different partners, giving a good opportunity for
transfer of knowledge.

This section gives an introduction to the ideas and concepts of the Demonstrator
Platform, followed by a tutorial section on how this platform can be used in
the context of model-order reduction (Sect.8.2). In Sect. 8.3, a research study is
presented which uses the Demonstrator Platform for development of the coupled
electro-thermal simulation of an n-channel power MOSFET. The Demonstrator
Platform was also used for developing a coupled circuit-device simulation, see [21].

8.1.1 Design of the Demonstrator Platform

In order to allow an easy installation and application within different environments,
the design of the Demonstrator Platform was influenced by the following assump-
tions:

Provides a fast prototyping environment,

Is not restricted to a particular operating system,

— Can easily be extended,

Can easily be distributed to others,

Allows different license conditions for different parts.

These conditions are especially important, if the Demonstrator Platform should be
used both in an academic environment and in an industrial environment, as they are
present within COMSON. To foster cooperations with other research groups, it is
essential to share the Demonstrator Platform as a common development platform.
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Fig. 8.1 Layout of the Demonstrator Platform

For fast prototyping of mathematical algorithms, interpreted languages like
Matlab or Octave are widely used. To avoid license problems, we decided to use
the free tool Octave [38] which is available for many operating systems and can be
distributed without license issues. Octave allows both an interactive approach for
development and a batch-oriented usage for long-running computations. It offers
additionally a free API for integrating software written in other programming
languages like C or Fortran. Octave builds the controlling language of the
Demonstrator Platform.

The Demonstrator Platform uses a modular structure consisting of so-called
modules and external libraries. Modules provide some functionality to the user of
the Demonstrator Platform, e.g. model-order reduction techniques. To enable the
re-use of already existing software, the modules may interface to external libraries,
e.g. numerical libraries like Slicot. In Fig. 8.1, the structure of the Demonstrator
Platform is depicted.

This flexible concept of external libraries provides a solution for incorporating
software released under different license conditions. Libraries with a free license
can be completely integrated to the Demonstrator Platform which is distributed
as free software. Other libraries with a more restrictive license have to be kept
separated, only the interfacing routines are part of the Demonstrator Platform. With
this approach it is possible to call confidential software from the Demonstrator
Platform, without making it a part of it. Especially in an industrial environment,
this is of great importance. This is indicated in Fig. 8.1, where the boundary of
the Demonstrator Platform includes some of the external libraries, while others are
located outside.
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For quality software, it is not enough to provide a set of functions. Also the doc-
umentation is an essential part of the Demonstrator Platform. This documentation
contains research papers where the theoretic background of the routines is provided.
In addition, a description of the available functions is automatically generated out
of the sources.

The Demonstrator Platform contains an integrated self test to ensure the
correctness of the modules. For this purpose every module is provided with some
test examples for which a reference solution is known. During the self test, the
computed solution is compared with the reference solution and an according
message is printed. This feature is especially important during the joint development
of new modules, as they might interfere with existing modules.

All examples, including the test examples, are categorized in so-called class A,
class B, or class C examples. While class A examples are basic unit tests, class
B examples are (simple) academic examples which already require a full-fledged
algorithm to be solved. Class C examples are real-life examples which need the
proper coupling of algorithms, advanced approaches, and in most cases longer
computing times to be solved.

8.1.2 Modules

This section gives a short overview of the available modules of the Demonstrator
Platform.

8.1.2.1 Generic Numerical Methods

DAEN Differential-Algebraic Equations Solver
DAEN is a BDF implementation of a differential-algebraic equations solver for
problems with index 0, 1, and 2. It uses a variable step size, variable order.

RADAU Differential Algebraic Equation Solver
RADAU is a differential-algebraic equation solver for equations of index 0, 1 and
2. This code is a variable step size, variable order implementation of the RADAU
methods.

GLIMDA Differential Algebraic Equations Solver
GLIMDA is for the numerical solution of differential equations of index 0, 1
and 2. It is a variable step size, variable order implementation of general linear
methods.

BIM Finite-Element Box Integration Method
BIM is a PDE solver using a finite element/finite volume approach. It solves
diffusion-advection-reaction (DAR) partial differential equations based on
the finite volume Scharfetter-Gummel (FVSG) method also known as Box
Integration Method (BIM).
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8.1.2.2 Model-Order Reduction

AMOR Interface to MOR4ANSYS
AMOR provides an interface to the software package MOR for ANSYS which
is part of the module MOR4ANSYS

MOR4ANSYS MOR for ANSYS
MOR4ANSYS is an adapted version of the software package MOR for ANSYS
[44] which reduces dynamic systems provided in Matrix Market format.

ROM-WB Tools for migration between RomWork and OCS
ROM-WB provides some tools for converting input files to make them usuable
for the module OCS and RomWork.

SLICOTINT Interface to SLICOT Model Reduction Routines
SLICOTINT provides an interface to the SLICOT library [49]. It supports
balance and truncate model reduction (routine ABO9AD), singular perturbation
approximation based model reduction (routine AB09BD), Hankel norm approx-
imation based model reduction (routine ABO9CD). It also allows the efficient
computation of Hankel Singular Values of the dynamical system.

MOR Collection of simple MOR tools
MOR provides a collection of simple projector matrix builders for DAE systems.

8.1.2.3 Circuit and Device Simulation

OCS Octave Circuit Simulator
OCS is a module for solving DC and transient MNA equations stemming from
electrical circuits.

SKIF Interface to the SiMKit library
SKIF provides an interface to SiMKit library [37], a library of compact transistor
models.

D4MEKAI Device Simulator based on Maximum Entropy Principle
D4AMEKALI provides a device simulation of the hydrodynamical model of
semiconductors in 1D in case of the Kane dispersion relation.

ETMEPID Device Simulator of the MEP energy-transport model in 1D
ETMEPI1D provides the 1D simulation of the MEP energy-transport model for
semiconductors by using a Scharfetter-Gummel like scheme while the Poisson
equation is solved with a false transient method.

ET_MEP_MOSFET Device Simulator for the 2D MEP energy-balanced
model.

ET_MEP_MOSFET provides the 2D numerical simulation of the MEP energy-
transport model for semiconductors by using the Scharfetter-Gummel scheme
while the Poisson equation is solved with a false transient method [41-43].

FIDES Field Device Simulator
FIDES provides a package for monolithic or co-simulation of field-circuit
coupled problems.

ROMI Reduced Order Model of the multiconductor interconnects
ROMI provides routines for extraction of the reduced order model of the
multiconductor interconnects.
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SECS1D, SECS2D, SECS3D Drift-Diffusion simulator for 1d, 2d, and 3d
semiconductor devices
SECS1D, SECS2D, and SECS3D provides a device simulator for 1d, 2d, and 3d,
resp., semiconductor devices based on drift-diffusion [22, 24, 25].

8.1.2.4 Optimization

CRS Optimization routine based on Controlled Random Search
CRS provides an optimization algorithm based on controlled random search plus
some test functions.

OPTBOOK Optimization procedures
OPTBOOK provides a set of optimization procedures, described in the book
“Optimization of the EM devices”.

8.1.2.5 Auxiliary Routines

MSH Meshing Software Package
MSH is a package for creating and managing triangular and tetrahedral meshes
for finite-element or finite-volume PDE solvers.

FPL FEM Plotting
FPL provides a collection of routines to plot data on unstructured triangular and
tetrahedral meshes.

8.2 Tutorial on Working with the Demonstrator Platform
with Emphasis on MOR

Principle and methods of model order reduction (MOR) are explained in Chaps. 4-6.
Here we would like to demonstrate how the Demonstrator Platform can be used
for testing new MOR algorithms and for coupling reduced order models with the
surrounding/driving circuitry. Section 8.2.1 lists the implemented MOR modules
and describes in more details those, which are relevant for this tutorial. Section 8.2.2
introduces the chosen nanoelectronic case studies. Section 8.2.3 demonstrates in a
step-by-step-manner how to run model order reduction within the Demonstrator
Platform by using two external libraries MOR for ANSYS [44] and SLICOT [49].
It also describes a provided framework for prototyping and testing new model
reduction algorithms. Section 8.2.4 demonstrates how to use reduced order models
(created by the mentioned libraries) within a circuit simulation with the OCS.
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8.2.1 Overview and Structure of MOR Modules

At present, there are the following MOR related modules within the Demonstrator
Platform:

— AMOR,

— MOR,

— MOR4ANSYS,

— MOR_UTILITIES,
— ROMI,

- ROM_WB,

— SLICOTINT,

each located in the subdirectory with the same name. For example, the module
AMOR is located in DP_DIR /AMOR, where DP_DIR denotes the directory in which
the demonstrator platform has been installed. In the following, we will shortly
describe the structure and functionality of AMOR, MOR4ANSYS, MOR_Uftilities
and SLICOTINT modules, which are used in the tutorials in Sect. 8.2.3.

8.2.1.1 Interface Modules AMOR and SLICOTINT

AMOR and SLICOTINT are interfaces between the Demonstrator Platform
and two external libraries, MOR for ANSYS (described below) and SLICOT
(stands for Subroutine Library in Control Theory, [49]). Both libraries depend
on subroutines from BLAS (Basic Linear Algebra Subroutines) and LAPACK
(Linear Algebra Package) [2] for numerical linear algebra and are interfaced to
the Demonstrator Platform using dynamically linked C++ functions, contained
in amor.cc and slicot.cc, as schematically represented in Fig.8.2. The
compilation of those two functions with mkoctfile results in amor.oct and
slicot.oct which provide the Octave functions amor and slicot. The
Fortran subroutines ABO9AD, AB09BD and AB09CD from SLICOT implement
three different MOR algorithms for first order linear dynamical systems,
namely Balanced Truncation Approximation (BTA) [52], Singular Perturbation
Approximation (SPA) [36], and Hankel-Norm Approximation (HNA) [27],
respectively. Note that the SLICOT library also contains other mathematical
tools such as discrete sine/cosine and Fourier transformations, which are
however not available within the Demonstrator Platform at present. A full list
of SLICOT subroutines, the documentation and examples are available at [49].
Input arguments for all functions displayed in Fig.8.2 will be discussed in
Sect. 8.2.3.
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Fig. 8.2 Demonstrator Platform interfaces to MOR for ANSYS and SLICOT libraries

8.2.1.2 MOR4ANSYS

The Demonstrator Platform module MOR4ANSYS incorporates the C++ library
MOR for ANSYS (stands for model order reduction for ANSYS) [45]. In its
original form, MOR for ANSYS is meant to build compact models directly from
finite element models implemented in the ANSYS simulator.! It implements the
first and second order Arnoldi algorithm [5, 26] for model reduction of the linear
dynamical systems. In the current implementation, as a Demonstrator Platform
module, ANSYS support has been disabled and only the reduction of the first order
linear dynamical systems is possible (see Fig. 8.3), provided the system matrices are
available in the MatrixMarket format [10].

I'The last GPL licensed version, which has been adapted for the Demonstrator Platform is MOR
for ANSYS 1.8. Current commercial version is MOR for ANSYS 2.5 (see http://modelreduction.
com).
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8.2.1.3 MOR_UTILITIES

The Demonstrator Platform module MOR_UTILITIES contains two Octave scripts,
namely MOR4ANSYS Tutorial.mand SLICOT_ Tutorial.m,which demon-
strate in a step-by-step manner how to perform model order reduction by interfacing
the two libraries MOR for ANSYS and SLICOT. It further contains a script
Post4MOR.m with a number of Octave functions for postprocessing a reduced
order model, i.e. analyzing it in time and frequency domain, visualizing results,
etc. The goal of this environment is to provide a framework for prototyping new
model reduction algorithms. Our experience shows that it is more convenient to
first perform research and prototyping in an interpreter environment, like Octave or
Matlab, and only then to perform a compiled language implementation in e.g. C++.

8.2.2 MOR Case Studies

In this section we introduce two case studies to demonstrate the usage of linear
model order reduction routines within the Demonstrator Platform. The first one is
a model of a micro-machined silicon nitride membrane which is, mathematically
speaking, a large-scale linear ordinary differential equation system (ODE). The sec-
ond one is an academic model of a transmission line which is, mathematically
speaking, a large-scale linear differential algebraic equation system (DAE).

8.2.2.1 Micro-hotplate

The first test model is a model of a MEMS (micro-electro-mechanical system)
device, known as a micro-hotplate. This class of structures is employed in a variety
of other microfabricated devices such as gas sensors [31] and infrared sources [50].
The device features sub-millimeter dimensions and is fabricated using technology
originating from the semiconductor industry. Silicon is used as a substrate material
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Fig. 8.4 A silicon-nitride membrane with integrated heater and sensing elements was fabricated
by low-frequency plasma enhanced chemical vapor deposition. The square membrane is 500 nm
thick with a side length of 550 m, and the metal layer is made from 150 nm platinum with a 50 nm
titanium adhesion layer

with a thickness of 525 wm. Silicon nitride with a thickness of 500 nm is deposited
onto this substrate. A metal layer, consisting of 150nm platinum with a 50 nm
titanium adhesion layer is fabricated on top of the silicon nitride and shaped to form
resistor structures for heating and temperature sensing. In order to achieve suitably
high temperatures, the silicon substrate right below the resistor structures is removed
by means of wet chemical etching. In this way, a tiny square membrane with 550 pm
side length has been created (see Fig.8.4 left). Such membrane configuration is
favorable, as it increases the thermal isolation between the heat source (the heating
resistor) and the heat sink (remaining silicon).

Different applications rely on the same working principle, of Joule heating
a thin-film membrane. The membrane is being heated by applying an electrical
voltage signal to the heating resistor. Temperature measurement on the membrane
(necessary for the control) is done with a second resistor, called sensor. Both thin-
film metal resistors are arranged as concentric circles (see Fig. 8.4 right) in order to
achieve a homogeneous temperature distribution over the membrane.

The target temperature of the membrane is defined by the specific application. In
thermo-optical application [33], the membrane temperature determines which wave-
length of the focused light will be transmitted. The device works in the temperature
range between room temperature and 400 °C. At gas sensing applications [54], the
temperature determines the chemical reaction between the unknown gas and the
membrane material. The working temperature is between 200 and 400 °C.

In all applications, the simulation goal is to consider important thermal issues
such as, which electrical power should be applied in order to reach the target
temperature at the membrane or to ensure the homogeneous temperature distribution
over the membrane. The original model is the heat-transfer partial differential
equation:

aT(r,1)

BrYE 0 8.1

Ve (k(r)VT(r.1)) + Q(r.1) — p(r)Cp(r)
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Fig. 8.5 FE mesh of heating
three-dimensional model sensing resistor
with 60020 nodes resistor

membrane

substrate

air volume

where r is the position, 7 is the time, « is the thermal conductivity of the material, C,
is the specific heat capacity, p is the mass density, Q is the heat generation rate that
is different from zero only within the heater volume (Q = j*R(T'), where j is the
current density within the heater), and 7 is the unknown temperature distribution.
Assuming that the heat distribution is uniformly distributed within the heater and
that both material properties ¥ and C, are temperature independent around the
working point (such assumption can be made in some applications, see e.g. [6]),
the finite element (FE) based spatial discretization of (8.1) leads to a large linear
ODE system of the form:

U?(t)

E-T+K-T=B-
* R(T)

(8.2)

where ¢ is the time, T(#) € R” is the state vector of unknown temperatures. E,
K € R™" are heat capacity and heat conductivity which are symmetric, sparse
and positive definite matrices.> B € R” is the input distribution array and n is
the dimension of the system. U(¢) is the electrical voltage applied to the heating
resistor with temperature-dependent resistance R(7"). In case that other sources
than U(t) (in total m sources) would be applied to the model, B would be a
matrix, B € R™". Figure 8.5 shows the finite element model (FEM) of the three
dimensional geometry, which consists of 60020 nodes. In terms of model (8.24), this
means that the dimension of the ODE system is 60020. The solution of (8.24) can be
done with a transient analysis within ANSYS, which results in temperature values
at specified times in all nodes of the finite element mesh. However, in engineering
applications, it is often not necessary to determine the complete temperature field.
Mostly, temperature curves in a few nodes are of interest, as specified by the
following output equation:

y=C-T (8.3)

’In engineering applications the heat capacity matrix is usually denoted with C and heat
conductivity matrix with K. However, in the following we use the internal notation of MOR for
ANSYS tool, which is used for reduction.
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Table 8.1 Outputs for the micro-hotplate model

Name Number Comment
Sense_min 37577 Sensor node with minimal temperature
Sense_max 37179 Sensor node with maximal temperature
0
« IR
~ Il
?.:_‘ - 9.22
©
o - 18.4
o E
S - 277
£
o = 36.8
- 46.1

.

Fig. 8.6 Schematic position of the chosen output nodes (left). Temperature distribution after
0.025 s of heating with 2.49 mW (right)

where C € RP”*" is the user-defined output distribution array and p is the number
of outputs of interest. In case that one seeks the complete temperature field, C is the
unity matrix of dimension n x n.

For the micro-hotplate, the output nodes of interest (defined by the matrix C €
R2*60020) “are described in Table 8.1 and schematically displayed in Fig. 8.6 (left).

The output nodes have been selected in order to capture the average temperature
of the sensing resistor. Experimentally, this temperature is obtained by measuring
the resistance value of the sensor. Although local variations in the temperature result
in local changes in the material’s resistivity, this is not resolved by measuring the
total resistance. Hence, in order to extract an equivalent temperature value from the
FEM results we observe minimum and maximum temperature values in the sensor
resistor. The arithmetic mean of these two temperatures is used as an equivalent to
the measured temperature.

Equation (8.24) is the starting point for model order reduction, leading to a
system of the same form but with smaller dimension. In Sect. 8.2.3 it is demonstrated

how to apply MOR to this case study within the framework of the COSMON
Demonstrator Platform.
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Fig. 8.7 Structure of a transmission line case study. The node numbering is according to the
Intermediate File Format (IFF) of the Demonstrator Platform, in which external nodes must be
numbered first

8.2.2.2 Transmission Line: An Academic Example

Figure 8.7 shows an academic model of a transmission line. This very simple model
has been chosen, because it resembles the interconnect modeling and can also
be effectively used for testing new MOR algorithms applicable to DAE systems.
It consists of a scalable number of RC ladders and after performing a charge-
oriented Modified Nodal Analysis (MNA) a linear DAE system of the form:

E-Xx+K-x=B-u() (8.4)

is obtained. In (8.4), ¢ denotes the time, x(¢) € R” is the state vector containing in
case of MNA nodal voltages and branch currents, i.e. in the Demonstrator Platform
implementation also the charges of the capacitors, # is the dimension of the system
and u(z) € R” is the input excitation vector. E, K € R"" are constant and sparse
system matrices,® which represent the contribution of capacitors and resistors,
respectively. For the transmission line model E is singular as it contains only zero-
valued entries in the rows corresponding to the resistor branches. B € R ig
the input distribution array and m is the number of inputs, i.e. sources. It is further
possible to define the output measurement vector y(¢) € R?, where p is the number
of outputs of interest as:

y=C-x+ D -u(t) (8.5)

with C € R”*" and D € R”*™ Contrary to the previously described finite element
model, in case of transmission line, it is necessary to specify a second term in the
output equation, D - u(t), which allows for the coupling of the transmission line
with surrounding circuitry.

3Tn engineering applications the circuit matrices are usually denoted with C and G. However, here
we follow the internal notation of MOR for ANSYS tool, which is used for reduction.
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Fig. 8.8 Transmission line with six resistances and two capacitors. Coupling to the surrounding is

modeled through two fictive current sources

In order to explain how the system matrices are assembled within the Demon-
strator Platform, we observe the test model with six resistors and two capacitors,
shown in Fig. 8.8, and write down the MNA equations. We model the coupling to
the surrounding through two virtual current sources, /; and I,. MNA for nodes Ny,
N,, N4 and N5 and for both charges C; and C,, leads to:

node N :

node N, :

node Ny :

node Ns :

charge C;

charge C; :

or in matrix form:

[000000]
000000
000010
000001
000000

(000000

.
Vs
Va
Vs
4

4> |

i =V,
=V
R
Va—=Vs 1a
7% 2 _q
R TR "

Vo—W Vy . 4= Vs
R +R+ 1+ R
Vs—=Va Vs .  Vs—=T
R TRTPT TR

:C1-Va—q1 =0

G- Vs—q=0
- | _
L o-Lo oo
0 2 0 —%0 0
Lo 32 _L o o
R R "R

1O kg g 00
0 0 ¢, 0 —-10
(000 0 G 0 —1]

"
V2
Vs
Vs
q1

q> |

(8.6)

8.7

(8.8)

(8.9)

(8.10)
8.11)

(8.12)

This resembles (8.4). If we consider (8.12) as a stand-alone system, we can define
C in such a way that an arbitrary nodal voltage Vj is considered to be an output
0 and the output equation has the form (8.3).

of interest. In such case D
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Fig. 8.9 Inputs and outputs of the transmission line, when coupled to the surrounding circuitry

However, if the transmission line is a part of a broader circuit, as shown in Fig. 8.9,
it is necessary to introduce terminal-voltages and terminal-currents (V;, V», I and
1) as inputs/outputs of the model. If we define e.g. terminal voltages as inputs,
u(t) = [Vy V»]7, terminal currents as outputs, y = [I; I]7 and x = [Vy Vs q1 ¢2]"
as the new state-vector, (8.12) can be interpreted as:

oo El+ (55T L= ) @

with matrices E, K, B, C and D defined as schematically displayed in (8.14).

E-x+K-x=B-u()
y=C-x+ D -u(?)

D C
1T u
] 0 Y
0 0
0 0 0
0 0 AR
00 V. 0
0 0 - 0|l a 0
_00 0 q, _0_
_'X
-B
(8.14)

System (8.13) can be subjected to model order reduction, which leads to a system
of the same form, but with reduced system matrices, as follows:

B RH R R T R
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(8.15) can be coupled to the surrounding circuitry. Note that the dimension of D
is the same before and after reduction (2 x 2 in case of transmission line), because
the inputs/outputs must stay preserved. The reduction of the transmission line case
study is demonstrated in Sect. 8.2.2.2.

8.2.3 A Step by Step Model Reduction Tutorial

In the following we demonstrate model order reduction of the micro-hotplate model
in a step-by-step tutorial. We use the following Octave scripts from the module
MOR_Utilities:

— MOR4ANSYS Tutorial.m
— SLICOT Tutorial.m
— Post4MOR.m

8.2.3.1 Preparing the Model
It is the responsibility of the user to supply the system in the form:

E-x=A-x+ B-u
y=C-x (8.16)

where the system matrices E, A, B and C are written in the Matrix Market Format
[10]. The naming convection is ModelName . E, ModelName . B, ModelName . B and
ModelName . C where ModelName is a user-defined string. It is further convenient to
prepare a text file, which contains names of the output nodes, as listed in Table 8.1.
These names are used by the postprocessing functions in the Post 4MOR . m script
to e.g. label the plots for the specific outputs of the full-scale and reduced order
models. The microhotplate model (Sect.8.2.2.1) is defined through the following
files, all located within the module MOR_ Utilities:

— MicroHotplate.E,
— MicroHotplate.A,
— MicroHotplate.B,
— MicroHotplate.C,
— MicroHotplate.C.names,

where the first four are are written in Matrix Market Format and the last one is a text
file in which each line contains the name of the output node, as:

Sense_min
Sense__max
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Prior to actual reduction, it is necessary to load the functions from Post4MOR.m
and the test model into the Octave environment, as follows:

Post4dMOR ;
[E,A,B,C] = ReadInTestModel( )

Post4MOR . m contains Octave functions for integrating the model (8.24), comput-
ing the transfer functions of the full and reduced models, computing and plotting
different reduction errors in either time or frequency domain, etc. The function
ReadInTestModel loads the system matrices of the micro-hotplate model from
the above files into Octave.

8.2.3.2 Model Reduction with MOR for ANSYS via AMOR

After all four matrices from (8.16) are available in Matrix Market Format and the
text file with outputs names is prepared, we can proceed to model order reduction
of the dynamical system (8.16). For reduction of the large-scale systems (a few
thousand degrees of freedom) within the Demonstrator Platform, we propose to use
the C++ library, MOR for ANSYS. From the Demonstrator Platform it can be called
via its Octave interface AMOR.

The implemented Arnoldi reduction algorithm [26] can be applied for ODE
and DAE systems equally, i.e. regardless if £ in (8.16) is regular or singular. The
passivity and stability of the reduced model are granted, as long as both system
matrices E and A are positive and semi-definite, as shown in [48]. The basic idea of
model reduction with the Arnoldi algorithm is to find a low-dimensional subspace
that approximates the transient behavior of the state vector x:

x=V-.z+¢€ (8.17)

and the approximation error € is assumed to be small even though the number of
columns of projection matrix V' (i.e. the dimension of z) is much less than the
number of rows (i.e. the dimension of x). The compact model of the linear first
order dynamical system is obtained by the projection of (8.16) as follows:

VIEV-2=VTAV-2+ VTB -u
yr =CV-z (8.18)

The projection matrix V is iteratively obtained by the MOR algorithm, i.e.
column by column. This means that if we produced the reduced model of order
r, we can obtain all reduced models of any lower order just by discarding the last
columns in the project matrix. This can be used in the recommended strategy [7]
to find an optimum dimension of the reduced model, by observing the convergence
of the relative error between two “neighbored” reduced order models, with orders
r and r + 1. The reduced order model is valid for an arbitrary input function.
Furthermore, the transient and harmonic simulation of (8.18) is much faster than
those of the original high-order system (8.16). However, the physical meaning of
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the original state vector x is lost in (8.18). The new state vector z can be considered
as a vector of generalized coordinates, which requires a certain level of abstraction in
the engineering applications. Even so, the inputs and outputs defined by the matrices
B and C, will stay preserved after the reduction, i.e. y, from (8.18) approximates y
from (8.16) with high accuracy. It is also possible to recover the complete original
state vector x by back-projecting z, as indicated in (8.17), while neglecting €. The
functionality of the Arnoldi algorithm is that the transfer function of the full-scale
model, defined as:

H(s) = C(SE—A)"'B (8.19)

when developed into a Taylor series around some value of the Laplace variable
S = So.

H(s) =) mi(s0)(s — 50)’ (8.20)

i=0

where m;(sg) = C(—(soE — A)"'E) - (soE — A)~' B is called the i-th moment
around sy will have the same moments as the transfer function H, (s) of the reduced
model, up to the degree r. With other words, it approximates the input/output
behavior.

The AMOR interface between MOR for ANSYS and the Demonstrator Platform
should be called with
V = amor(E, K, B, C, r, solver, s_0, \

ReorderingScheme, tol);

where, E, K = —A, B and C are the system matrices* of the dynamic system, as
defined in (8.16) and other parameters (which are optional) are meant to control the
model reduction process, as follows:

— r specifies the dimension of the reduced model. By default it is 30.

— solver is to choose a solver. By default it is TAUCS11tmf (suitable for
positive definite matrices).

— s_ 0 specifies which expansion point should be used for the transfer function. By
default it is O.

— ReorderingScheme is the solver parameter. By default it is metis.

— tol sets up the tolerance to deflate the next column vector of V. By default it is
1071,

The default values have been chosen based on experience with electro-thermal
models of MEMS devices [8]. The output of AMOR is a projection matrix V from
(8.17), which is constructed vector by vector. When a new vector is generated, MOR
for ANSYS checks its norm. If it is less then the tolerance specified with to1 option,

“Note that the internal system representation from of MOR for ANSYS V. 1.8 differs from (8.16),
as it uses matrix K = —A.
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the vector is deflated (removed), as it is assumed to represent a zero vector within
rounding errors.

There is a vast number of solvers to solve a system of linear algebraic equations.
MOR for ANSYS 1.8 uses the TAUCS [51] and UMFPACK [19] libraries with
following solver choices:

— TAUCS11tmf: Multifrontal supernodal Cholesky decomposition.
— TAUCS11t11: Left-looking supernodal Cholesky decomposition.
— TAUCS11ltooc: Out-of-core sparse Cholesky decomposition.

— TAUCS11t: Cholesky decomposition column by column (slow).
— TAUCS1dlt: LDLT factorization.

— TAUCS1u: Out-of-core sparse pivoting LU decomposition.

— UMFPACK: Multifrontal LU decomposition.

TAUCS solvers for symmetric matrices can take a reordering-scheme parameter,
which specifies the reordering method. Allowable values for ReorderingScheme
parameter are:

— metis: hybrid nested-dissection minimum degree ordering.

— genmmd: multiple minimum degree ordering.

— md: minimum degree ordering.

— mmd: multiple minimum degree ordering.

— amd: approximate minimum degree ordering.

— treeorder: no-fill ordering code for matrices whose graphs are trees.

Our recommendations are as follows. For symmetric and positive definite matrices
TAUCS11ltmf with metis is the best choice. If the matrix is symmetric but
indefinite TAUCS1d1lt with metis is a good choice, although UMFPACK may
be faster in this case. For non-symmetric matrices one must use UMFPACK.

By default, MOR for ANSYS uses zero as an expansion point of the transfer
function. This means that the reduced order model will approximate the original
model accurately at low frequencies. If, however, the expansion point is different
from zero, the reduced model will not preserve the stationary state. The choice
of the expansion point depends on the application. For more information about
methods and more details on input parameters, please consult the MOR for ANSYS
1.8 manual within the Demonstrator Platform documentation.

We run the model order reduction of the micro-hotplate model as follows:

K = -A;
V = amor(E, K, B,C, 30, , 0, , le—15);

As the output of the call to amor is a projection matrix, it is necessary to actually
construct the reduced order model (8.18). This can be done by projection:

Er =V x E x V;
Kr =V x K x V;
Br = V' x B;
Cr = C x V;
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or in the more compact form, by calling the build reduced_ systemroutine
from Post4MOR . m:

[Er,Kr,Br,Cr] = build_reduced_system(E, K, B, C, V);

Ar = —Kr;

It is further possible to save the reduced system in the Matrix Market form by setting
a base name for the reduced model. The base name can be same or different than for
the original model. In either case, an extention . MOR will be attached. For example:

write__reduced_system ( , Er, Ar, Br, Cr);

will produce the following files:

MicroHotplate.MOR.E,
MicroHotplate.MOR.A,
— MicroHotplate.MOR.B,
MicroHotplate.MOR.C.

8.2.3.3 Postprocessing of the Reduced Model and Error Estimation

Once the reduced order model has been created, it is necessary to integrate it,
compare it with the full-scale model or with measurements, plot it in time and/or
frequency domain etc. For the micro-hotplate we define the integration time of 0.04 s
and the constant input function u(¢) = 1, which corresponds to the constant input
power of QO = 2.49 mW. Note, that it is also possible to introduce the non-linearity
of the input function, as indicated in (8.24) directly on the level of the reduced
model, by defining u to be a function of the reduced state-vector z. The following
code sequence performs the time integration of the full-scale and reduced order
models:
Define the input function and the time range for the time integration:

global u = 1;
t = linspace (0, 0.04, 100);

Now we need the initial values of the full and reduced state vector:
x(:,1) = zeros(rows(K), 1);

z(:,1) = zeros(rows(Kr), 1);

The time integration of the full-scale model might take quite some time:
y = Timelntegration(E, K, B, C, u, x, t);

The time integration of the reduced model should be fast:

yr = Timelntegration(Er, Kr, Br, Cr, u, z, t);

It is advisable to save solutions for further use:

Save( > )’
save ( ; )
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Fig. 8.10 Time response of the full model (order 60000) and reduced model (order 30) (fop) and
relative error between the both (bottom)

One can further plot all outputs of the full and reduced system in time domain with:
PlotAllOutputs(y, yr, t, )

and plot the relative and absolute errors between the full and the reduced model in
each node:

PlotRelativeErrorTimeDomain(y, yr, t, \

)
PlotAbsoluteErrorTimeDomain(y, yr, t, \

)
Figure 8.10 shows the temperature response in time and the relative error between
the full-scale and the reduced order model in Sense_min node.

It is further possible to compare the dynamics of the reduced and original system
in frequency domain as well. The following functions compute and plot the transfer
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Fig. 8.11 Frequency response H(1,1) of the full model (order 60000) and frequency response
Hr(1,1) of the reduced model (order 30)

functions of the full and reduced models for 10 frequency values in the range from
1 to 107 rad/s:

Specify the number of frequencies (the frequency range is from 10°rad/s to
1ONrOfFred—1 pa d/s):

NrOfFreq = 10;

Now compute the transfer function of the full-scale system:
G = ComputeTransferFunction(A, B, C, E, NrOfFreq);

Compute the transfer function of the reduced system:
Gr = ComputeTransferFunction(Ar, Br, Cr, Er, NrOfFreq);

Plot the transfer functions between each input/output:

PlotAllTransferFunctions (G, Gr, NrOfFreq, \

)
Figure 8.11 shows both transfer functions in output node Sense_min. The transfer
functions match well for low frequencies, which is due to the fact that we have
chosen zero as an expansion point for the Taylor series in (8.20).

The main draw-back of the Arnoldi algorithm is that there is no mathematical
theory to estimate the reduction error. Hence, for the user it is difficult to predict
which dimension of the reduced model will provide the required accuracy. In [7]
we have shown that it is possible to estimate the reduction error by observing the
relative error in frequency domain between two “neighbored” reduced models of
order r and r + 1. If we define a relative frequency response error as:

_ |H(s) — H,(s)|

E,(s) = 8.21
(s) HG)| (8.21)
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where H(s) and H, (s) are the transfer functions of the original and of the reduced
order model (as defined in (8.19)), respectively, and a relative frequency-response
error between two successive reduced order models as:

IHr(s) - Hr+1(s)|

E (s) = 8.22
(®) )] (8:22)

it turns out that for the micro-hotplate case studies it holds:
E.(s) ~ E,(s) (8.23)

For benchmarks from [35] (8.23) holds for a wide range of frequencies around
the expansion point 5o = 0. To observe the convergence of the relative error within
the Demonstrator Platform run:

ErrorEstimate(E, A, B, C, V, Freq);

where Freq is the circular frequency of interest. Figure 8.12 shows the convergence
of relative error at 10° rad/s and at 10° rad/s. We observe that E, and E, match well
at lower frequency 10° rad/s, which is near the expansion point sy = 0. The system
order necessary to reach the convergence at @ = 103 rad/s is 16, which means that it
is not possible to approximate the system better with higher order. The convergence
occurs presumably because the machine’s numerical precision has been reached. At
high frequencies convergence disappears. Instead, we observe fluctuations, due to
being too far away from the expansion point.

8.2.3.4 Running SLICOT via SLICOTINT for Further Reduction of the
Compact Model

The SLICOT subroutines can be used for reduction of moderate size models (order
few thousands) and for ODE systems of the form:

x=A4A-x+ B-u
y=0C-x (8.24)

only. It is possible to use them to further compact the model that has been obtained
by MOR for ANSYS. We have developed the Octave interface SLICOTINT
to the model reduction subroutines of the SLICOT library. The provided script
SLICOT Tutorial.m gives the guidelines on how to use it and demonstrates
how the reduction is performed with the micro-hotplate example.
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We invoke Octave, load the reduced-order model (it is of order 30) into the
Octave environment and convert it to the state-space (single-matrix) form, which
is necessary for MOR methods implemented in SLICOT:

Load the functions for the MOR postprocessing and the test model:

Post4MOR;
[E1,A1,B1,C1] = ReadInTestModel( );

Convert the model into the state-space (single matrix) form, which is necessary for
control-theory routines implemented in SLICOT:

A = E1\A1l;
B = E1\BI1;
C = C1;

We call the Balanced Truncation Approximation algorithm, implemented in SLI-
COT with:

[Ar,Br,Cr,HSV] = slicot(A, B, C, 5, )
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or with:
[Ar,Br,Cr,HSV] = slicot(A, B, C, 0.01, )

The first call invokes reduction with the BTA method to order five (resulting ODE
system will have five equations) and the second one, a reduction to the smaller order
system with the accuracy of 1 %. The latest is possible, because the MOR methods
implemented in SLICOT (also known as control theory methods), provide a global
error bound between the transfer function H(s) of the original and H,(s) of the
reduced system as follows:

IH(s) — Hy(5)]|og < 2041 + ... + 0p) (8.25)

where the infinity norm ||. ||, denotes the largest magnitude of the difference of the
transfer functionsand 0,41, . . . , 0, are the smallest Hankel singular values (HSV) of
the dynamical system under consideration. Hankel singular values are the property
of the dynamical system, which reflect the contributions of the different entries of
the state vector to system responses (see [3] for theoretical explanation).

For calling one of the other two MOR algorithms for linear ODE systems imple-
mented in SLICOT, that is Hankel Norm Approximation or Singular Perturbation
Approximation, it is necessary to replace BTA with HNA or SPA. Each function
returns the system matrices of the reduced ODE system, A,, B, and C,, as well as
the list of Hankel singular values sorted in descending order.

After reduction, it is possible to display the responses of the full and the reduced
order systems in time and/or frequency domain and to plot the relative and absolute
errors, by using the same commands as described in Sect. 8.2.3.3. Figure 8.13 shows
the responses of two different reduced models produced with the BTA algorithm for
the same input function, initial conditions and time- and frequency ranges, as in the
previous step.

It is further interesting to observe (see Fig. 8.14), how the target order five model
can be reached with smaller error, in transient phase, if sequential MOR is used
(reduction of the original model with order 60020 down to order 30 with Arnoldi
algorithm and further to order five with BTA) than the Arnoldi algorithm alone. This
is due to the fact that the resulting reduced model of order five (gained by sequential
MOR) includes information of 30 Arnoldi vectors. The steady-state error increases
however, which is typical for the BTA. Better approximation of the steady-state can
be reached by using SPA (see [18] for more explanation). With

plot (log (HSV)," . ");
we can plot the Hankel singular values of the system. The following commands

compute and plot the error bound as defined by (8.25). First, we compute the
frequency domain error of reduction (infinity norm):

Eps_jw = InfinityNormError (G, Gr, NrOfFreq);

Then, we plot the frequency domain error of reduction (infinity norm):

PlotInfinityNormError (Eps_jw, NrOfFreq);
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Fig. 8.13 Time response (top) and frequency response (bottom) in Sense_min output node of the
micro-hotplate model of order 30 (gained through the reduction with MOR for ANSYS) and of
reduced orders five and one (both gained through further reduction with BTA algorithm from

SLICOT)

Figure 8.15 shows the rapid decay of Hankel singular values for the micro-hotplate
model of order 30, which indicates further reducibility of the dynamical system.
Figure 8.16 shows the difference between the transfer function of the full (order 30)
model of the micro-hotplate and of the reduced (order 6) model.

8.2.4 Coupled Simulation (MOR + Circuit Simulation)

The main goal of implementing model order reduction feature into the COMSON
Demonstrator Platform is to speed up the simulation of complex electronic circuits.
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Fig. 8.15 Logarithm of Hankel singular values for the micro-hotplate model of order 30. Original
model (order 60020) was reduced with MOR for ANSYS

In this section we demonstrate how MOR can be efficiently applied to build a
compact model of interconnects and couple it with the surrounding circuitry.

We simulate the transmission line model from Sect. 8.2.2.2 with 20 resistors
and 9 capacitors, which is coupled to the simple non-linear circuit, as shown in
Fig.8.17. The transmission line model is a linear DAE system of form (8.13)
which can be reduced within the Demonstrator Platform with the MOR for ANSYS
library. We would like to emphasize once again, that the entries of the reduced
state vector (z in (8.15)) are without physical meaning, i.e. they do not represent
internal voltages and charges of the transmission line circuit. However, as during
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Fig. 8.17 Transmission line model coupled to non-linear circuity

the reduction the coupling states (those entries of the MNA state vector which are
common for the transmission line and the surrounding circuit, as Vj,, and Vj,;; in
Fig.8.17), are preserved, it is possible to couple the reduced order model to both
inverters. This coupling is done in the same manner as without reduction, i.e. by
stamping the matrices of (8.15) into the global system matrices (system matrices of
the whole inverter circuit) at proper positions.

The transmission line model and the inverter circuit are parts of OCS (Octave
Circuit Simulator) module. They are described in the following files:

— MTransLine.cir (located in the DP_DIR/OCS/SBN)

— MTransLine.m (located in the DP_DIR/OCS/SBN)

— TLine2Inv.cir (located in DP_DIR/0OCS/Examples/TLINE)
TLine2Inv.nms (located in DP_DIR/OCS/Examples/TLINE)

MTransLine.cir describes the circuit from Fig. 8.7 with 9 capacitors and 20
resistors. It has two external variables (dimension of u in (8.13)) and 18 internal
variables (dimension of x in (8.13)).
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MTransLine.m builds the local system matrices. It takes as input parameter
a string NonReduced or Reduced. If former, the system (8.13) is built. If latter,
first the system (8.13) is built and then there is a call to MOR for ANSYS with:

ReducedOrder = 3;
V = amor(E, K, B, C, ReducedOrder, , 0\
, le—15);

reducing the internal states down to 3. Reduced matrices are computed by projecting
the original ones as follows:

Er = V' xExV;
Kr = V' *xKxV;
Br = V’%B;
Cr = CxV;

and the system (8.15) is built.

TLine2Inv.cir describes the circuit from Fig. 8.17. It contains a sinusoidal
voltage source with an DC offset of 1.5V, two inverters and a single transmission
line from the template MTransLine . m. The call to transmission line is as follows:

% Tranmission line from MTransLine.m

MTransLine NonReduced 2 4

1 4
Rin Rser Rpar Cpar
le2 le3 le5 le—7
23

where the string NonReduced can be replaced with Reduced.
TLine2Inv.nms contains the names of the circuit outputs of interest, as
follows:

%0.1bl
1 Vin

2 Vinv
3 Vin2
4 Vout

One can run the simulation of TLine2Inv.cir (either with or without the
reduction of the transmission line) by running the Octave script runme . m which
is located in the directory DP_DIR/OCS/Examples/. It is first necessary to
manually set the path to AMOR interface by executing

Usetpath (pwd);
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within the DP_DIR /AMOR directory. Calling runme within Octave yields:

Chose an example to run:

rcs
DIODEEXAMPLE
MOR

nmos
pmos

inverter
and

and?2

tl

rect
MOSIV
TLINE
RILC
RCSPDE

A LW OOV IN WUV A WN =

———_——_ .
—_— e

pick a number, any number:

and it is necessary to chose the TLINE example (number 12). The transient simula-
tion is performed and the function UTLplotbyname from DP_DIR/OCS/UTL is
used to plot the variables specified in the TLine2Inv.nms. Figure 8.18 shows
the four node potentials over 0.2s of transient simulation. If we now change
the parameter within the TLine2Inv.cir into “Reduced”’, we can observe and
compare the outputs (nodal voltages) with and without reduction. It is possible to use
the MOR post-processing functions from the MOR_Utilities module, which were

Vin
Vinv - - - -

N
T

-
T

Electrical potential [V]
o

o
o

0.2

Time[s]

Fig. 8.18 Outputs of the circuit from Fig.8.17. Transient simulation was done with the OCS
module of the COMSON Demonstrator Platform
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described in the previous section. We observe the nodal voltage V,,,. The following
code saves the solution with and without reduction of the transmission line:

if (strcmp(exmpl, ))
if (strcmp(outstruct.LCR(2).section, ))
FullOutputVoltage = out(:,4);
save ( , FullOutputVoltage);
elseif (strcmp(outstruct .LCR(2).section, ))
ReducedOutputVoltage = out(:,4);
save ( , ReducedOutputVoltage);
endif
endif

We plot full and reduced output and the relative error between the both with:

PlotAllOutputs (FullOutputVoltage, \
ReducedOutputVoltage, t, )

PlotRelativeErrorTimeDomain (FullOutputVoltage, \
ReducedOutputVoltage, t, )

where in text file TransLineOutputs.names we just write the name V_out.
The resulting plots are displayed in Fig. 8.19. As expected, the change in the output
voltage is negligible. As the reduction was performed with MOR for ANSYS,
which implements Arnoldi algorithm, and as we have chosen 0 Hz as an expansion
point, the steady-state phases are better approximated than the transient steps (see
Fig.8.19, bottom).

8.3 The Demonstrator Platform as a Development Tool
for Research

In the following it will be shown how the COMSON Demonstrator Platform can
be used as an effective tool to prototype new algorithms handling different physical
effects in one single framework. In particular the development of a method that
allows a self consistent electro-thermal simulation of a n-channel power MOS-FET
will be taken into account as a case study.

A description of the physical features of this device is therefore given in
Sect. 8.3.1 where the main challenges arising during its design phase are also
highlighted. The state-of-the-art modeling procedures actually adopted in industry
to cope with these challenges will be then introduced, showing the lack of a method
that permits to simulate consistently both the thermal and electrical behavior of
the MOS-FET. To overcome this limit an extension of the model is proposed that
makes use of a PDE-based thermal element to account for heat-diffusion at the
system level (see [1, 14-16]). The reference implementation of the novel method
inside the CoOMSON Demonstrator Platform framework will be analyzed into the
details in Sect.8.3.2. It will be shown first how the modular high-level design
allows for an extreme flexibility in defining methods and solution procedures to
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be used. Then the test-driven development (TDD) philosophy adopted during the
implementation will be thoroughly exemplified, showing the progression from basic
unit tests (class “A”) to simple academic examples requiring the full-functionality of
the algorithm (class “B”) reaching finally the height of a real-life benchmark (class
“C”). Simulation results obtained on this final problem will be then adequately
illustrated and commented in Sect. 8.3.3.

8.3.1 Class “C” Benchmark: n-Channel Power MOS-FET

In this section is presented the “real-life” application upon which the algorithm
proposed in [1, 16] will be tested to ensure its effectiveness. The choice to introduce
the final benchmark at this stage reflects the actual development process of the
CoMSON Demeonstrator Platform, where a combination of top-down and bottom-
up strategies was employed to correctly structure the modules and dimension
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Fig. 8.20 Sketch of the
cross-section of the power
n-channel MOS-FET: only Poly-silicon gate
one metal layer and one Source
polysilicon layer are Body
employed during the

fabrication process

Source metal

Drain

the Demonstrator Platform itself. The correct identification of a final benchmark
constitutes, within this framework, the starting point. This full-size problem will
be then analyzed and divided into smaller parts in Sect. 8.3.2 where it will be also
shown how already existing modules may be possibly re-used to provide specific
functionalities.

8.3.1.1 Physical Features of the n-Channel Power MOS-FET

The device taken into account in the following is a vertical n-channel MOS-FET,
mainly used for power applications [9]. As it can be seen in Fig.8.20 (where a
sketch of its cross-section is depicted) the drain contact is placed at the bottom of
the die. To maintain the lowest possible production cost, the technology employed
for the fabrication of the power MOS-FET exploits only one metal layer and one
polysilicon layer. Source and body are thus short-circuited through the source
metal layer (to avoid the turn-on of the parasitic npn bipolar transistor), while gate
interconnects are laid-out using polysilicon. It should be stressed that the device
surface is almost completely covered by source metal, with the only exception of
a few regions where the metal layer is exploited to provide low-resistance gate
connections.

The device layout (Fig. 8.21) is constituted by several elementary transistors cells
connected in parallel to achieve the high current handling capability typical of power
devices. The active device regions are organized in rows (each of which is a single
wide-channel MOS-FET) as the polysilicon interconnects follow horizontal paths
from the external gate metal. Due to the poor conductive property of the polysilicon
layer, gate metal fingers are used to provide an alternative path between the gate pad
and the elementary cells. However, as space has to be left toward the center to allow
connection of the source bond wires, these fingers cannot extend from the upper
to the lower part of the layout: some elementary cells are thus left without a direct
metal connection.
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Fig. 8.21 Schematic layout of the power n-channel MOS-FET. Several active cells are connected
in parallel. The external gate signal reaches every cell passing through metal fingers (low
resistance) or polysilicon interconnects (high resistance)

When the power device operates at low frequencies, the effect on the elementary
cells of a polysilicon gate connection instead of a metal one can be safely neglected
as in this case the delay of the signal travelling through the polysilicon layer is
small compared to the rise and fall times of the input. Anyhow, this condition does
not hold when the switching frequencies get higher (as it is the case of many power
application). In fact, due to polysilicon high electrical resistance, the signal given at
the gate pad reaches some elementary cells with a delay that causes a non-uniform
current distribution and the presence of a temperature gradient across the device
surface.

8.3.1.2 State-of-the-Art Modeling and Simulation Procedures

The development of new models for power electron devices has been an active area
of research in the last years, due mainly to the increasing use of these type of devices
in many applications [11, 34, 40]. As the main interest of end users is in optimizing
the performance of the circuitry driving the power stage rather than improving the
device itself, the most part of these new models is “only” able to reproduce with a
reasonable degree of accuracy the static or switching characteristic of the device as
observed from external pins [4, 39, 46]. Anyhow they do not provide information
on what happens inside the device, and therefore they are not suitable to be used in
computer aided tools to improve the layout design of power devices themselves.

To overcome this weakness in [9] a lumped-element distributed modeling
approach was introduced, which allowed to observe local maxima in the current
density distribution. The main idea was to exploit the concepts employed for high
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frequency modeling of microstrips to describe the electrical behavior of polysilicon
and metal interconnects of a power device. Hence the layout design information is
used to generate a scalable electrical network feasible to be analyzed by any spice-
like circuit simulator. The resulting netlist has a hierarchical structure based upon
three basic building blocks, representing respectively:

— Metal over passive area,
— Polysilicon over passive area,
— Polysilicon over active area.

A thorough description of the model is reported in [9].

In [32] the model proposed in [9] was extended to account also for the self-
heating of the cells. Still the dependence of the electrical characteristics of each cell
on the dissipated power remains purely local, and thus mutual-heating effects are
not being caught.

8.3.1.3 Extension: PDE-Based Electro-thermal Circuit Element

To allow the description of non-local heating effects the model presented in [9, 32]
will be complemented in the following by the introduction of a PDE-based electro-
thermal circuit element [13]. The general idea of this further extension is presented
in Fig. 8.22. Starting from available layout and/or package geometry information,
a thermal element model is derived directly from PDEs describing heat-diffusion

IC design 2D thermal PDE

/] Coupled
‘ Electrical/Thermal Network

Qz ]
(~)evs va

;(t_‘: Vs, Q2 | @7 Distributed |
ermal

T
Eva va

. Multiscale g2 ] dement 1]

Electro-Thermal Simulation | | | o] |

ff— 2

o6

Fig. 8.22 Automated design flow for the electro-thermal simulation of ICs. A thermal element
model is automatically constructed from available circuit schematic and design layout, permitting
the set-up and simulation of an electro-thermal network that accounts for heat diffusion at the
system level
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at the system level. By imposing suitable integral conditions this element is casted
in a form analogous to that of usual electrical circuit elements, so that its use in
a standard circuit simulator requires only the implementation of a new element
evaluator. This permits to describe possibly non-linear heat-diffusion phenomena
on 2D/3D domains without modifying the main structure of the circuit solver. The
mathematical model standing at the base of this approach is thoroughly treated in
Chap. 2.

A particular spatial discretization scheme [17, 23, 28-30, 53], based on the use
of completely overlapping non-nested meshes, was chosen to cope with multiscale
issues. This method has two main advantages for the application at hand:

1. It allows to cover the whole thermal domain with a uniform triangulation without
having to excessively refine the mesh to capture small geometrical features,

2. It allows to generate a mesh for each circuit element only once and deploy it
at different positions on the IC with a significant time improvement during the
mesh generation phase.

The latter feature may also give performance gain if an optimization of the relative
device placement is to be performed. In the end the adopted algorithm resembles
what it is known in literature as a brute-force approach [12], the only difference
being that in this case no a-priori interpretation in terms of a circuit netlist is
necessary for the discretized PDEs.

8.3.2 Implementation and Development Procedure

In a research project it is normal and desirable that software requirements undergo
extensive modifications as development proceeds. In fact, rigidly defining even
such basic things as data structures and interfaces at initial stage could severely
limit possible future extensions. Nevertheless developers need clear indications to
structure a software and start coding without loosing focus on the application. The
definition of appropriate benchmarks constitutes an effective way to provide these
indications, as it enables a unique and non controversial way of assessing validity
of design choices while it allows for an extreme flexibility in implementation. In the
following it will be shown how this theoretical principle was applied to prototype
the algorithm briefly introduced in Sect. 8.3.1.3 within the COMSON Demonstrator
Platform framework.

8.3.2.1 High-Level Design

It is possible to see from the definition of the mathematical model presented in
Chap. 2 that the implementation of the algorithm of interest requires functionalities
that are typical either of circuit simulators, or of finite-element solvers. The Octave
Circuit Simulator module (OCS) provides COMSON Demonstrator Plat-
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Octave Circuit Simulator (0CS)

Fig. 8.23 High-level design for the implementation of the algorithm presented in Sect. 8.3.1.3.
The basic features required by a circuit simulator are provided by OCS. To implement the PDE-
based electro-thermal element a new module (ETH) will be designed with the same interface as
OCS element evaluators (SBN)

form with the former features, while Box Integration Method module
(BIM) provides the latter.

To implement the PDE-based electro-thermal element a new module (ETH)
has therefore been devised to provide the necessary link between these different
capabilities (see Fig. 8.23). The only constraint imposed by this decision is that the
element evaluator should fit the structure:

[a,b,c] = M<elname>(string ,prms,prmnms, extvar ,intvar ,t)

thoroughly described in the Intermediate File Format specifications [20].

8.3.2.2 Early Stage: Class “A” Test Cases

In the early stage of the implementation it is important to ensure the correctness
of each module subroutine as soon as it is coded. This can be done exploiting
octave testing capabilities that permits to insert test at the end of the function
source code [38]. Notice that this feature provides the Demonstrator Platform with
a simple but effective strategy to perform regression tests.

8.3.2.3 Intermediate Stage: A Class “B” Test Case

Once the designed module has been implemented and its basic functionalities have
been assessed through class “A” test cases, a preliminary validation of the method
is obtained applying it to a simple problem of academic size. In the case at hand
the choice was to simulate the response of the CMOS-inverter circuit depicted in
Fig. 8.24 to a 1 kHz sinusoidal input signal [14, 15]. The two MOS-FETs appearing
in the schematic are modeled by a simplified version of the classic Shichman-
Hodges model [47] with an added temperature pin (the actual parameters used in
the simulations are collected in Table 8.2).
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Fig. 8.24 CMOS-inverter electro-thermal network. Inside the thermal element the 2D mesh used
for the approximation of heat diffusion on a distributed domain is shown

Table 8.2 Shichman-Hodges MOS-FET model parameters for the CMOS-inverter simulation

W/ L Mo 90 Vth r'q Cgb ng Cgs C_s'b Cdb
nMOS |5 10° | 300 0.1 |[10® |10~ 1072 10712 |10712 10712
pMOS |5 10° | 300 —0.1 [10® |10 1072 |1072 |107'2 |107'2

The impact of temperature is represented by a temperature dependent carrier
mobility:

g\ ~3/2

o =m(g) (5.26)
0

where 1 denotes the electron mobility for the n-channel transistor M4 and the hole

mobility for the p-channel transistor M3 and pig is the value of u at the reference

temperature 6. The total dissipated Joule-power is given by the simple expression:

P = igvy, (8.27)

where i;; denotes the current flowing in the controlled current source appearing in
the transistor model and vy is the drain-to-source voltage.

The thermally active regions on the IC substrate are taken to roughly correspond
to the channel region of the transistors. Comparing Figs. 8.25 and 8.26 it can be
seen that, while maintaining the same mesh refinement in the channel regions, the
patched mesh greatly reduces the number of unknowns with respect to a standard
conforming triangulation. Linear heat-diffusion is supposed to properly describe
thermal effects on the layout (Table 8.3).

The plot in Fig. 8.27 shows the voltage waveforms and the corresponding values
of the device temperatures. As it is expected the junction temperatures 6, and 65 are
close to the ambient temperature value 6 = 300 K when the output is either in the
ON or in the OFF state, as in such situation only small leakage currents flow in the
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Fig. 8.25 Globally conforming triangulation of 2D chip-layout: 1,052 nodes, 2,066 elements and
1,052 unknowns
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Fig. 8.26 Patched triangulation of 2D chip-layout: 339 nodes, 550 elements and 237 unknowns
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Table 8.3 Heat diffusion A s
equation parameters for the s s
CMOS-inverter simulation 1.5-10 1.5-10 110
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Fig. 8.27 Node voltages and junction temperatures plotted against time for two periods of an input
sine voltage at the frequency of 1kHz

devices, while the current flowing during the ON-to-OFF or OFF-to-ON transitions
generates a relatively more significant heating. Figure 8.28 depicts the temperature
distribution in the IC substrate at different instants during an OFF-to-ON transition.
It can be noted that the heat produced mainly by the p-channel device (above),
diffuses through the substrate and affects the n-channel device (below).

8.3.3 Simulation Set-Up and Results on the Class “C”’
Benchmark

A transient simulation of the turn-off switching of the device introduced in
Sect. 8.3.1 is performed as a final validation (Fig. 8.29). This benchmark constitutes
a major step toward a real industrial test case, due to its complexity that greatly
exceeds the one of usual academic problems. The regularity of the n-channel MOS-
FET layout permits easily to show an important characteristic of the method, that
is to say the possibility to replicate a fine mesh associated with a thermally active
area at different positions in the die (Fig. 8.30). This feature allows for the creation
of a library of electro-thermal devices in which a pre-computed mesh of their
active region is included, diminishing thus the computational effort during the mesh
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Fig. 8.28 Subsequent snapshots of the distributed temperature field taken during the first switch-
ing phase. The heat produced mainly by the p-channel device (above), diffuses through the
substrate and affects the n-channel device (below)

VDD = 400V

RD = SSQ

RG = 1Q
power

MOS-FET
Vg =10V — 0V

Fig. 8.29 Circuit used to simulate the turn-off switching of the power n-channel MOS-FET. The
input signal switches atz = 3 X 1077 s

generation phase and possibly enabling a performance gain if an optimization of the
relative device placement is to be performed.

The electrical behavior of the power n-channel MOS-FET is described by the
same [umped-element distributed approach presented in [9]. The electrical network
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Fig. 8.30 Non-conforming meshes for the whole CHIP and the basic cells. The nMOS-FET model
is here scaled to 576 active cells. A coarse grid (in red) covers the 4 X 4 mm die, while a fine one
(in blue) is replicated at each active region position

Table 8.4 Basic cell parameters employed in the simulation of the n-channel MOS-FET turn-off
transient. See [9] for more details

R (series) L (series) R (ground) C (ground)
Metal (passive) 10 1071 10'2 10713
PolySi (passive) 100 10~° 1012 1012
PolySi (active) 100 106 - -

is scaled to contain 24 x 24 active cells and 6 metal fingers. A simplified Shichman-
Hodges model with an added temperature pin is used for each elementary transistor
cell. Notice that the values of the parameters gathered in Tables 8.4 and 8.5, though
fitted to provide realistic results, do not stem from any existing technology.

Thermal effects are supposed to be adequately described by a linear heat-
diffusion equation, whose parameters are given in Table 8.6.
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Table 8.5 Parameters of the simplified Shichman-Hodges MOS-FET model used to describe the
behavior of each active cell

W/L o 0o Vi T4 Cep Cea Cys Cy Cap
2.2 100 300 0.5 10° 10712 1071 10~1> 10~1> 1071

Table 8.6 Parameters of the thermal element employed in the simulation of the power n-channel
MOS-FET turn-off

Cy K ¢ a
10~ 0.02 1,000 4-10*

I
T :
NS
N \ \S\ 300
| \ \@\\ 200
100

0 5e-08  1e-07 15e-07 2e-07 2.5e-07 3e-07
t[s]

T[°C]

Fig. 8.31 Total dissipated power and mean temperature plotted against time for a turn-off
transient. The sampled points refer to the snapshots presented in Figs. 8.32 and 8.33. A simple
backward Euler scheme was adopted to time discretize the coupled system

Figure 8.31 shows the total dissipated power and the mean temperature of the
device plotted against time. As expected to a lowering of the power corresponds a
cooling of the device; however these two effects exhibit different relaxation times.
The power densities and junction temperatures of the cells are shown respectively in
Figs. 8.32 and 8.33 for six different time-points defined in Fig. 8.31. It can be clearly
seen a delay in the propagation of the signal from the gate-pad in the lower part of
the die to the single cells, and the presence of an hot-spot in the central upper part of
the die fort = #, and ¢ = #3. Moreover the presence of a non-negligible temperature
gradient over the device area is detected at times ¢ = ¢; and ¢ = #,. Furthermore the
different spatial distribution of heat density and temperature are an indication that
non-local effects may not be negligible in estimating the device performance.
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Fig. 8.32 Snapshots of the active cell power densities at the time points ¢, ,, t3, t4, t5, and t

defined in Fig. 8.31
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Chapter 9
eLearning in Industrial Mathematics with
Applications to Nanoelectronics

Giuseppe Ali, Eleonora Bilotta, Lorella Gabriele, Pietro Pantano, José
Sepiilveda, Rocco Servidio, and Alexander Vasenev

Abstract The main topic of this chapter is a detailed exposition of CoOMSON’s
attempt to give a contribution in the synergetic process of integration of research
and training between Academia and Industry.

9.1 Introduction

In recent years, the use of new information and communication technologies
in educational context has promoted a large spreading of innovative electronic
learning environments (eLearning). The purpose of an educational environment is
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to support learning, but it can also be used for transfer of knowledge and training.
Several eLearning systems have been designed and developed to deliver educational
contents for different purposes: many postsecondary educational institutions and
universities offer entire degree programs via distance education; many companies
use distributed learning for internal training in order to control expenditures and
at the same time to promote/encourage a flexible and quick way of improving the
acquisition of knowledge and skills within a company.

Clearly, the importance of eLearning for training is directly proportional to
the speed of innovation of a specific field of application. In this chapter we
concentrate on eLearning in industrial mathematics, with application to micro- and
nanoelectronics. Microelectronics is a field characterized by high specialization and
high level of innovation. The rapid development of new microelectronic devices
and technologies requires new skills to keep up with the current technological
innovations. A possible strategy to face the worldwide competition is to adopt online
educational and training systems to improve quickly the learning competences of
the internal people. eLearning is currently used in microelectronic industry for
training of personnel, usually by means of eLearning courses provided by dedicated
companies.

A key aspect of training in microelectronics is its highly scientific content.
Innovation in microelectronics is strictly related to scientific and technological
research, usually performed in private research facilities, but also in collaboration
with universities. The role of university becomes especially relevant when the
innovation comes from joint university-industry research.

One of the main aims of the CoMSON (Coupled Multiscale Simulation and
Optimization in Nanoelectronics) project is to define and to develop a system
of eLearning in Industrial Mathematics with applications to Microelectronics, in
order to facilitate the exchange of information; to share resources, scientific and
educational materials; to create common standards; to facilitate the use of advanced
tools. The common idea of this project is to create a bridge able to fill the gap that
exists in the knowledge flow from University to Industry and vice-versa, in the field
of microelectronics above all when a stronger competition among the industries and
when the activities are covered by industrial secrets.

The main topic of this chapter is a detailed exposition of COMSON’s attempt to
give a contribution in this synergetic process of integration of research and training
between Academia and Industry.

We start the chapter with an overview of the development of eLearning method-
ologies, and their application in microelectronics (Sect.9.2).

Given the importance of the relationship between industry developing and
training, in the last years the European Union has funded several industrial projects
devoted to use eLearning methodologies as a new training strategy. The aim of
these projects was to design new platform architectures able to deliver advanced
courses by using information technology infrastructure. Then, another concurrent
goal of the current research in the eLearning field, concerns the development
of new methodologies for content creation. eLearning educational contents are
often a transposition in electronic form of the traditional didactical materials. This
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educational scheme implies a rigid user interfaces and then an unusable interactions
procedure. It is very important to ensure to the largest number of users the use of the
technological tools for educational purposes. Specifically, industrial and university
should collaborate to design and test new didactical modalities to deliver educational
contents by using eLearning tools. Clearly, the eLearning environments should take
into account the different cognitive style of the final users. But also, it is important
to assure that student’s interactions with the system interface are as natural and
intuitive possible. This could require a revision of the current interaction paradigm,
providing the designing of new adaptive Graphical User Interfaces (GUI).

Today research in the field of GUI design has achieved important successes. An
important aspect of the modern GUI is their customizability, which determines how
users interact with the system and the tasks they need to perform in the environment.
This design approach includes a strong relationship between learning cognitive
process and graphic designer, which must know the principal aspects of the learning
theory. Thus eLearning GUI must share cognitive aspects and didactical needs of the
final users, in order to support the learners during their learning tasks, rather than
being a mere use of advanced technologies. The GUI design process must be based
on educational models and outcomes that suggest how people learn with the support
of the technological tools. For instance, the integration of multimedia tools must
be carefully integrated in the didactical environment, in order to avoid cognitive
load problem that can affect the learning process. In fact, the use of eLearning
environments does not mean to reject the traditional teaching strategies, such as
simulation, cooperative work, experimental activity, and problem-based strategies.
Contrarily, an eLearning environment should integrate these teaching strategies, in
order to motivate the learner. In other words, to design an efficient and motivating
eLearning environment, it is important to focus on the needs and goals of the
students involved.

Sections 9.3 and 9.4, as an exemplification, illustrate the design and development
of the CoMSON platform. The design phase has represented an important challenge
for us, because we have identified the user requirements and then we have tried to
implemented a platform which could respond to their needs. Next, we have adopted
this methodology to design and implement the CoMSON information system,
whose architecture includes several services devoted to support both communication
and research activities.

One of the key ideas of CoMSON was to connect the information system and the
eLearning system with the simulation environment, by appropriate GUIs. During the
project’s activity, we have designed some prototypical GUI to connect the eLearning
system with the Demonstrator Platform (DP), which is an experimental platform
to execute microelectronics experiments. Thus we have tried to design the GUI
providing new and flexible functionalities, taking into account the traditional didac-
tical techniques with the usability user requirements. This activity is expounded in
Sect. 9.5.

The subsequent section deals with the learning content implementation. It is clear
that the current development of hardware and software have stimulated researchers
to experiment new teaching strategies. Such tools play an important role not
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only to organize and manage the educational contents, but also to deliver it by
using meaningful visual representations. Despite recent advantages on eLearning
technologies, yet much work remains to be done in terms of eLearning content
creation. So far, several methodological proposals to design eLearning educational
contents have been introduced and discussed. But, a didactical methodology to
create educational contents based on specific guidelines is not yet available. In
addition, the production of a high quality of learning material is important for
students that use eL.earning environment.

A common idea among eLearning developers concern the content creation,
which takes much time and energy and often the course deliver insufficient
and appropriate didactical contents. Thus, the eLearning researchers’ community
challenge is to develop new didactical approaches, in order to improve the content
creation process. To this end, during the CoMSON project, we have tested and
proposed to the involved partners, to experiment a didactical methodology oriented
to create eLearning contents.

Taking into consideration the diversity of the content creation, the University
of Bucharest has developed a set of eLearning materials and courses based on
Bloom taxonomy. Their contents included not only theoretical description of the
numerical optimization, but also practical applications and pseudo-code to test
problems and models. The theoretical aim was to introduce to the students the
optimization methods, giving them a well understanding of the algorithms. Tutorial
documentation and other didactical material were delivered to the students as
cognitive support to improve their skills.

Section 9.6 ends with the presentation of a document which was distributed
among the participants to CoMSON, providing some hints and suggestions to
turn available didactical material into seminal eLearning courses. The outcome
of this strategy for obtaining learning contents was not promising. Indeed, in our
experience a dedicated financial effort is needed specifically for learning contents
creation, and this possibility of investment was not available within the scope of the
project, whose main aim was research and training.

For this reason, the last part of the eLearning activities within CoMSON took
to a different view, exploring the possibility of using a blended learning approach.
This methodological approach, described in Sect. 9.7, was based on Problem-Based
Learning (PBL) teaching strategies. In addition, the PBL consider the assessment as
integral part of the students’ learning process.

Thus to test this methodology we designed and performed two empirical ses-
sions, whose aim was to involve University students’ to create educational contents.
All the students worked in groups and their developed specific topics according to
the course programme. At the end of the course, the teacher evaluated the students’
project analysing the quality of the educational contents. In this phase, we did not
evaluate the educational value of the developed contents, from a learning standpoint
for other students.

In Sect. 9.8 we describe the platform evaluation, commenting on the results of a
survey conducted on the actual users of the CoOMSON platform. According to the
CoMSON project aims, we evaluated the information system architecture designed
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and developed. The basic questions concerned to know the user opinions’ to use
about the communication tools (e.g., mail, eLearning platform, etc.) used during the
CoMSON project activities.

Finally, we underline some perspectives for future work. Recently, a number of
new eLearning applications have been developed. The future challenge is to design
and implement advanced eLearning functionalities based on GUI that provide
easy interaction modalities attracting the students’ interest. Then future work in
the eLearning field, not only for microelectronics applications, is to address the
problems concerning the didactic effectiveness of the eLearning applications and
new procedure to create educational contents.

9.2 An Overview on eLearning

9.2.1 An Historic Perspective

eLearning, as we know it, is a relatively recent methodology. Nevertheless, its roots
go back to the beginning of last century. The first teaching machines were developed
by the U.S. psychologist Sidney Pressey in the early 1920s [62]. These tools were
based on a very simple technology which included the submission of applications
to the students, the assessment of the answers’ correctness and the subsequent
re-submission of the same questions in case of errors. The student’s behavior was
modified by the feedback obtained from the machine, as long as they would acquire
an accurate knowledge of the contents.

From 1970 and until the early 1980s, Computer-Assisted Instruction (CAI)
became greatly widespread [43]. CAI systems were based on exercises that included
“drill and practice”, tutorials and Intelligent Tutoring Systems (ITS). In these
systems, the computer was programmed to teach students to acquire specific
knowledge and skills. For each answer, correct or wrong, subjects received a
feedback that could be either textual or graphical, such as a smile or an explosion.
To acquire knowledge and skills to the highest level, it was necessary to overcome
the lower levels to get to the higher ones [50]. These forms of learning were heavily
influenced by the behaviorist theories (based on the stimulus-response experimental
paradigm), that were unable to explain, or to encourage, the complex forms of
human thinking needed to learn the meanings, to solve problems, to transfer skills
to new situations, generate new ideas, and so forth.

More sophisticated was the ITS, a particular form of CAI system, developed
between 1980 and 1990 by researchers of Artificial Intelligence [56] and dedicated
to simulate problem-solving tasks, decision making strategies, etc. Specifically, an
ITS is an educational software that records the students’ work and gives back them a
specific feedback. The way in which a student performs a specific task is compared
with an expert algorithm that monitors the user’s behaviour. When the ITS detects
a discrepancy in the student’s learning performance, it proposes an appropriate
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tutorial as educational support. Since the ITS collects information on the students’
performances, it can evaluate the work done and provide individualized instructions
in the problem solving strategies, suggesting them which topics to improve. Thus
the ITS represents a first step towards a modern use of the technologies in the
educational field [66].

The broad development of the digital technologies have influenced the way in
which people access and manage both information and knowledge. This process has
radically modified the conventional concepts of education and training, promoting
new teaching methodologies. All these innovations have radically changed the
current educational and training viewpoints. eLearning use the modern Information
and Communication Technology (ICT) for learning purposes. ICT have shown a
great potential in providing new tools and services to support traditional educational
approaches. Strictly speaking, eLearning is a way of teaching and learning based
on the delivery of online educational contents, via all available electronic media,
including Internet, intranets, extranets, satellite broadcasts, audio/video tapes,
interactive TV, and CD-ROMs. Thus, technology is used for designing, distributing,
managing, spreading, and assessing training by carrying out personalized educa-
tional paths [72].

Web-based instruction studies have given considerable attention to flexible
curricula, in order to provide adaptable and personalized learning programs [45].
Specifically, curriculum sequencing aims at designing and delivering optimal
students’ learning paths. This is useful since every learner has different background
profile, preferences, and learning goals [28]. In this perspective, eLearning concerns
the computer-based implementation of an educational system, where teacher and
learner work together to achieve a common educational goal. In order to improve,
from a cognitive point of view, the learning process using eLearning systems
it is necessary to consider different characteristics, such as student’s cultural
background, technical and software equipments, and cognitive abilities of the
students.

In the more recent years many educational systems and didactic approaches have
been developed in the eLearning field, aimed at supporting students’ interaction with
digital educational materials [24]. These systems are based on adaptive algorithms
that analyzing the subject’s cognitive profile are able to create personalized learning
paths. In an educational adaptive system, the optimal learning path aims at
maximizing a combination of the learner’s understanding of the courseware and
the efficiency of learning.

The conceptual framework of eLearning can be summarized in the sentence “any
time, any place, anywhere”, that is, supporting students and teachers that live far
from schools or universities and then increasing the life-long education cycle. This
general program underlines a dramatic change in the traditional learning paradigm.
The foreseen new learning paradigms should make provision for [40, 61]:

* An active and participating role of learners.
» A strong sense of presence and belonging (groups, working communities, virtual
classrooms).
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e A personalization of the learning path, by means of an articulated system of
instrumental and human resources at disposal.

* A thorough exploitation of network hypertextuality as place, mean and social
environment of learning.

The core of eLearning is the platform for managing the distribution and the
use of educational material dedicated to training. An eLearning platform supports
administrative functions, such as student’s registration, assessment, and tracking
of user’s attendance (number of accesses, connection time, evaluation, and test
results, etc.). Along with these services, an eLearning platform should also have
interactive virtual classroom equipped with suitable tools [10]. A virtual classroom
is an interactive environment where users can interact in a synchronous way (e.g.,
videoconference, audio conference, chatting, etc.), and an asynchronous way (e.g.,
web pages, web forum, e-mail, document repository, etc.), or in mixed mode.
However, both communication modalities are available on Internet (e.g., streaming
video, streaming audio, etc.). In fact, the main characteristic of an eLearning system
is to overcome the obstacle of geographical location and to minimize the time
constrains [4, 6].

In recent years, many educational and enterprise institutions have adopted
eLearning systems to promote lifelong learning programme. This phenomenon has
been favored by the Internet era, the development of communication and network
technologies, the improvement of network bandwidth and quality, the real-time
transmission of high-quality video and audio contents. In spite of this technological
innovation, many studies underline that eLearning is still based on online newspaper
form and information transmission, and it fails to provide a higher level of learning
that would differentiate it and make it better than the classical classroom [23].

According to Alexander [3], four aspects should be considered to design a
successful eLearning system:

. Students’ learning experiences.

. Teachers’ strategies.

. Teachers’ consideration and preparation.
. Teaching/learning environment.

RIS S

Chen and Zhang [17] underline that often individual differences, such as
background, goal, learning style, that exist among the learners are not taken into
account when an eLearning system is developed. In order to reduce the “cognition
overload” and disorientation, they have developed an eLearning architecture called
Adaptive Learning System, based on Learning Style and Cognitive State, able to
select the learning contents according to the learner’s cognitive style.

Numerous benefits come from eLearning. For instance, according to Kirschner
et al. [40] it increases the students’ skills improving their training and educational
strategies; the learner can study according to his/her own work place; the contents
are always available at a low cost because it is sufficient to have an Internet
connection. Among the eLearning disadvantages we can mention the lack of social
interaction, the high cost to assembly learning materials in a multimedia format,
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the high costs necessary to constantly update the contents and to provide tutorial
support, so that instructor and tutor may not always be available on demand, and so
forth. However, most of the aforementioned disadvantages can be overcome by the
blended learning approach, where different learning style are mixed.

Yongxing [78] reports a case study on blended learning, underling that the
latter modality of learning provides a good principle and idea for the choice of
learning methods when eLearning tools and environment become more and more
popular. Moreover, the methods of blended learning may vary from time to time,
place to place, person to person. Therefore, Kang and Fengli (2007) suggested
that the key of blended learning is to transfer knowledge to a “suitable” person,
in “appropriate” time, with “appropriate” technology, with “appropriate” teaching
style and “appropriate” e-teaching methods [38].

Another recent innovation concerns the emergence of social networks comput-
ing, which opens new opportunities for institutional learning. Social network tools
empower users to produce, publish, share, edit and co-create contents, offering new
opportunities in the learning field. According to Ala-Mutka [2] digital social net-
working offers new participative functions and new ways for cooperation supporting
and facilitating knowledge exchange and collaborative content production. All these
services are encapsulated in the Web 2.0 technology. Web 2.0 represent the second
generation of Internet-based services that facilitate the online collaboration among
users.

Universities and other educational institutions use social networking technolo-
gies as a strategy to discover new and innovative ways to enhance learning,
facilitating collaboration and knowledge exchange. So, Web 2.0 can really support
Universities and Companies to design and implement independent, autonomous and
personalized education systems — i.e., learners are able to set their own learning
goals, to develop critical thinking strategies and plan the cognitive strategies to
achieve these goals [33].

In last years many educational services have been developed. The aim of
these systems is to support both teachers and students, not only in the creation
and communication of educational materials, but also as an scientific setting to
experiment new didactical methodologies to enhance the learning process. For
example, Classroom 2.0 website, is a virtual social network environment for
teachers. It offers them help and advice to use in the classroom Web 2.0 tools
for students’ learning. Some of these services are discussion forum to exchange
ideas and didactical experiences, and other social tools to create interpersonal
relationships.

9.2.2 eLearning in Microelectronics Industry

So far we have discussed general concepts in eLearning. In the second part of this
section, we specialize these general concepts to the specific field of Microelectron-
ics.
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Microelectronics is a field characterized by high specialization and a high level of
innovation. By enabling technological innovation in other sectors, notably informa-
tion technology, communications, and manufacturing, its impact is both profound
and enduring. It is an innovative field which includes advanced technologies and
requires specific competences to control sophisticated software systems to design
and implement new devices [5, 6].

The development of professional and personal abilities in microelectronics is
more and more important not only for engineering students but also for human
resources that work in industry. Designers and researchers use daily software
applications for design, simulation and manufacturing electronic devices. In the last
years we have witnessed a rapid development of both new microelectronics devices
and technologies, changing the skills required by the technical personnel employed
in this field. Besides, international competition and global economy represent a
continuous pressure for microelectronics industry.

In this global scenario, the capacity to handle information, knowledge, and inno-
vation is central for microelectronics industry. To face this worldwide competition
many industries and companies have adopted advanced educational and training
strategies to rapidly improve the competences of the internal people. This strategic
choice involves substantial investments in human capital and active absorption of
technology, not only to introduce new best practice manufacturing system that
integrate automation, process and product innovation, but also to experiment new
educational solutions to optimize the learning activities of the internal resources.
Industrial organizations have the need to improve the internal training strategy
developing new educational environments.

Today training environments for web applications try to satisfy the above men-
tioned needs by developing new interactive educational tools satisfying not only the
industry needs but also the final user’s requests. The current educational approaches,
like constructivism, do not use all the potentialities of the web technologies to
create and manage didactical contents in a productive way. This limit comes from
the fact that the web environments do not always support the user needs from a
cognitive perspective. To overcome this limit, many organizations prefer to use
traditional didactical approaches, because their principal aim is to assure that the
human resources can change in a productive way, improving the competitiveness.

To support the industry needs, many software houses offer the industrial com-
panies not only software systems to design electronics circuit, but also educational
support by using web technologies. For instance, Cadence has developed a flexible
Virtual Classroom to train users in live training events. It is possible to attend virtual
lectures, participate in laboratory exercises, ask questions, and receive feedback
simulating the classroom didactical activities. Cadence virtual classroom offers the
users many educational opportunities that cover the main topics concerning design
and implementation in microelectronics, with the goal to facilitate the adoption
of Cadence solutions. Mentor Graphics is another company active in electronic
design automation which delivers didactical contents in microelectronics, by using
online learning with interactive hands-on activities. Virtual environments allow to
the subjects to manipulate virtual commands of the software interface, simulating
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real context applications. Virtual systems reproduce the software interface without
changing the visual organization.

Although both Cadence and Mentor Graphics have realized virtual educational
system devoted to the microelectronic learning, the educational functionalities of
these platforms are locked and cannot be easily customized.

However, microelectronics industries have been investing a lot of economic
resources to develop autonomously high educational systems that provide an
efficient learning environment. The integration into web of learning materials for
microelectronics is an ideal approach for training professional people to learn new
skills. In this process, the knowledge flows from University to Industry and vice-
versa is especially relevant. On the one hand, it is often apparent a mismatch
between what is usually taught in university courses in electronic engineering
and what are the real needs of microelectronics industry, and a direct contact
between University and Industry is beneficial to the quality of the university
education in microelectronics. On the other hand, University has an established
experience in education and training, which can be exploited for the setting of a
training environment for young employees in microelectronics Industry. Moreover,
Information and Communication Technology (ICT), and in particular eLearning,
can be an innovative bridge between Industry and University, enhancing an intrinsic
collaboration. This collaboration would ensure an effective transfer of knowledge,
integrating different perspectives of how engineering disciplines are coordinated in
both engineering and educational sectors.

In the last few decades, the European Union has supported this need for
information exchanges between University and Industry, funding many research
projects devoted to ICT applications in microelectronics, with the goal to design
and develop new educational materials and eL.earning platform based on interactive
and multimodal environments.

For instance, the general objective of the project LIMA (Learning Platform
in Microelectronic Applications, 2003) was to design an eLearning system to
strengthen three leading educational centers in three dependent critical disciplines
of microelectronic design and test, with active support, guidance and feedback from
industry [59]. The resulting eLearning system is a web-based training platform with
the purpose to satisfy different user needs, applications and levels of extensions.
The main idea is to train people for conceiving, designing, verifying, and testing
electronics circuits and systems.

We mention also the project E-LIMM (E-Learning for Microelectronics Man-
ufacturing, 2004), which addressed the problem of the shortage of highly skilled
industrial staff in the microelectronics industry by creating high-quality training
and e-learning courses modules [58]. The goal was to apply new technologies such
as multimedia learning for training and further education of the people that work in
microelectronics manufacturing.

The project INETELE (Development of Multi-Media Teaching Material for
Interactive and Unified E-Based Education and Training in Electrical Engineering,
2006) has been carried out within the Leonardo da Vinci Programme funded by the
European Union, and involved eight universities from eight members states [36].
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The aim of this project was to create a set of multimedia educational material and
software for basic education in electrical engineering, by using simulated animation,
virtual laboratory and final exercises for students assessment.

Finally, we mention the project COMSON, whose activities are documented in
the present handbook. As an outcome of the project CoOMSON, STMicroelectronics
(Catania sales, Italy) has experimented new ways to create educational contents
for eLearning courses, to be used for internal training. Part of this work was done
in collaboration with University of Calabria (Italy). The educational contents are
based on existing materials, which were translated in electronic form. The realized
courses cover basic and advanced concepts, theory, practice and analysis used
for microelectronics applications. In our opinion, this experience shows a novel
perspective in the possible cooperation between Industry and University, related to
the creation and delivery of educational contents by using eLearning methodologies.

9.3 An Integrated Platform for Advanced Training
in Microelectronics

The goal of the project COMSON was “to realize an experimental Demonstra-
tor Platform in software code, which comprises coupled simulation of devices,
interconnects, circuits, EM fields and thermal effects in one single framework.
It connects each individual achievement, and offers an adequate simulation tool
for optimisation in a compound design space” [21]. This simulation environment
would be complemented by an eLearning platform and a virtual working place.
The eLearning platform would connect academic institutions and microelectronics
companies, which collaborated together to the design of educational contents, to
be delivered by the platform. The learning contents would be created by standard
authoring software. This is advantageous because the system virtually supports any
kind of course material that can be stored inside the web server. The virtual working
place was conceived as an interactive environment where researchers from different
nodes of the CoMSON Consortium could perform joint work, at distance.

As is immediately apparent just from the synthetic statement of the general
objectives of the CoMSON project, this was a very ambitious objective, both
from a scientific and an educational viewpoint. As we have seen in the previous
section, many eLearning environments are available, and many vendors provide
courses specifically designed for microelectronics industry. The problem is that
most of these tools and training material are not flexible enough to cover at once
the wide range of topics concurring in real microelectronics applications, keeping
track of the most advanced research results. Moreover, the eLearning courses
are usually detached from the simulation environments actually used in the main
microelectronics industries.

For this last point, it is worth noting that microelectronics teaching generally
involves the use of equipment laboratory with software tools where learners can
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perform experiments and simulations. In many cases, eLearning environments lack
of these properties making problematic to teach scientific concepts. Usually, eLearn-
ing platform include just specific functions that partially support the students during
the learning process. For example, many eLearning systems deliver educational
contents using video streaming, without or with restricted interaction mechanism.
If this approach works well for many disciplines, in microelectronics education it is
more problematic to adopt these systems with a limited interaction level.

An eLearning environment devoted to microelectronic should include different
typologies of tools such as virtual or remote laboratory, interactive software systems
to design and perform experiments, simulations and an interactive evaluation
systems to assess the achieved learning. The eLearning system should monitor
how subjects interact with virtual tools during the following phases: design,
implementation and test of an electronic circuit. The system should also provide
the user a feedback of the interaction, suggesting how to rectify possible errors.

Today many software houses that operate in this sector are inclined to share
information using remote laboratories. A virtual remote laboratory is an extension
of a real environment. It allows to the users to interact with the interface of a
system, safeguarding them from possible risks. Recently, microelectronics web-
based virtual laboratory architectures have been developed that allow to simulate
activities very similar to the conventional laboratory setup. Students first design
the circuit and then use Internet to access the virtual laboratory to implement it.
Mohtar and collaborators [53] describe an example of virtual laboratory architecture
developed to design and test microelectronics circuits. This system includes a
realistic Graphical User Interface (GUI) that exhibits the properties of a real
laboratory environment. The visual manipulation of the circuit designed in the
previous sessions, can be freely compared with other circuits or move some
components with other to verify how the system work.

As a further example, we mention iLabs, a virtual remote laboratory developed
by the MIT and accessed through the Internet [52]. The virtual laboratory archi-
tecture includes many functionalities which expand the range of experiments that
students can perform during their undergraduate studies and not only. One of the
most interesting functionalities of iLabs is that it can be shared across universities
or across other institutions. One of these platforms simulates a virtual laboratory
devoted to microelectronics.

We are well aware that to realize a virtual education environment that includes
the above-mentioned functions is a difficult task, but not impossible. However, this
approach requires a considerable effort by the developers to design a virtual remote
laboratory able to simulate all the phases that are involved in the activities within a
real laboratory. To achieve these goals it is important to design GUIs able to comply
with different user interaction methods.

Traditional eLearning environments adopt simple user interfaces with restricted
interaction modalities. Actually, many eLearning platforms use a standard architec-
ture based on a predefined set of commands that allows the users to manage courses
and educational material. This approach is fine if a teacher uses an eLearning
platform as a content management system to organize the lectures and to give
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support to the students with educational material, like lecture notes, tutorials,
exercises, and so on. However, the recent findings in computer system and Human-
Computer Interaction allow to design new eLearning platforms oriented to the
microelectronics teaching. In this vision, virtual remote laboratory represent the
future challenge to create innovative eL.earning system to teach microelectronics
contents.

As we have written at the beginning of this section, the CoMSON project has
made a serious attempt to tackle the above mentioned problems. In fact, during this
project, we designed an integrated platform devoted to the microelectronics industry.
The main idea was to start from a set of advanced, scientific, research problems,
intrinsically multidisciplinary, and with practical industrial relevance, trying to build
around them a platform which would enable students, or young employees, to be
properly trained. This platform includes three main components:

* Information system.
* cLearning system.
* Simulation environment.

All three main platforms components are integrated through Graphical User Inter-
faces. Figure 9.1 shows the interconnection among the components of the platform
architecture designed to satisfy the project needs.

In the remaining of this section we describe the methodological procedure
adopted in developing the integrated architecture, called CoMSON platform, which
includes both the information system and the eLearning platform. The simulation
environment is discussed in Chap. 7 (on the Demonstrator Platform).
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9.3.1 User Needs Analysis

Following the Human-Computer Interaction methodology [25, 65], we collected the
user information with the purpose to design a platform able to satisfy the requests
coming both from the researchers that will work within the project and the students
that will use the platform for educational training.

The design of the platform is based on the user analysis carried out by means of
a questionnaire. The aim of this questionnaire was to gather information on the user
needs concerning functions such as: communication, development, standards, and
learning environment functionalities. The questionnaire was organized in five main
sections:

1. Individuation of the final users of the platform.

2. Authoring and development tools, such as collaborative and communication
tools and possible integration with specific software (for example, tools for the
simulation of electronic circuits, etc.).

. Communication and learning tools, aims and use.

4. Design of delivery models that provide the learning materials and resources, such

as tools and communication services used in the learning environment.

5. General characteristics of the eLearning system and standards.

(O8]

The questionnaire was sent to the group leaders in the different nodes of the
Consortium. The reason for this choice was that the group leader was the best
candidate to make an informed decision about the needs of the final users.

We collected and analyzed eight questionnaires which reflect the answer of each
node. Here we detail the results of the user needs analysis, showing some of the
most influential data used to design the platform.

In the past years the flexibility of Internet technology has favored the develop-
ment of applications that allow to perform scientific simulation by using interactive
educational environments. A virtual classroom, that is, the online environment in
which students and instructors interact, can be an environment with synchronous
interaction (the interactions happen simultaneously in real-time), or with asyn-
chronous interaction (the interactions are delayed over time). It is also possible to
have both kinds of interactions. This allows learners to participate according to their
schedule, and be geographically separated from the instructor. Figure 9.2 shows a
preference for both asynchronous and synchronous interactions.

Learning-by-doing is an educational approach which stresses the use of tools
to enhance the learning process (Fig.9.3). A great number of studies in eLearning
focused on the importance to improve the learning strategies by using interactive
tools. These tools not only offer the opportunity to interact with theoretical ideas in
practical way, but also support the collaboration among students. The latter concept
is an essential aspect in the process of constructing a shared knowledge among
students.

To support the students’ motivations during the learning process, an eLearning
system should include many additional tools designed to deliver educational
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contents (Fig. 9.4). Another important aspect of these tools concerns the possibility
to perform many simulations to test the students’ hypothesis, in so-called virtual
classrooms, which try to extend the physical environment and interactions of a
classroom to an online setting. Students can run simulations and manipulate objects
analyzing in real-time the obtained results. In some cases, hands-on applications
may be required.

eLearning is a collection of technologies, products, services and processes that
support the learning process. In order to improve these aspects, it is important to
design and implement specific Graphical User Interface (GUI) to connect these
different services [69]. Figure 9.5 shows the main needs of the final user involved in
the CoMSON project.

Assessment and testing are key components of any educational environment.
Figure 9.6 shows the importance of self assessment in learning, for the subjects
of the survey. The majority of the subjects chose the self-assessment modalities.
By using this approach, the platform provides a checklist to help students assess
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themselves. Self-assessment is a formal evaluation technique, which enables a more
fluid teaching and learning environment, which coincides nicely with the structure
of eLearning environment.

Figure 9.7 shows the educational objectives that the CoMSON eLearning
platform should satisfy during the project. In the initial phase, the eLearning
platform will be an experimental educational laboratory in order to define specific
guidelines to produce educational contents devoted to microelectronics field. After
this analysis, during the project we have designed guidelines to write and organize
educational contents in order to adapt it with the eLearning platform required.
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9.3.2 Platform Development

In order to develop the platform according to the user needs, we presented to the
CoMSON scientific management board the results of the questionnaire. During
this meeting we introduced a technical proposal aimed to define the design and
implementation of the CoMSON platform.

According to the users’ opinions, the CoMSON platform should possess the
following characteristics:

* To be easy to use.

¢ To offer user-friendly help.

* To easily integrate existing digital materials.

* To support audio communication.

* To give the lecturer the capability to administer her/his own courses and to
monitor the learners’ progress and participation.
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* To support multimodal interaction between the users through visual communica-
tion, and real-time display of users’ activities.

* To support live document sharing applications.

* To offer an interactive and shared whiteboard.

e To integrate eLearning environment with other systems (e.g. Demonstrator
Platform, Virtual Campus, and Virtual Working Place).

In short, users prefer a system that can support both types of communication and
training: synchronous training (on-line lectures from a trainer on a specific theme,
online meetings, on-line communication and collaboration between the members
of a user group on a specific theme), and asynchronous training (autonomous
training using interactive educational material and lecture notes, meeting minutes,
administrative information).

From the analysis of the questionnaire results we have also taken some decisions
on the following issues related to the eLearning platform:

e User. The final users of the eLearning platform will be students in micro-
electronics, but the system will be usable by microelectronics companies for
employee training. At this stage of the project, the courses are being tested by
CoMSON researchers, ERs (Experienced Researchers) and ESRs (Early-Stage
Researchers). After this test and with the appropriate modifications the eLearning
courses are made available to the general audience.

* Authoring. The underlying problems are: production of educational materials;
collection and adaptation of existing educational materials for the eLearning tool;
standardization of the educational material. In addition, all CoMSON partners
agreed on the following points: each contributing professor can decide whether
to take, or not, responsibility of formatting of the course. If some contributing
professor does not want to take part in the formatting phase, he/she should
provide the contributed material in any standard format for final adaptation. The
professors will have the responsibility of the written contents (even if researchers
will collaborate to write them). The writers will own the copyright of the written
documents. CoMSON has to certificate the quality of the contents of the Learning
Units, by university standards (certification of quality).

* Educational aims. The educational aims of the eLearning system are: fostering
research in Mathematics dedicated to industrial needs; training to use the main
simulation tools in micro- and nano-electronics. The users’ future professional
career will be: advanced modelling and simulation expert and designer.

* Educational contents. The eLearning system should provide tutorials on sim-
ulation steps (process, device, circuit, EM, optimization), including related
software packages as examples. In general, no previous knowledge is needed
by the user, but each Learning Unit has its own prerequisites. The eLearning
system includes a wide range of topics including: Modelling of semiconductor
devices; Introduction to electrical circuits; Electromagnetism; Interconnects;
Basic numerical analysis; Numerical methods for DAEs.
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The educational contents have been split in two categories: (1) Basic and (2)
Advanced contents. Each category will consist of a minimal number of Learning
Units (modules). The latter, will provide the modules on specific topics.

» Technical specifications. The educational contents should be importable by the
main eLearning platforms used by microelectronic companies, according to the
standards of IEEE P1484 [31] and Sharable Content Object Reference Model
(SCORM 1.2) [67]. No specific software is required to be known by the user in
advance.

9.4 The Components of the CoMSON Platform

As we have seen in the previous section, the CoMSON platform includes the
following components: an information system, an eLearning platform, and a
simulation environment (Demonstrator Platform). These components are connected
by Graphycal User Interfaces, which will be discussed in the following section.

The CoMSON platform runs on a HP IA32 dual processor Xeon 32 bit 2 GHz
frequency. The server has 15 GB of memory and two hard disk SATA architecture.
The system uses a base Operative System (Linux Slackware) which hosts the
following VMWare virtual machines:

(a) CoMSON, used as main communication and eLearning services.

(b) Kepler, used as Demonstrator Platform, with Current Version System (CVS)
service.

(c) Copernicus, used to compile source code in the Demonstrator Platform (DP).

In order to synchronize the time between guest servers we install the Internet
Systems Consortium — ISC- NTP Network Time Protocol server. A schematic
representation of the system architecture is shown in Fig. 9.8.

Next, we detail the main components of the CoMSON platform.

9.4.1 The Information System

The CoMSON information system provides three main functionalities:

1. Documentation, authoring and distribution.
2. Exchange of knowledge.
3. Communication environment.

This set of functions is intended to enable interaction and knowledge exchange
during the period of the project and after its completion. These services support the
communication process between students and teachers as well as among researchers
involved in the project. Ultimately, this initial user group will be enlarged including
different academic and corporate institutions, cooperating on research. Furthermore,
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the communication platform is the place where seamless knowledge exchange
processes operate between academia and industry [10].

Its architecture, based on web technologies, enhances accessibility, ease of
use and ease of integration with the other elements of the system [48]. The
communication platform has been developed as an enabler for the above functions,
comprising a set of interconnected tools. These tools are: web services including
streaming server for content distribution; a forum and a mailing list system, for
communication; and a documentation environment, which is used as a central
information and document repository [1, 48, 64, 71].

We used Plone [7] as Content Management System (CMS) to implement
the communication platform of the CoMSON project. Plone is an open source
CMS built on Zope [75] application server. “Zope includes an Internet server,
a transactional object database, a search engine, a web page template system, a
through the web development and management tool, and comprehensive extension
support”. Plone, already, has a large user base and multitude of developers, usability
experts, translators, technical writers, and graphic designers who are able to work
with CMS [7].

The Plone workflow allows collaborative and cooperative management of con-
tent. Each object can assume different states. The objects state define whether an
object can be accessible by others users. The Plone workflow includes four states:
visible, pending, public, and private (Fig.9.9).

The Plone team includes usability experts who have designed an intuitive user
interface and attractive to manage the information. Other services, such as mailing
lists, provide a channel to exchange information between registered users. There
are mailing lists devoted to the different tasks of the project and for administration
matters. This facilitates the communication among researchers on research and
administrative aspects of the project.



9 eLearning in Industrial Mathematics with Applications to Nanoelectronics 523

Owner Reviewer

> Visible (Initial) <

Retract
Submit
Show > Pending > Published
Hide Publish
¥ Hide
Private -
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Mailing lists are implemented using Mailman, the GNU Mailing List Manager.
Mailman is free software integrated with the web that allows easy management.
Users can manage their accounts and the owner of the list can manage the lists.

9.4.2 The CoMSON eLearning Platform

A learning information infrastructure includes hardware, software, delivery mech-
anisms, and processes to manage educational paths. Hardware refers to servers,
desktop computers, and mobile devices. Software refers to a Learning Management
System (LMS), which is a software application for the administration, documen-
tation, tracking, and reporting of training programs, classroom and online events,
eLearning programs, and training content. A strong information infrastructure
provides access to instructional content and support teachers and students to manage
educational contents and deliver them in easy way. Usually, the term LMS is often
used synonymously with learning information infrastructure, but an LMS by itself
is usually only part of a learning information infrastructure.

The LMS used in CoMSON is based on Moodle open source software [63].
Moodle is a Course Management System (CMS), also known as a LMS or a
Virtual Learning Environment (VLE). Moodle allows the management of courses,
didactical modules, real-time and differed learning. Among the tools available to
the teachers, we find authoring tools for creating lessons and assessment tests.
In addition, to these standard tools, we would like to spend some words on a
possible learning scenario, which might be consistent with the implemented Moodle
platform.
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The eLearning platform provides contents based upon the Sharable Content
Object Reference Model (SCORM) standard [67], which allows the creation of
standard contents that are exportable and executable on every SCORM compliant
system. Moreover, the SCORM standard is integrated with distributed technologies,
in order to develop a complete learning system. Intense research activity is ongoing
on eLearning technologies especially focusing on accessibility, interoperability,
durability, and reusability of components. Applying Web Service Technologies to
a SCORM compatible LMS simplifies the implementation and maintenance of the
LMS and gives web service consumers more choice in finding the services they
require [19].

Moodle, as well as similar VLEs, is designed to include the principal aspects
of the constructivist learning theory [27]. In particular it offers the possibility to
visualize (with animation), and to manipulate interactively, educational contents or
metaphors of learning objects. The constructivist approach is based on the learning-
by-doing approach, which emphasizes the active role of the student in building
his/her knowledge [8, 46, 77]. The active dimension of learning is realized by means
of virtual laboratories [12] that allow students to visualize (with animation) and
manipulate interactively, step by step, metaphoric representations of the functions,
modules and coupling paradigms for a deeper understanding of them.

The VLE foresees the development of a new generation of educational tools,
for example: 3D architecture of circuits, immersive virtual environment, intelligent
agents, avatars, and so on [22, 37, 70]. These new educational tools, offer a
computer-based approach for scientific instruction that provides a number of
advantages over traditional learning methodologies [49]. Students are stimulated
by manipulating objects that offer interactivity, authentic experiences, and a new
adventure in learning [54]. Therefore, our goal was to design an eLearning system
based on experimentation activity (e.g. virtual laboratory) and the scientific method
(e.g. simulation program write in Java and Java 3D language).

As each didactical context, students encounter different problems that are
completed by using the tools of the environment and the scientific method to solve
problems. In this way, the eLearning platform assures the maximum flexibility to
the learner, whose results are assessed in terms of performance on specific tasks.
Results of different studies have demonstrated a positive correlation between student
motivation to learn and classroom integration of technology [11]. In addition, recent
researches indicate that the use of technology in the classroom not only increases
the student’s motivation, but also improves achievement [11, 55].

The CoMSON eLearning platform provides three kinds of learning resources.
First, a repository of lecture notes, slide presentations, articles, book chapters, etc.
Second, it hosts interactive courses that can be used as a stand-alone learning
solution or blended with face-to-face lectures or seminars. Third, a simulation
platform that interfaces with the DP to provide educational simulations. This latter
section of the eLearning platform at this moment is not fully functional.
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Fig. 9.10 The CoMSON eLearning conceptual model

9.4.2.1 Conceptual Aspects of the CoOMSON eLearning

The CoMSON eLearning is based on constructivist methodologies, a set of assump-
tions about learning that guide many educational theories and associated teaching
methods [44]. Constructivism learning approach guides learners to conduct and
manage their personalized learning activities, and encourage collaborative and coop-
erative learning to improve critical thinking and problem-solving strategies. The
knowledge is constructed actively through the interaction with the environment. In
fact, the constructivist paradigm asserts that learning environments should support
multiple perspectives or interpretations of reality, knowledge construction, context-
rich, and experience-based activities [77]. In our eLearning platform, learners and
instructors can interact with different technologies, which support the students in
the acquisition of skill on specific topics [18, 47].

According to Horton and Horton [32], an electronic curriculum is composed
of individual courses, books, and other learning objects. Courses are typically
composed of clusters of smaller lessons, organized to accomplish one of the major
objectives of the course as a whole. At a lower level are the individual pages, each
designed to accomplish a single low-level objective that answers a single question.
Such units may also be called screens in multimedia presentations or topics in on-
line help. At the bottom level are media components. These are pictures, texts,
animations, and videos that contribute to design the page content.

Figure 9.10 shows the CoOMSON eLearning conceptual model adopted to realize
the learning paths [68]. The CoMSON eLearning conceptual model includes five
sections or steps.

In the first step, “Introduction”, the platform introduces the educational aim of the
lesson, such as procedures, principles, concepts that will be discussed. The second
step is “Demonstration”. In this section the platform explains with more details,
by using as example results from scientific experiments, the concept introduced
previously. Next, with the purpose of improving the assimilation of new concepts,
the platform guides the learner through hands-on activities with the support of
virtual laboratory or simulation tools. These activities are based on constructivist
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approaches, emphasizing an active engagement of learners. For example, connecting
this section with the Demonstrator Platform (DP) through a Graphical User Interface
(GUI) so that the learners can perform experiments verifying concepts or testing
hypothesis. Then, the “Conclusions” section summarizes and reviews the theoretical
and practical concepts discussed during the lesson. Finally, the “Assessment”
section concludes the lesson. This module includes a synthesis of the main concepts
discussed during the educational activities.

The integration of different tools allows the application of innovative eLearning
methods and technologies based on the following aspects:

* Definition and development of educational paths for all researchers, including
internal training: using the information system, a web-supported documentation
and Transfer of Knowledge (ToK).

* Adaptation of the DP to training and educational needs: using suitable GUIs
which highlight coupling paradigms, important modelling issues, algorithmic
issues and all other issues analyzed in the training and educational paths.

* Creation of a virtual educational system, which transfers traditional classrooms
to an electronic environment based on: remote access for all system users, direct
interaction between students and lecturers/tutors, and support to communication
among students and teacher.

* A continuing education environment supplying information about the materials
and some general documentation of the platform: annual progress reports on the
project, software, online lectures, and communication tools.

The use of these approaches is supported by a full integration between virtual
tools and remote simulation by the DP environment. The full integration between the
eLearning platform and the simulation environment is a challenging technological
problem, which has not been fully solved during the project CoMSON. More details
on this topic will be given in the following section.

9.5 Graphical User Interfaces

In the previous sections we have introduced the eLearning platform analyzing
it from a technological point of view. The visual interface is another important
component of an educational platform.

The Graphical User Interface or, as it is commonly called, GUI is a crucial
part of a users experience with any computer system [69]. Why? It is the system
to most users. It can be seen, it can be heard, and it can be touched. The piles
of software code are invisible, hidden behind screens, keyboards, and the mouse.
Each user interface has essentially two components: input and output systems. Input
concerning how a person communicates his or her needs or desires to the computer
system. Some common inputs devices are the keyboard, mouse, and so on. While,
the output is how the computer conveys the results of its computation process and
requirement to the users. Today the most common computer output mechanism is
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the display screen and other systems that support the subject during the interaction
with the system.

User interface design is a subset of a field of study called Human-Computer
Interaction (HCI). HCI [15, 16, 25] is the study, planning, and design of how
people and computers work together so that the person needs are satisfied in
the most effective way. HCI designers must consider a variety of factors: what
people want and expect, what physical limitations and abilities people possess, how
their perceptual and information processing systems work, and what people find
enjoyable and attractive. Designers must also consider technical characteristics and
limitations of the computer hardware and software.

The goals of interface design are simple: to make working with a computer easy,
productive, and enjoyable, reducing the cognitive load during the interaction. In the
last years we have assisted to an improvement to the design and implementation of
the GUI [69]. The new generation of GUI includes a variety of new display and
interaction techniques that improve the dialogue among subjects and system.

9.5.1 User Interfaces in the eLearning Platform

In the eLearning environment, GUI should allow the interaction between user and
educational contents in an easy way with the purpose to improve the learning [60].
Clearly, not every student learns in the same way and not every curriculum should
be presented in the same manner. Students are different in their learning cognitive
styles, and different disciplines and contents require different presentations modali-
ties. An eLearning system often provides dynamic and adaptive environments which
allow to personalize educational materials both in terms of students learning styles
and type of contents to deliver. De facto, the best interface will permit the user
to focus on the information and task at hand instead of using complex interaction
mechanisms that impede the communication process and involve a strong cognitive
load reducing the cognitive resources.

It is known that the eLearning interface design is especially complex, as the
learning effectiveness and interface design are substantially intertwined. In addition,
a trend to reduce the complexity of the interface interaction is to apply the usability
approaches to evaluate the quality of the system interface [57].

Usability measures how intuitive, efficient, and pleasurable the experience of
using an interface application is, as well as how effective the application is in
achieving a user’s end goals [57]. The usability of an eLearning system refers to
how easy it is to use and learn the system. In online learning system contexts, the
pedagogic usability is also related to how easy and effective it is for a student to
learn something using the system.

For all practical purposes, the GUI of the CoMSON eLearning platform is
basically the interface provided by its Course Management System, which is
Moodle.



528 G. Alietal.

9.5.2 A Graphical Tool to Visualize Scientific Data
in the Simulation Platform

The main goal of the Demonstrator Platform (DP) is to train new recruits in
the field of microelectronics. To do this, a series of modules have been created
each one tackling a different problem. These modules, created by the researchers
in CoMSON, provide tutorials that explain how they work and to allow the
visualization of results.

These tutorials use OpenDX to visualize data obtained from DP simulation.
OpenDx (Open Visualization Data Explorer) is a scientific visualization software
developed by IBM [35]. This software can operate in complex domains along with
measured or computed data. The OpenDX project started in 1991 and can do 3D
visualizations that represent the output values as color or gray scale coded, or as
vectors streamlines and ribbons. It also offers the advantage that the graphs can be
viewed form the inside or make cuts and represent the data in the cutting plane.
The graphs can be rotated and visualized from any angle and animations of these
movements are produced.

OpenDX provides a simple toolkit that allows the user to manipulate images
and modify different aspects of the visualization. Through a window menu the user
selects a series of blocks that perform actions to visualize data. To visualize the
results of the development platform modules using OpenDX the requisites are:

1. CoMSON DP installed.
2. OpenDX installed.
3. BIM-MSH-FPL packages loaded.

Once these programs have been installed the user can call the packages and be
able to visualize the results. The user has to follow these steps:

. Move to the example directory.

. Start octave.

. Prompt run_test at the command line.

. Exit octave.

. Use OpenDX to visualize data.

. Repeat the procedure changing equation parameters.

AN AW =

This allows the user to visualize the results produced by his/her code. Then the
user uses the interface provided by OpenDX to select the modules that the data is
going to be filtered through. Finally running the data through OpenDX the user can
visualize the solution.

The user then can change the parameters that he/she is using, to see how the result
changes. It is this exploration of the problem through visualization that allows the
user to learn and master the topic.



9 eLearning in Industrial Mathematics with Applications to Nanoelectronics 529

Interconnection — DP Server
Vel
THL
e
Core Tier e
User

Interface SSH i i
Tier Connection <:> SbH remote | np chell
Management Shell service

Fig. 9.11 Interconnection architecture

g

9.5.3 Interfacing the Components of the CoMSON Platform

Another task of the eLearning research group was to design and develop a GUI to
connect the eLearning platform with the Demonstrator Platform (DP). According to
the design guidelines, an application should be inviting to use. It should contemplate
all the information and tools necessary to the user to complete tasks quickly, and
it should guide them with an appropriate feedback. To apply with success the
design principles, one needs to understand the user requirements and tasks. To
understand how a final user might interact with a visual interface, it is useful to
formulate a simple functional model of the functions. Figure 9.11 provides a visual
representation of the components that make up the GUI system and the services
that will be possible to activate. This is not an architecture model of the system,
but rather a conceptual model that we can use to realize the GUI product and their
functionality connected with the eLearning platform.

This interface will be realized in Java language and will allow the users to
perform test and simulation realizing electronic circuits. To obtain this results, we
design a prototype architecture of the interconnection based on two-tier, namely
client/server architectures in which the user interface runs on the client and the
database is stored on the server. A first, core tier is used to transfer inputs to the
DP and to collect outputs from the DP; a second tier is used as a user interface layer
(input entry, output presentation) and communicates exclusively with the core tier.
The DP is basically a shell environment that users can access remotely via SSH
service provided by the host machine. A simple approach to designing a core tier
is to define a system that establishes and manages a SSH connection to a remote or
local DP, and exchanges commands (inputs) and outputs using the DP shell.

Based on such core general design, the GUI tiers will be designed in order to
support more or less complex user interactions and visual representations on the
basis of user needs and suitability for specific learning objectives. The approach
used to implement the interface architecture is shown in Fig.9.11. This remote
interconnection architecture provides the functionalities that let the user complete
use the input and output capability of the DP to take full advantage of the DP’s
computation environment. While the core tier is concerned with exchanging flows
of information (inputs and outputs) with the DP, the user interface tier will have the
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task of translating specific user interactions into such flows. In the Sect. 9.5.2 of this
chapter we show how the DP output is visualized on the screen. The interconnection
architecture shown in Fig.9.11 raises several technical issues. One issue is the
availability of open source components that implement for example the SSH layer,
the management of graphical widgets and so on. Another issue is the integration into
standard web browsers, commonly used as client applications to access a Learning
Management Systems.

The technical problems posed by the above needs and by the consequent
design, have not been fully solved. Nevertheless, during the project CoMSON
many attempts have been made to build some effective 3D GUI prototypes. In a
first prototypal scenario, testing an industrial case study [9], the GUI would offer
three working environments: the model sculptor, the algorithm sculptor, and the
model inspector. The first two environments are 3D authoring tools for, respec-
tively, designing and manipulating mathematical models (equations) representing
the devices and for designing and manipulating algorithms providing numerical
solutions to those equations. The third environment is a tool for inspecting the value
of variables in the model during simulation time. The manipulation and exploration
of models and algorithms provided by the proposed GUI might be useful in contexts
where learning by exploration and design by exploration are common approaches.

Another direction of research for possible design solutions for GUIs between
different components of the CoMSON platform aimed at exploiting the advantages
and the potentiality of the third dimension. It has been suggested that interfaces
based on this concept will allow to design new virtual environments that include
more interactive functionality [9, 68]. This line of research was not deeply developed
during the project, but it was possible to realize, as a proof of concept, a 3D virtual
environment [14, 39] that includes an avatar which can be controlled by the final
users. In this virtual environment each room has a theme related to microelectronics,
where the user can find different educational objects such as images, interactive
movies and so on. The user is free to move his/her avatar exploring the environment
and moving from one room to the next. The virtual environment is provided with
3D agents that can be used to gather information on request, to get suggestions on
exploration paths and to have support in accessing other services [29].

In this experimental interface, the users are immersed in a virtual context which
is populated by other users and virtual agents’ avatars acting as tutors and guides.
An example of avatar is shown in Fig. 9.12.

Avatars act as cognitive support for the students that use an eLearning system.
The support is crucial because it stimulates human interaction among students,
especially in the autonomy model. Usually, the support consists of personalized
help for each student as he/she encounters an issue in problem solving tasks, and
should be contrasted with the traditional educational activities, in which one teacher
delivers educational contents for many students. Traditionally, the avatar shows
adaptive behavior to increase the comprehension of each student from a cognitive
point of view.

In this scenario, the eLearning system is based on the hypothesis that the
manipulation activity improves the learning [34]. Therefore, our goal is to design
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Fig. 9.12 Example of avatar

and develop an eLearning system based on experimentation activity (e.g. virtual
laboratory) and the scientific method (e.g. simulation program written in Java
and Java 3D language). A virtual laboratory might show some examples of the
microelectronic technologies. It should be furnished of interactive animations and
pictures that allow the user to interact with different learning materials. Users will
be able to study different processes alive. In some virtual laboratory rooms, students
can change the parameters of the objects and see how these will affect the final
result. Also, animations and other educational materials are supplied with specific
descriptions.

The use of virtual environments in eLearning is one of the most promising
applications because it allows the subjects to interact with virtual objects, improving
conceptual and practical abilities [13]. Learning through experimentation is an
important strategy because it supports students during problem-solving activities.
An active and collaborative learning environment provides a powerful mechanism to
enhance depth of learning, increase conceptual retention, and get students involved
with the material instead of passively listening to a lecture [30]. For this reason, a
virtual environment should be based on five categories which included the following
aspects:

1. To work on real-world problems into the virtual environment.

2. To provide the students with scaffolds and tools to enhance learning, in the virtual
environment.

3. To give more opportunities for students and instructors to share ideas and to
collaborate using technological tools, working on common projects.

4. To build virtual educational communities to expand learning opportunities in the
microelectronics field.

5. Integration between collaboration, sharing tools and simulation environments
embedded into the eLearning platform.

Each category poses an opportunity for technology integration, and a successful
integration increases both the technological skills and the content knowledge.
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From a methodological point of view, the informative system integrates a
multidisciplinary approach, in order to share both educational contents and tools.
Academic partners and industrial companies participate to implement contents and
tools to integrate within system. The main goal of the platform architecture is
to improve the integration between documents and tools for a better usage and
collaboration by the consortium members and its future as a learning tool. This
integration facilitates the collaboration and improves the learning.

9.6 eLearning Contents Creation: Methods and Strategies

eLearning scientific education is often difficult to sustain. Educational content
creation is often time consuming because both technological infrastructures are
not always user friendly and in some cases teachers needs to rewrite educational
contents adapting them to the eLearning platform. According to Minato et al. [51],
the eLearning content creation shows many problems:

* Contents are often insufficient or inappropriate.

* Content creation takes much time and energy.

* Quality production entails significantly on financial cost.

* To obtain an effective educational content it is necessary to perform many
revisions.

New ways of teaching and learning are made possible by a variety of new
technological applications, on-line resources and virtual environments, as well as by
new didactical approaches to deliver educational contents, based on problem solving
strategies. Today these changes are not only more evident, with the enormous
increase of ICT in use, but also even more significant because of the new advanced
modalities it is possible to carry out.

All these new technological tools used in educational context require that
teachers acquire new teaching methods for the new generation of the students,
who have grown up with new technologies. Moreover, teachers need to acquire
conceptual and practical skills to create educational contents to be delivered by using
an eLearning platform. In most cases, reviewing a course and responding to current
needs is perhaps done intuitively and without a formal procedure.

Nowadays, the educational community is well aware of the importance of
updating curricula and methodologies in response to the changing requirements of
the information society. Developing a new course or changing an existing teaching
approach is likely to feel discouraging, time-consuming and risky, especially when
technology is involved. These risks and concerns can be significantly diminished if
a more explicit approach is taken to evaluating needs.
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9.6.1 General Methods and Strategies for the Development
of an eLearning Course

Notoriously, eLearning contents creation is a difficult task, because it concerns
different aspects such as conceptual (learning approaches) and operational ones
(technology and infrastructure). On the other hand, it is important to consider other
relevant aspects, such as planning, design and evaluation process. In this framework
it is important take into account the cognitive processes of the user that attends
an eLearning course. The choice of a conceptual learning model is expected to
influence the design of the eLearning environment and then the learning process
of the students. The conceptual aspect involves abilities to organize the didactical
contents in an easy way and to apply educational strategy to design the learning
paths. Hence, many learning approaches have been defined, which suggest how to
organize the lesson contents integrating theoretical and empirical aspects.

The main idea of the educational approaches is to create a virtual environ-
ment where learners can share knowledge and are engaged in a communication
process that makes the learning process more active. The operational approach
concerns abilities to use software to create educational contents such as animations,
simulations, graphical images, movies, online assessment, useful to improve the
quality of the learning path making it more attractive. Besides, a teacher should
know how an eLearning platform works, to adapt the educational contents to the
features of the platform. An eLearning system requires specific competences and an
interdisciplinary team able to support the teacher.

An eLearning application represents an intersection among contents, and design,
learning and cognitive strategies. More specifically, developing an eLearning course
that successfully delivers educational contents requires the joining of many different
skills: technical, psychological, pedagogical and computer graphical skills. All these
aspects represent the core of an eLearning application. It is possible to summarize
all these needs by taking into account the following criteria:

1. Plan the eLearning project. This is a preliminary step in which the available
resources and other aspects to realize the eLearning contents, are evaluated.

(a) Estimate the economical and human resources needed to realize the educa-
tional system and its contents.

(b) Define the criteria to analyze the user cognitive profile. Knowing the final
user profile will allow to organize appropriate educational contents.

(c) Create a project plan of the eLearning paths needed to deliver specific
educational contents. This is the final phase of the first step and concerns
the organization of all the activities.

2. Choose the elLearning platform. Many eLearning platform today have been
developed. For example, Moodle is the principal platform used in academic
context.
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(a) Design the layout of the system. In many cases, the design needs to be
improved creating new functions.

(b) Improve the interaction quality of the system. It is possible to use the
standard applications of the system or to design new functions that improve
the quality of the learning.

(c) Create a visual theme. This aspect concerns the quality of the graphical
layout of the system.

3. Develop educational contents. After this initial planning phase it is possible to
start with the next step that involves the creation of eLearning contents.

(a) Design the learning paths. Each learning path should cover a course’s
contents, including the main topics and subtopics, pre-tests or practice
sessions, overviews, quizzes, and summaries.

(b) Develop the Learning Objects (LO). A LO is a piece of knowledge that
include all parts of the educational process: lesson, assignment, evaluation
and so on.

(c) Choose an instructional approach. There exist several approaches to deliver
educational contents. It is possible, to combine text and other media elements
in order to attract the user’s attention.

4. System evaluation. This final step concerns the usability evaluation of the
eLearning platform and then of the learning objects.

(a) Usability of the eLearning platform. Evaluate the quality of the interaction
with the interface of the system.

(b) Test the quality of the developed eLearning objects. Test the quality of the
educational contents before delivering them.

9.6.2 Some Examples of Course Implementation

Creating eLearning materials is a complex task with attention to delivery effective
material as well as providing learning path to encourage future study of the
audience. According to requirements and existing background of the students, a
course should provide flexibility and exploit full potential of the learners. Within
CoMSON, the Bucharest node implemented an eL.earning course on optimization
[73], which is one of the important aspects of the project and collaboration
scheme between project’s nodes. Thus, the connection between optimization and
eLearning modules was strengthened with the deployment of a code on the
Demonstrator platform, involving actions from Bucarest (Technical University),
Catania (STMicroelectronics), Calabria (University) and other nodes [42]. Materials
were presented in a form of a Moodle course, and the programming source code was
made available as Octave and Scilab implementation. Widely available and open
software to solve these tasks were primarily used.
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Fig. 9.13 Numerical optimizations handbook

Numerical optimization techniques is an advanced effective module for under-
graduate and postgraduate students at the University Politehnica of Bucharest. The
optimization course’s purpose is to present the fundamental concepts and main
numerical optimization methods used in scientific computing and the computer
aided design of electromagnetic devices. The courseware is developed in two
languages — local language of academic partner node and English. The English
version is a translation of the original Romanian book [20]. The book was widely
used locally especially by the final year students from the Computer Aided Electrical
Engineering Department.

Taking into consideration the diversity of the optimization problem encountered,
algorithms and computing programs, it is difficult to initially find existing solvers
that are optimized and efficient for a particular real problem. Usually, for solving
a real problem, an appropriate baseline algorithm, as close as possible to the
encountered problem must first be selected. The offered course presents not only
the theory, but also practical applications and a pseudocode for test problems and
models from the main approaches used upon which a more refined solution can be
developed (Fig.9.13).
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With the creation of online contents on CoMSON DP, students now have easy
interactive access to the course. When used in conjunction with another materials
on Bucarest’s ROMI (Reduced Order Modeling Interactive) on the CoMSON DP,
they can exploit the algorithms and write the codes in order to gain a deeper
understanding of the theory, the methods, their advantages and drawbacks. The
theoretical presentations of the optimization methods at the beginning of each
chapter prepare students and give them better understanding of the methods
algorithm. For solving recommended tutorial problems, they can also use code
sources available in Octave language on DP and expand upon them. Exemplary
codes can be archived and showcased for future use.

Materials are arranged to develop higher-order thinking skills in students and
successfully meet the cognitive domain educational objectives outlined in Bloom’s
taxonomy of educational objectives. The presented pseudocode for a number
of optimization routines and the implementation in high level GNU language
Octave and in Scilab, encourage students to experiment with the code for a better
understanding, analysis, synthesis and evaluation of the available solutions [74]. By
means of different representation forms and possibilities of interactively exploiting
the code, better understanding and training results can be achieved.

In addition to the classical optimization procedures, mostly oriented for graduate
students, the course includes genetic algorithms (Particle Swarm Optimization
and Intelligent Particle Swarm Optimization) code. Moreover, industrial CRS
(Controlled Random Search) global optimization algorithms, implemented by
STMicroelectronics, was prepared and deployed on DP. Due to the purpose to
support legacy and consistence of the code, it was presented in a form of program
interface for Octave.

Besides the optimization handbook and the scientific optimization code,
Bucharest node has developed a set of eLearning materials to support user in the
creation of eLearning course. That set included eXe tutorial, LayoutEditor tutorial,
professional communication course and information about technology supported
learning and training.

As an addition to the professional training, many software solutions with descrip-
tive materials were developed. For a better user’s understanding and evaluation of
the complex 3D forms, LayoutEditor was used. Using imbedded script-language,
a subset for visualization was created (Fig.9.14) in assistance to represent form
of the circuit in the way for interactive exploration. For the purpose of further
calculation a solution was created [26] to visually identify fundamental loops on
the gds layout for extraction of the self and mutual reluctances using Finite Integral
Technique (FIT) between the hooks of Manhattan shapes (union of rectangles) for
further calculation in mathematic software (Fig. 9.15).

In practical applications students are expected to have not only information,
but skills with existing mathematical applications, such as meshing strategies [41].
Therefore, the created materials were oriented not only to deliver knowledge to
students, but also to offer them solutions for real task and develop knowledge in
different areas.
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Fig. 9.14 Visualization of the layout

9.6.3 Practical Strategies for eLearning Contents Creation

Several factors affect the success of an eLearning course. In practical terms, we can
reduce them to: time, money, competence, and technological infrastructures. These
are the main aspects that enable to achieve both the didactical and the learning aims.
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Fig. 9.15 Visual loop identification on the layout

The task of the eLearning research group was to realize an eLearning system
for micro and nanolectronics, including the design of a learning path to manage
educational documents and a Content Management System (CMS) to store, update
and retrieve the educational materials. Unfortunately, the CoMSON project did
not have specific funds devoted to design and implement educational contents for
microelectronics, so it was not possible to adopt all the steps of the methodolog-
ical approach mentioned before. For this reason, initially we analyzed different
approaches to design, implement and deliver eLearning contents. Then, the real
problem was to translate this preparatory study in action, that is, creating eL.earning
contents in microelectronics.

Since CoMSON project was devoted to training the researchers, its participants
were mainly specialized in the microlectronics topics. In some cases, participants
also held university courses, and some traditional educational material was avail-
able, in other case only some research papers were available. Thus, we made
an attempt to translate traditional educational materials in eLearning contents,
or to create new materials based on research papers. The idea was to ride out
the economic limitations, suggesting an easy way to produce eLearning contents,
involving all partners of the project consortium.
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This was done by distributing to all participants a document with some
guidelines for the realization of educational material. The document, called
“learning@CoMSON”, introduces the main conceptual aspects and some practical
strategies to create eLearning contents.

9.6.3.1 Learning@CoMSON

As for the conceptual aspects, they can be summarized by the following questions:
What is a learning path? Why is it important? And how to create it? How to create
a learning unit, and how to edit existing material to create learning units? These
concepts are useful when creating a course, which is nothing but a hierarchically
organized collection of learning units. The minimum required materials for the
creation of a course are: a text file with the learning path, materials for the course
(e.g. derived from teaching material), and materials for the assessment of the course
(e.g. derived from homework and exams).

1. What is an learning path?

Learning Path, a methodology developed by Jim Williams and Steve Rosenbaum
[76], is a practical approach to produce an effective sequence of training, practice,
teaching, and experience to reach specific competence in a particular field. A
learning path is a guide that describes the necessary steps that a student should
take to learn a concept or a skill. This is very similar to the outline of the course. A
learning path is created as a helping guide to create a course.

The learning path is composed by a series of Learning Objects (LO) that
are independent educational modules interlinked with each other. These LO are
organized from simple to complex so that, as the student masters the simpler
tasks, he/she builds on that to learn more complex tasks. In order to make these
learning objects reusable in other courses, they should be complete and coherent by
themselves.

Each module should have the following elements: a goal, a description or expla-
nation of the subject and assessment for the concept explained. When developing the
learning path, we should have in mind that the student will take the course without
an instructor so every single step in the learning path should be present. We cannot
assume that the student is brilliant and will be able to solve it by herself. We should
provide a complete and coherent path.

Learning path is a general concept, for example we can have a learning path
for a Computer Science career, the learning path will involve the student in taking
courses in Programming, Operative Systems, Databases, Discrete Math, etc. This
will be the learning path for the student. But the to learn Programming the student
will have the Programming learning path that will include learning Object Oriented
Programming, Procedural Programming, and Scripting Languages. The Object
Oriented Programming will be a learning path that will include learning what are
objects, what is inheritance, what is encapsulation, what is recursion, etc.
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O]

Why is it important?

The creation of a learning path has several advantages:

. The learning path helps to create the course and to devise a perfect and complete

learning track step by step. In the learning path there are no empty spaces and
little or none pre-knowledge is assumed.

. The outline will help to collaborate with others in the compilation of the course.

The learning path allows for collaboration.

. The Learning path allows scheduling and division of tasks.
. The learning path in the platform will be associated to an XML database that will

allow users to reuse the same modules for different outcomes. Different courses
for different outcomes can be created with the same materials.

How to create a learning path

To explain how to create a learning path, we give a practical example for a course

in Semiconductor Modeling, commenting on its various steps. The comments are in
parenthesis.

Title of the course: Modeling of semiconductor devices
Course category: Modeling

Steps of the learning path:

Step 1. Description of the course

Introduction to the course.

(Here, one should give a brief description of the course)

Introduction to mathematical modelling of
semiconductor devices, with a special emphasis on
content on physical-mathematical aspects,
perturbation analysis, numerical simulation which are
more relevant in the applications in microelectronics
industry.

Goals of the course.

(Here, one should give a wide description or justification of the course. It should
answer the questions: what is the final outcome of the course? What is it useful
for? What does the course prepare the student for? What will the student be able
to do when she has mastered the material?)

The students will have a general understanding of the
most common models of semiconductor devices, of their
mathematical content, and of the most common
strategies of numerical solution.

Objectives of the course.

(Here is where to write the detailed outcomes and the detailed description on
how the goals should be reached. This paragraph should answer the questions:
how do we get to the goal? and what is that goal going to allow the students to
do?)

Students will acquire knowledge by working on a
simple test case: a 1D diode, modelled by time
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-dependent and steady-state drift-diffusion equations,
solved numerically by using the Scharfetter-Gummel
discretization for the currents and the Gummel map
for the resolution of the resulting nonlinear system.

Step 2. Outline of the course

(When creating the outline of the course one should think how to evaluate or assess
the learning of the student. These are the main questions to be addressed: How
can you tell if the student has learned the concept? Why is the concept important?
How can the concept be used in real life or in a practical setting? How does this
concept relate to other concepts of the course? What previous knowledge is needed
to understand the concept? During this stage one can identify examples to be added
to explain the concept, as well as additional materials that can be linked. All this
information can be added to the learning path and will be really helpful in the future
implementation of the contents. It is useful in one thinks of the learning path as a
dynamic document that you will improve progressively.)

Chapter 1. Notes on semiconductor physics
(one can decide how to implement your course — by chapters, by lectures, by
sessions, etc.)

Section 1.1. Basic concepts

(in each section state one should state the concept that is going to be explained
and the elements that are used to explain that concept. To explain concepts one
can use text, images, animations, video, etc.)

Lecture 1.1.1
(one can add information of what will you use to create this part of the
resource)

Inverse lattice and Brillouin zones

(e.g., here will be used the demo from website X, y or z)

Lattice wavenumber pseudo-vector

(e.g., for this concept it will be used the explanation of book X)
Conduction and valence band in semiconductors
Electrons and holes

(e.g., the animated graphic A.gif or B.java or C.flv will clarify this
concept)

Semiclassical approximation

Lattice vibrations and phonons

Section 1.2. Physics at equilibrium of
semiconductors
(Continue with the same specifications to create the whole learning path)

Lecture 1.2.1

Fermi-Dirac distribution and carriers number
densities
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Lecture 1.2.2

Hypothesis of non-degeneracy and mass action
law

Lecture 1.2.3

Parabolic band approximation and
temperature-dependence of intrinsic
concentration

Lecture 1.2.4

Partial equilibrium and total equilibrium
Lecture 1.2.5

Intrinsic semiconductors at total equilibrium
Lecture 1.2.6

Extrinsic semiconductors at total equilibrium
and nonlinear Poisson equation

Lecture 1.2.7

Boundary conditions for the nonlinear Poisson
equation

This is just an extract of the complete learning path created for the course of
Modelling of Semiconductor Devices (A.A. 2007-2008). The learning path is a
dynamic concept and can be enriched and actualized.

4. How to create a learning unit

Learning units should be created according to the learning path. One can think of
a learning unit as a single node that is a step in the learning path. To build a learning
unit is possible to reuse existing teaching materials.

A learning unit should be a single and independent unit that is interlinked to
others but that has a meaning by itself and conveys a well-identified concept. A
learning unit should be a unit that states a goal, explains how to reach that goal and
assesses that the goal has been reached. One can think of a learning unit as a section
of some notes or of a scientific paper, with the addition of a short pre-description
and some assessment questions, that is, what in notes would be called “homework”
or “‘exercises”.

One should remember that the students of an eLearning platform will work
without an instructor. For this reason the contents should be richer in examples
and demonstrations to explain in a clear way every idea. When creating a learning
unit it is important to identify where could practical examples or simulations be
useful. Also, in the learning units one can add video, animated graphics, or links to
additional materials, and use all these elements to make a clear explanation of the
subject.
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To have a well-rounded learning unit one can follow these steps:
1. Objectives and requisites.

(a) Inform of the objectives. What will the student learn in this unit? Informing
of the objectives helps the student to focus on the goal, avoiding distraction
produced by other elements in the unit. These other elements are necessary
for the explanation but are not crucial for the goal. If the student has a goal
will pay more attention to the elements that help to achieve that goal.

(b) Explain the requisites. What previous knowledge is needed? Students should
know what are the prerequisites and links should be provided to additional
information that the student may need to understand the unit.

2. Present your explanation.
This is the main part of the unit, here you have to explain the concept. In this
section you can use text, graphics, equations, video or interactive simulations.
To explain the concept, use as many examples as needed to clarify the concept.
Remember the student is alone. Provide examples to multiple situations where
the concept may apply and provide links to additional information.

3. Assessment and reflection.

(a) Introduce assessment. The assessment’s main goal is to know if the concept
has been understood; but it is also useful to present cases and exceptions. The
questions should provide an insight of the concept and help to deepen the
understanding of the concept. It is convenient to provide a multiple-choice
question with commented answers. Each answer should have an explanation
pointing out why it is correct or incorrect.

(b) Reflection. A reflection or practical example shows the student a wider scope
of how what has been explained in the unit works. This can be a practical
situation where the concept applies, a real life example or other relation that
the concept may have with other concepts.

5. How to transform existing material into eLearning

To create eLearning courses it is possible to reuse own Slides, Notes, Video
and Simulations. Anyway, one should always keep in mind that the creation of an
eLearning course is not the mere translation of previous material to the website
format.

The courses implemented by the scientific content experts will be a series of
modular units that guide the student through a learning path. Each unit should
have the following elements: a goal, a description or explanation of the content,
and a final assessment for the concept explained. When implementing these units
one should have in mind that the student is going to take this course without any
instructor’s help. In the design of the units one should aim for the highest degree
of interaction with the material, using lots of examples, graphics, visually dynamic
content (videos, animated graphics, etc.). For this end the already existing materials
will have to be modified. For example already existing presentations will have to be
modified to be more interactive and include assessment. The final eLearning quality
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of our platform will depend on the clarity of the courses and how well they train the
students.

In the following section, are described some recommendations to transform the
already existing materials to create courses for the COMSON e-Learning platform.

5.1. Presentations

Slide presentations can be useful to create a course for the CoMSON eLearning
platform. The presentation should be improved to be a stand-alone course that
will be used without an instructor. This means that the student won’t be able to
ask questions to an instructor. The material should provide more examples more
interactivity and links to materials that may help the student to understand better
the concept. You can reuse your slides but you have to modify them to provide
this kind of environment (remember this is not a translation, is an enrichment
process). Slide presentations that have embedded animations, simulations or video
are encouraged and will work flawlessly in the platform. To create or modify an
existing presentation follow these instructions. The first thing to do when creating
an eLearning course is to identify the learning objects and create assessment to see
if the concept has been understood. This is like writing a scientific paper. You have
to ask yourself if your explanation is clear for an external individual to understand
it unaided. Most of the presentations come in the form of power point or PDF. The
presentations can be created or modified in two main ways:

Creating assessment.

Identify the concepts and create questions to see if they have been understood. To do
this in power point, create a new slide with the following 1. Question. 2. Hint to solve
the question. 3. Options to answer. Each option should come with a reason “why”
that option is right or wrong. Create assessment for each concept or module of the
learning path that is covered in the presentation. If you have a PDF presentation
create a document with the assessment in the same way and specify where should be
the assessment placed. This addition is mandatory (a presentation without questions
will provide no interactivity and has little or no value for an eLearning platform).

Adding a voice-over.

To do this in power point, write in the comment box and our software will
automatically read the comments of every slide. To do the same with a presentation
in PDF create a document and create a comment for every slide. Number the
comments with the number of the slide. The voice over is an important optional
modification. Remember that if your presentation doesn’t have comments will run
silently in the server.

5.2. Text notes

Course notes and already exiting textual material can be easily modified to be
used in the platform. Text based material in CoOMSON to our knowledge comes
from in PDF, LaTex, Word, or HTML formats. The first stage to modify your
notes to create an eLearning course is to identify the learning objects and create
an assessment to see if the concept has been understood. This learning units can be
enriched using additional materials (animations, graphics, video, etc.). In the end
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the learning unit should be a well rounded unit that can be used independently. The
textual material with the assessment and additional materials can be edited using
eXe software.

9.6.3.2 Outcome

So far, we have realized some experimental eLearning lessons applying the guide-
lines summarized in the “learning@CoMSON” document. The lessons’ aim was
to verify both adequacy and efficiency of the educational material developed take
into account the cognitive and didactical aspects. It is important highlight that the
CoMSON eLearning platform will continue to work after the end project activities.
We hope that the partners of the CoMSON consortium will apply both guidelines to
create educational contents and the eL.earning platform to deliver microelectronics
course. These future applications will improve the quality of this initial prototype
improving the quality of the didactical contents creation.

9.7 Blended Learning

After this initial phase, the next step was to experiment the didactical approach
adopting the eLearning guidelines. Initially, we use the blended learning as didac-
tical strategies. Blended learning is a term getting a lot play particularly in the
corporate training course. Practically, it refers to the use of more than one learning
medium, usually it includes a combination of teaching modalities supported by
web-based tools. However, eLearning does not eliminate existing educational meth-
ods and technologies. Rather, it complements them by using new tools supporting
learn cognitive abilities.

In the next two subsections, we describe the empirical studies carried out during
the CoMSON project. The aim of this work was twofold. The first aim was to cerate
eLearning educational contents as support to the traditional didactical activities.
The second one was to identify new operational strategies concerning the eL.earning
content creation.

9.7.1 First Empirical Study

Due to the complexity of the subject of the CoMSON project and the scarcity of
the content-experts time, the project has a wide gap between content creation and
eLearning implementation.

To fill this gap we have tested a collaborative Project-Based Learning (PBL)
approach. This approach has been tested in a specific course on “Modeling of
semiconductor devices” at the Engineering Faculty (University of Calabria). The
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program of the course covered physics of semiconductor devices and mathematical
methods of simulation. The program of the course included the following mod-
ules:

* Revision of semiconductor physics.

* Physics of equilibrium in semiconductors.
* Kinetical models of transport.

* Monte Carlo methods.

* Macroscopic models of transport.

* Numerical methods.

The activities of the course was divided in two sections, theoretical lessons
and laboratory activities. The theoretical lessons comprised the aforementioned
course topics. The laboratory activities explored physical phenomena using software
simulations such as Matlab® and Octave®. For the examination session students
had to develop a project, in the form of a learning module. In a first experimentation
of this assessment procedure, the students had to tackle a single problem, related
to numerical simulation of semiconductor devices, with the possibility to choose
several variants. These modules would compose a sort of online handbook of the
numerical method used for the simulation. In a second experimentation the students
have been asked to present the main topics dealt in the course, creating independent
learning modules. These modules should be able to be used as stand-alone learning
contents. Upon the completion of the project the students had to undergo an oral
examination where they presented their learning modules and were questioned about
the problem tackled, the solution provided and the general pedagogical presentation
produced.

Next, we describe in detail the first group of assessment projects. Overall, the
projects had a central common topic, that is, the simulation of a one-dimension
diode described using the drift-diffusion equations. The students’ work was based
on pre-existing Matlab codes which they had to modify or to replace with new
programs to implement a simulation with the following variations:

» Fixed geometry/variable geometry.

* Uniform discretization/Non uniform discretization.

* Uniform mobility/field-dependent mobility.

* Generation-recombination without impact ionization /with impact ionization.
» Physical variables/nondimensional variables.

* Time independent simulation/time dependent simulation.

* One dimension simulation/two-dimensional simulation.

For the final presentation of the project the students had to create a stand-alone
learning module, which described the problem they solved, the simulation algorithm
used for the numerical solution, the interpretation of the numerical results. In this
module the students used as a guide the following scheme:

* Inform about the goals of the learning activity.
* Explain what prerequisites are needed for the understanding of the module.
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* Present the central explanation of the project.

* Introduce assessment (this assessment has to provide feedback).

* Finish with a reflection or a practical example that shows how does it works in
real life or related to a bigger picture.

The learning modules were produced by using eXe®, an open source eLearning
XHTML editor to create educational contents, compatible with the SCORM
standard.

The final evaluation of the course consisted in an oral exam, where the students
presented and discussed the learning modules created for the project, and were
questioned by the teacher on the contents of the course. The evaluation of the project
took 30 % of the final grade of the student. Prior to the oral exam, the students
delivered to the teacher a copy of the project, which performed an initial evaluation
of it. A the end of the evaluation process, the teacher approved or rejected the
student’s admission for the oral examination. If the project did not fulfill the required
quality the student was asked to review it till the project could be approved for the
oral exam.

The projects have been analyzed concerning the code and the learning module.
In the analysis of the code produced by the students the projects present a modular
structure where the students had explained the process as it is produced in the
code. This structure provided evidence of the understanding of the code as well
as the organizational capacity of the student. The students have adapted the code
creating substantial modifications and new pieces of code to solve the specific
problem. The results obtained are then compared with the theoretical predictions.
Some of the students have produced a system of blocks that gives a scheme of the
possible different combinations guiding the learner through all the possibilities of
the software.

The students have produced a detailed analysis of the project describing each
piece of code used in the solution. Also the different parts of the code have been
thoroughly commented explaining the functioning of the code in a step by step
manner. Some of the students have also produced innovative ways to interact with
the software implementing graphical interfaces that can be used as a teaching and
demonstration aid. Using this interface the software can easily produce a visual
presentation of concrete examples.

The results of the analysis of the code are summarized in Table 9.1 and in
Table 9.2 in percentage of students.

In the analysis of the project we have observed that the students provide new and
innovative ways of solving the problems and presenting them. Collaboration among
the students has created new ways of presenting explanations of the problems.

With an analysis of the projects we can see some advantages of the PBL
approach. These included the consolidation of the competences, collaboration with
peers and, improvement of communication and presentation skills. In sum, the
ability to accomplish a project from beginning to end, producing the deliverable
and the documentation for it, is very satisfactory.
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Table 9.1 Analysis of the students’ projects: technical aspects

Items Good (%) | Medium (%) | Poor (%)
Has implemented new code 20 60 20

Has modified the existing code 40 60 0

Gives an explanation of the problem and inner works 40 40 20

of the code

Comments the code to explain the process 20 60 20
Implements graphical interface 60 0 0
Recommends bibliography and produces help files 20 0 0

Table 9.2 Analysis of the students’ projects: structural aspects

Items Good (%) | Medium (%) | Poor (%)
Inform of the objectives 40 40 20
Explain the prerequisites 0 60 40
Present your explanation of the project 20 60 20
Introduce assessment and provide feedback 20 40 40
Finish with a reflection or a practical example that 0 0 0

shows how what you explained works

From the analysis of the materials produced by the students, we conclude that
even though the materials present high quality work they cannot be directly used in
an eLearning course without some modification and edition. Some of them need
minor editing while others need more work, such as modifications, corrections
or amplification of the explanations. These deficiencies can be attributed to the
lack of knowledge of engineering students of didactic and pedagogic approaches
and techniques. We think that PBL approach could be a good solution to provide
the students with knowledge on communication techniques needed later in their
professional lives. In a second phase of this approach we will provide students
with more detailed instructions and help to take full advantage of this approach
in improving their communication skills. We think that giving more detailed
instructions on how to create the educational method will bring better outcomes
and will help students learn better about the topics and how to explain them.

9.7.2 Second Empirical Study

As mentioned above the mathematical content creation devoted to eLearning envi-
ronments is complex not only because it is time consuming, but also need to manage
media elements such as graphs, tables, links, and formula. In order to experiment
new didactical strategies to optimize the eLearning content, we have tested a new
approach involving the students to create educational contents. Student’s task was
to design and create educational materials to deliver by eLearning environments.
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The pedagogical strategy was based on constructivism methods, which involve
the student to design educational contents. This approach has been tested within
the mathematical course at University of Calabria, Cosenza — Italy (Engineering
Faculty). We have organized many students’ groups that worked on different course
topics. Before starting with the examination phase, students submitted the projects
and then we analyzed them from a qualitative point of view. The results of this
first experimentation were not very good. We found that students had difficulty in
organizing the learning paths of the educational concepts. The teacher, after this
evaluation phase, decided to do some revisions in order to improve the quality of
the projects.

These educational limits showed the impossibility to create efficient eLearning
courses. So, we decided to design a new experimentation, again with university
students. To improve the eLearning content creation, we designed and provided
to the students some guidelines concerning: pedagogical aspects about lesson
organization; projects editing in order to improve the quality of content description,
and finally we suggested to the students to reduce the MatLab application preferring
the didactical aspects of the educational contents.

The eLearning course topic has been organized by didactic units. Each group
chose one topic and then realized the didactic unit by using the eXeLearning editor
to uniform the student’s projects according to the eLearning platform standards.
Below, we list the didactic units:

Physics of a semiconductor in equilibrium and non-linear Poisson equation.
Drift-diffusion model: the case stationary I'V characteristic.
Drift-diffusion model: the case and time-dependent analysis of small signal.
Drift-diffusion model: the case of time-dependent and-effect impact ionization.
Model of drift diffusion: dependence on mobility model and models generation-
recombination.

6. Models of energy-transport.

7. Semiclassical Boltzmann equation and Monte Carlo method.

8. Hydrodynamic models for semiconductors.

9. Drift diffusion model with quantum corrections.
10. Numerical methods: finite differences (box integration method).
11. Numerical methods: finite element.
12. Numerical methods: numerical solution of nonlinear algebraic equation

(Newton’s method with damping).

13. Scharfetter-Gummel method for the numerical solution of equations drift-
diffusion.

Nk LD =

An example of the project organization build with eXeLearning editor is
showed:

* Home.

* Project description: objectives.
* Preliminary knowledge.

* In-depth examination.
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* Core of the project (Contents).

* Observations and conclusions.

* Self-examination (by using different answer modalities: yes/no, true/false, mul-
tiple choices test, and so on).

* References.

The scheduled project activity is based on the following organization:

— Content. The educational contents must have realized by using an easy language
allowing to the others people to understand the educational concepts.

— Didactical. Every project had to include the following didactical aspects: objec-
tives, preliminary knowledge, topic and simulation, self-examination and refer-
ences.

— Structural. It is need to use, when necessary, the following ramification: Topic,
Section, and Unit.

By applying these detailed instructions, the project layout was better that previous.
Besides, this organization makes the projects contents easily usable to create a
distinct eLearning course.

The preliminary evaluation of the student’s projects was satisfactory, but the
projects still required a deeper analysis. The next step was to ask the other students
to improve the existent didactical units adding other topics and contents. However,
we needed to reduce the redundancies of the concepts because often many subjects
used the same contents to implement different educational didactic unit.

9.8 Platform Evaluation: Test and Revision

We have designed a questionnaire with the aim to collect information on the use
of the eLearning platform from the Experienced Researchers (ERs) and Early
Stages Researchers (ESRs) which work in different node of the project consortium.
In particular, we were interested to know the following aspects: what are the
useful features available in the eLearning platform?, what kind of materials are
more frequently used by final users? We believe that this information is essential
to understand if the CoMSON eLearning platform support users needs, from a
communication standpoint.

The questionnaire consists of 13 items with mixed answers modalities (nine
question with closed answers; four questions with closed and open-end questions).
Finally, at the end of the questionnaire we have asked to the users to indicate three
negative and positive aspects of the CoOMSON eLearning platform, respectively.

The sample was composed of seven people, six males and one female. All
the users have been working in the CoMSON project from 1 to 4 years. All the
questionnaires collected were analyzed. The results are the following: 71 % of the
sample has created didactic contents for the CoMSON eLearning platform (see
Fig.9.16).
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Fig. 9.16 Percentage of
sample that has created
didactic contents for the
CoMSON eLearning platform

B YES
MNO

29 % of the sample used “Once per day” the CoMSON eLearning platform,
another 29 % “Once per week” and 43 % of the sample “Rarely”. None used
“Several times per day” and “Several times per week” the eLearning platform (see
Fig.9.17).

We found that ERs people used the eLearning platform in different manners.
57 % of the sample used the COMSON eLearning platform, for “Less than 1 hour”,
14 % “Between 1 and 2 hours”, while 43 % only “More than 2 hours” (see Fig. 9.18).

Both ERs and ESRs used the CoOMSON platform for different aims. In particular,
the 71 % of the sample used it “For educational purposes”, while the 29 % used it
both “For research purposes” and “For getting information” (see Fig. 9.19).

The CoMSON eLearning platform includes different functionalities, such as:
Lectures; Courses; Virtual laboratories; Students homework; Communications with
students; Students verification. We find that the more used functionalities are:
“Lectures” from 57 % and “Courses” used from 71 % (see Fig. 9.20).

The majority of the final users (83 %) were satisfied of the eLearning materials
delivered by the platform. In addition, all users agreed that the eLearning materials
stored in the platform are interesting and engaging. 79 % of the users found that the
educational materials are well organized and easy to understand.

As comes out from the literature on eLearning, it is very important to support the
final users during their learning process. The 71 % of the sample found a sufficient
help and support while using the CoMSON eLearning platform.

The eLearning platform is based on SCORM (Sharable Content Object Ref-
erence Model) standard, which allows the creation of standard contents that are
exportable and executable on every SCORM compatible system. In the opinion of
the 83 % of the users this eLearning technology works well.

Moreover, 67 % of the sample underlined that the CoOMSON eLearning platform
helped them to increase skills in topics related to the micro- and nano-electronics,
even if the 33 % of the users did not agree with this statement. The same percentage
67 % asserted that the CoOMSON eLearning platform supported them during the
research activities.

Finally, both ER and ESR that worked in CoMSON and that used the eLearning
system indicated some negative and positive aspects of the platform. Among the
positive aspect, the sample mentioned: courses with tests are useful, because you
can learn first, and, just after that, test what you have retained (14 %); it requires
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Fig. 9.17 How often CoOMSON ERs and ESRs use the eLearning platform
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Fig. 9.18 How long CoMSON ERs and ESRs remain connected to the eLearning platform

a distributed collaboration (14 %); the material and the way it is described is also
nice and new (14 %); it is clear and well organized (42 %); the eLearning platform
is simple; the course on optimization is open to public (28 %).

Among the negative aspect, the following things were pointed out: there are very
often technical problems with the server (42 %); there is the need of more content
and to be actively used (14 %); the platform is not well supported (14 %); it is
not well advertised (14 %); small amount of information (14 %); no recent updates
(14 %).
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Fig. 9.20 Functionalities of the COMSON eLearning platform more frequently used

9.9 Conclusions and Future Perspectives

The chapter aims to provide a straightforward introduction to the creation and use of
eLearning approaches to support and teaching both university students and industry
people that work in microelectronics field. It is aimed to introduce eLearning
systems to enhance teaching, and it does not assume a high level of technical
knowledge to use these tools. Although this chapter introduce together pedagogical-
psychological, practical and technological aspects of the eLearning, it does not
assume that many people will become an expert in the theories of learning, or a
person with a high level of technical expertise.

Contrarily, this chapter wants to show how to use the techniques suggested
(theoretically and practically) within a specific sector as the microelectronic.
Both technological and psychological aspects, underpins the potentiality of the
eLearning environment, suggesting activities that enhance teaching, learning and
student assessment. In our opinion, COMSON project has represented a scientific



554 G. Alietal.

opportunity both students and researchers that work in the microelectronics field to
experiment limits and potentiality of the eLearning.

The educational aims of this chapter are based on constructivist learning theory.
According to the constructivist approach, students learn actively by doing things,
rather than simply reading or being told about them, and construct their own
conceptions of what they are learning. By using this approach, subjects want to
test their own hypothesis with other people, thus redefining their understanding.
The active construction of knowledge is thus better realized by virtual laboratories
that allow to visualize (with animation) and manipulating interactively, step by step,
metaphoric representations of the functions, modules and coupling paradigms for a
deeper understanding of them. The CoOMSON platform supports both online content
creation and running of learning trails and allows a great flexibility in online material
uploading. A series of tools are present in it, that are easy to use both for students
and trainers, and allow a flexible and personalized acquisition of competences.

In our opinion, it is important to think about eL.earning methodology as another
educational innovation or modification of the traditional course design, and consider
how it could be used to improve specific conceptual and practical abilities. This lat-
ter aspect is important for industry companies, which have the needs to experiment
new educational strategies to ensure in short time the design of educational materials
to train the internal people to use specific tools.

Of course, there exist different models of eLearning and procedures that explain
how to integrate this approach into a traditional course for different circumstances.
The assessment of eLearning course is another key issue, and it is important to
ensure the validity of the chosen assessment. The introduction of eLearning is
a good opportunity to think to find new strategies and approaches to evaluate
the contents of a course. In this context, evaluation is important to ensure that
the educational practice is effective to improve the way teaching, learning and
assessment are carried out.

There is some experimental result that eLearning environments, and in particular
the constructivist approach, increase the student’s motivation and can be considered
an effective strategy to enhance learning, improving not only conceptual skills but
also practical competence to use tools (e.g. simulation environment and other system
that stimulate students to interact). In the developing processes of an eLearning
systems it is really important to adopt an interdisciplinary perspective, taking
into account that different competences converge in this process: psychological
(student’s cognitive style, learning theories, cognitive strategies, user profile); peda-
gogical (objectives, contents, organization, methodology and didactic strategies),
technological (technological resources, hardware and software solutions), user
interface design (to foster the interaction between human and machine), usability
(to evaluate the user interaction with the eLearning environments).

Considering the relationship between eLearning and microelectronics education,
there are a number of possible future research directions. In particular, at the end
of this chapter we mention the possibility to design and implement an mLearn-
ing platform devoted to microelectronics educational activities. Mobile learning
(mLearning) refers to the use of mobile and handheld information technology
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devices in teaching and learning. The idea is to create an educational platform able to
deliver electronic courses whose contents will be accessible through mobile devices
such as a Personal Digital Assistant (PDA).

It is important to note that the most effective electronic educational environments
stress the collaboration with others, allowing students to work together, learn
from each other, and test their understandings. These aspects are in line with
the constructivist paradigm discussed concerning the eLearning environment. It is
possible to consider mLearning as an extension of the eL.earning technologies and
approaches. In the microelectronics field, mLearning could have many advantages
for students, allowing them to carry out their learning activity from any location, any
time in a connected environment using a personal PDA. Most likely, PDA could be
used to deliver accessible engineering education to traditional and non-traditional
students in blended or online way.

Students using mLearning technology can share documents and other educa-
tional materials with other people, enriching the learning process. This collaborative
learning allows the creation and sharing of documents among students and teacher-
authored resources. Resources can be hosted and linked to relevant websites in order
to enhance the diffusion between students. Finally, we raise the issue that to use
mobile devices as educational tools it is necessary to improve data transmission; to
create a set of technology to unify mobile devices; to improve the quality of the
display screens; to have more memory space to store data, and so on.
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