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Motivation

Electronic circuits are nowadays an integral part of our everyday life. Their appli-
cations range from strategic industry sectors (automotive, robotics, telecommunica-
tions, etc.) to home-entertainment. The reason for this unavoidable success lies in
the exponential rate of improvement in speed, reliability, integration level and power
consumption that semiconductor industry was able to maintain in the last decades.

A major role was played in this sense by CMOS technology, that superseded in the
early 80’s the then dominant bipolar technology. Since then a tremendous pace of tech-
nological progress was achieved mainly by an aggressive geometrical scaling of semi-
conductor devices feature sizes. During the 80’s and part of the 90’s (micro-electronic
era) this type of scaling showed no evident side effects but now, with transistor charac-
teristic lengths entering the nanometer regime, the major merits of CMOS technology
are threatened by the increasing importance of effects that before could have been
considered as secondary. In particular one of the most prominent issues regards power
consumption in integrated circuits.

In fact, one of the main reasons CMOS technology was adopted as a standard by
semiconductor industry was the reduced power consumption required by CMOS cir-
cuits if compared to similar ones based on bipolar technology. This was true especially
for digital circuits, as CMOS-logic drew almost no power for a steady-state polariza-
tion. Unfortunately, with industry approaching the theoretical limits of CMOS scaling,
the trend associating new technology generations with a reduced power consumption
has been reversed. Pure geometrical scaling will not be sustainable anymore, and a
candidate technology to substitute CMOS will become necessary in the next decade if
the current rate of development is to be maintained.

Whether industry will take the path of migrating functionalities from the system
board level to a single System-in-Package (SiP), or it will choose to employ new struc-
tures and materials to improve performances of System-on-Chips (SoC), it is foreseen
that an accurate electro-thermal analysis will be a key factor to a reliable and cost-



effective design. Computer aided design (CAD) tools are therefore asked to precede
these innovations and 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. Hence, a new strategy
to automatically perform system level electro-thermal simulations inside an industrial
design flow is presented in this thesis.

In the proposed 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 2D or 3D diffusion-reaction partial differential
equation (PDE), which is coupled to the electrical network by enforcing instantaneous
energy conservation. To cope with the multi-scale nature of heat diffusion in VLSI
circuit a suitable spatial discretization scheme is adopted which allows for efficient
meshing of large domains with details at a much smaller scale. Numerical results on
both academic and realistic test cases are included as a validation of the model and of
the numerical method. The thesis is organized as follows:

Part I: The major technological challenges expected in the design of new generation
ICs are introduced. Particular relevance is given to issues concerning power
consumption and heat dissipation. The requirements posed by these issues to
CAD tools are then drawn, and the shortcomings of current state-of-the-art ap-
proaches are briefly investigated. To overcome these problems a new procedure
is proposed. The underlying mathematical model fits the structure of standard
modified nodal analysis, and is therefore feasible to be employed inside an in-
dustrial design flow without any major modification. In particular, a procedure
to automatically extract a thermal element (accounting for heat-diffusion at the
system level) from available layout or package information is given.

Part Il: Theoretical considerations about the mathematical model established in Part I
are presented. More specifically, the thermal element is investigated when driven
by external independent sources, fixing either the Joule power dissipated in a
physical region of the chip or the corresponding average temperature. Results
concerning existence and uniqueness of the solution are derived for both steady-
state and transient case. Finally the well posedness of the whole coupled system
is provided.

Part I1I: The numerical approximation of the model introduced in Part I and ana-
lyzed in Part II is addressed. To cope with spatial multi-scale issues a finite
element method employing non-nested unstructured grids is presented. A thor-
ough discussion concerning its setting and applications is held and numerical
examples are provided to support theoretical statements. Then the complete
space-time discretization and solution procedure of the coupled electro-thermal
system is taken into account. The structure commonly adopted in most of the



industrial circuit simulators is sketched and the concept of elemental stamp is
introduced. Finally a complete characterization of the thermal element stamp
is given. Means to improve efficiency in an actual industrial implementation are
briefly addressed during the chapter.

Part IV: The method proposed in the thesis is tested on two numerical examples.
The first one is a simple CMOS-inverter circuit. Particular attention is given
in this case to the reduced number of unknowns stemming from the adopted
space discretization method and to the natural way in which mutual heating is
taken into account by the thermal element. The second example is provided by a
n-channel power MOS-FET whose electrical behavior is modeled by a distributed
lumped-element approach. In this case the possibility to deploy a fine mesh (as-
sociated with a thermally active area) at different positions in the die is stressed.
This feature may be of practical relevance if an industrial implementation of the
method is to be performed. The code used to compute these two examples is
released under the GNU-GPL (version 2) license and distributed as part of the
CoMSON DP environment.

Part V: The basic notions of graph theory (Appendix A), differential-algebraic equa-
tions (Appendix B) and partial differential equations (Appendix C) necessary to
the understanding of the thesis are here gathered as appendix chapters. Though
the subjects are presented in a very schematic form, many references to advanced
textbooks or research articles are provided to the reader interested in a deeper
treatment of these topics. Moreover in Appendix D a novel extension of the
patched finite element method that permits to resolve internal and boundary
layers in singularly perturbed diffusion reaction PDEs is given.

Part VI: Finally, the summary and the bibliography can be found in Part VI together
with the list of figures and tables, and the alphabetical index.
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State of the art in electro-thermal simulation

The purpose of Chapter 1 is to introduce the reader to the field of electro-thermal
(ET) simulation and sketch its state of the art, providing thus a clear starting point
for the research that will be developed next in the thesis.

Strong motivations toward the necessity of a coupled treatment of electrical and
thermal effects during the design phase of new generation integrated circuits (ICs) are
given in Section 1.1, where major technological challenges are briefly discussed. As
numerical simulation of suitable mathematical models is the usual way through which
these effects are accounted for in an industrial design environment, in Section 1.2 a list
of requirements is derived for a generic Computer Aided Design (CAD) tool aiming
at the description of IC electro-thermal behavior. To outline the state of the art in
this field a broad review of literature is proposed and categorized on the basis of the
adopted models and solution techniques. A discussion concerning the setting of the
method developed in this thesis concludes the chapter.

1.1 Challenges in electro-thermal engineering of ICs

Since its birth semiconductor industry has been characterized by the rapid rate of
development in its products. For more than four decades improvements in speed,
reliability, integration level, compactness and power consumption proceeded uninter-
rupted. The major part of these achievements is principally due to the exponential
decrease in the minimum feature sizes used to fabricate integrated circuits. The most
cited fact to establish this trend regards integration level, and is usually stated as
Moore’s law [46,70,84]:

“ The number of components per chip doubles roughly every 24 months”.

In the last few technology generations of Complementary Metal-Oxide-Silicon (CMOS)
ICs this miniaturization was pursued via an aggressive geometrical scaling: horizon-
tal and vertical feature sizes of the devices were systematically shrunken to improve



1 State of the art in electro-thermal simulation

integration density and thus circuit performance [24]. With industry beginning to
approach the theoretical limits of CMOS scaling, this rapid pace of improvements is
now threatened and it is forecasted in the 2007 edition of the International Technology
Roadmap for Semiconductors (ITRS) [57] that by the end of the next decade it will
be necessary to go beyond CMOS technology as it is now.

As circuit performance does not scale only with Moore’s law, but depends also on
many other design and technology choices, post-CMOS technologies may thus involve
not only new devices, but also new manufacturing and design archetypes. On the
one hand the path of a greater integration of System-on-Chip (SoC) will be pursued
supporting geometrical scaling with the new concept of equivalent scaling which in-
volves 3D design improvements, new materials usage and the employment of novel
structures to enhance the performances on chip. On the other hand there will be
an increasing importance of the migration from the system board level into a single
System-in-Package (SiP) of all the non-digital functionalities that do not scale with
Moore’s law (functional diversification). The common denominator of all these new
approaches is that they require innovations in cross disciplinary fields. In particular
for both SoC and SiP applications an accurate electro-thermal analysis will be a key
factor to a reliable and cost-effective design [92].

In fact, with transistors entering the nanometer regime, the growth-rate of power
dissipation is witnessing an enormous boost due to a substantial increase of effects
that before could have been considered as secondary. Peculiarities of these effects are:

1. a strong coupling between temperature and current,
2. the broad space-scale range in which they occur.

Because of these characteristics electro-thermal phenomena may have negative impact
at the device, chip and package level. Design processes must therefore take them into
account in their very early stages to ensure reliability and performance of the produced
circuit. This omni-comprehensive approach towards the understanding of coupled ET
issues was named ”Electro-Thermal Engineering® in [6]. Its scope is briefly shown in
Figure 1.1, where thermal effects are divided into categories depending on the space-
time scale in which they happen. In the following a short description is given based
on a paper by Banerjee [6].

Micro-scale Micro-scale effects concern a space-time range of 10nm-10um / 0.1ns-
10us and are mainly associated with the technology processes used to fabricate Silicon
chips. As already stated, to maintain the historical trends of performance increase [88],
the major integration of SoC requires the introduction of new materials and new design
structures to reduce undesired short channel effects or leakage currents and achieve de-
sign objectives such as the increase of drain saturation current at lower supply voltage.
Among these innovative designs Strained-Silicon devices, as well as Ultra-Thin-Body
Silicon-On-Insulator (UTB-SOI) or multiple gates structures are found. However the
use of SiGe graded layer in Strained-Silicon devices or of buried oxide in SOI type
structures increases the thermal resistance due to the poor thermal conductivity of
these materials while confined geometries further exacerbate thermal issues, due to

10
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System level

Packaging solutions
System dissipation
System performance

Dissipated power / Circuit level

/ Technology node
. P . Leakage mechanism
Full chip power dissipation and Reliability

Layout geometry temperature profile estimation

Packaging Device level

Timing
Placement / Routing
Buffer insertion

Scaling analysis and power roadmap estimation
Accurate chip-level power and temperature profile
Thermal analysis for emerging non-classical device structures

Figure (1.1): Schematic overview of electro-thermal engineering broad scope. Geomet-
rical information on the layout and package as well as information on the
dissipated power are used to simulate thermal effects at the micro-scale
(device and circuit level) and at the macro-scale (system level) in order
to obtain a thermally-aware design of ICs.

the presence of multiple insulating interfaces. The poor thermal properties of these
structures result in a major rise in temperature and therefore in lower drive current
and higher leakage current than predicted from a purely electrical analysis.

Another technological solution to improve transistor density that is currently being
explored by semiconductor industry is the 3D integration of ICs. Here the aim is
twofold: a reduced delay is achieved due to the shorter vertical interconnection paths,
while the integration of different substrates and technologies is still allowed. A key-
barrier becomes in this case the thermal management of internal active layers that
suffer from poor thermal dissipation capabilities [2,7].

Macro-scale Macro-scale effects concern a much bigger space-time scale than micro-
scale ones. We can therefore roughly state that while micro-scale effects regard mainly
the SoC level, macro-scale ones affect instead the SiP level. A major electrical problem
that has to be solved at this scale is the increasing global delay in signal propagation.
As a matter of fact, while delay of interconnects is expected to locally decrease with
technology scaling, on a global level increased latency is experienced. To keep this
problem under control buffers are used to drive signal faster through the various stages
of the system. However they contribute significantly to the total power dissipation,

11
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and this is becoming a major issue for high-performance ICs. In fact an higher power
dissipation causes an increase in the temperature of the devices, which further increases
subthreshold leakage currents, going into a feedback that used to be more or less
insignificant for earlier generation ICs while it is not in last generation ones.

Another problem is due to extremely high peak temperatures and temperature gradi-
ents (hot-spots). These effects appear mainly at the active surface of the chip, and can
significantly increase interconnect resistance, which would in turn increase the delay in
the interconnect line. In this case an appropriate treatment of the problem is required
not to split electrical specifications at the circuit level from thermal specifications at
the package level during the design phase.

1.2 State of the art in electro-thermal simulation

Technology modeling and simulation is one of the few methodologies enabling the
reduction of development cycle times and costs in industry. As semiconductor fabrica-
tion moves toward a major technological innovation, CAD tools have to follow quickly
these changes and continue to provide a strong support to the design flow. To achieve
this result it is necessary to raise the level of abstraction of simulation softwares [83]
allowing:

1. simultaneous treatment of phenomena that were considered separately before,
2. an efficient handling of space-time multiscale effects.

Focusing on the management of ET effects in electronic circuits, this means that ther-
mal components (chip, package or board) should be designed together with the circuit
schematic. Due to this necessity any simulation algorithm in the field is asked for some
requirements [58] that concern either the integration in an industrial environment or
the numerical methods used to simulate ET processes. On the former side an auto-
matic assembly (and simulation) of the coupled ET system from available design data
and the possibility to embed easily the algorithm in an optimization loop are surely
the most requested features. On the latter side there is a growing need to adopt a
2D or even 3D description of possibly non-linear heat-diffusion processes in SoCs or
SiPs: in this case an efficient treatment of the computational mesh is necessary. To
the knowledge of the author none of the methods already proposed in literature meet
all these requirements at one time.

In the following a broad review of the current state of the art in ET simulation
is provided. While a detailed description of every method is out of the scope, the
distinctive features of each one are presented and a large number of bibliographical
references are given to the interested reader. To simplify the presentation different
approaches are categorized according to their treatment of the thermal part in the
overall model.

Separate Chip/Package thermal analysis A widespread means to tackle multiphysics
issues in ICs is the so-called V-cycle design methodology, based on the iteration upon

12



1.2 State of the art in electro-thermal simulation

implementation and verification paths. In the simplest case, where only electrical and
thermal effects are of concern, this procedure requires:

1. the design of an IC,

2. the simulation of the electrical behavior of the IC, for a given set of guessed
device temperatures,

3. the 3D thermal simulation of the Chip or Package, where power densities used
as generation terms are computed from previous step results,

4. the verification of design specifications through a second simulation of the elec-
trical behavior, where device temperatures are extracted from previous thermal
simulation,

5. the iteration, if verification fails, of the entire procedure.

In this case the coupling is not based upon physical considerations, as two distinct
mathematical models are used for the electrical and thermal part and the connection
between the two is frequently based on empirical or statistical speculations.

Since electrical simulation of ICs is a quite established subject, scientific literature
focuses in this case on improving the efficiency of the thermal solver. In fact this is
usually the bottleneck of the entire procedure because of the high computational cost
associated with the linearization and discretization of the non-linear partial differential
equations (PDEs) used to model heat-diffusion. In [97,98], for instance, a particular
time-stepping technique (Alternate Direction Implicit or ADI) is adopted, that allows
for the solution of a sequence of three 1D problems instead of a full 3D one, providing
thus an enormous speed-up in the simulation time. The application of this procedure
is anyhow restricted to structured mesh and therefore the capabilities to treat unusual
geometries are limited. Other proposed strategies involve the employment of multi-grid
techniques [65] or space-time adaption [104].

There is however an inherent defect in the V-cycle design methodology given by
the lack of consistency between electrical and thermal computed data. This was not a
major issue with previous generation ICs, where currents exhibit a weak dependence
on temperature, but it is becoming a problem nowadays.

Electro-thermal analysis via relaxation method Relaxation methods constitute a
possible way to solve the lack of consistency that is the main problem of V-cycle design
methodology, while maintaining its peculiarities. In this case a unique mathematical
model includes both electrical and thermal effects: the coupling between the two
parts is therefore more likely to be based on physical considerations rather than on
empirical assumptions. Anyhow the solution of the coupled system is obtained with
a relaxation process that still permits to employ two different and specialized tools
to cope with the electrical and thermal part. These tools communicate with each
other through an appropriate interface [4,14] and often constitute the kernel of a
time-stepping algorithm.

13
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Even though this approach is proven to be the best compromise between accuracy
and simulation time for mildly non-linear system, it is widely known that it could
cause a deterioration in performance [100] or even failures in converge when applied to
systems where currents exhibit a strongly non-linear dependence on temperatures [90].

Electro-thermal analysis via analytical models of Chip/Package Analytical mod-
els of Chip/Package aim at a high performance gain paying the price of an over-
simplification of the underlying physical problem. They are therefore often tailored
to some specific case constituting an optimal ad-hoc solution without any flexibility
presumption. For example, in [17] a particular solution for the thermal response of
power semiconductors at short power pulses is obtained under the assumption of infi-
nite die surface and negligible removal of heat by convection and radiation. In [67,105]
analytical solutions are obtained to describe 1D heat flow in SOI structures and 2D
heat loss to the substrate for steady state and fast operating conditions. An attempt
to extend the reduced flexibility of analytical approaches providing a semi-analytical,
semi-numerical method was presented in [64].

Electro-thermal analysis via RC-network fitting Another way to model thermal re-
sponse of the Chip/Package is through the fitting of an RC-network with given topol-
ogy. In this case the RC-network is not required to have any physical interpretation
with respect to heat-diffusion processes: it suffices to model the device temperatures
dynamical behavior with the required accuracy. The method can thus be interpreted
as a black-box system identification method. While giving the possibility to exploit
purely electrical solvers (and therefore established mathematical techniques) to simu-
late a coupled ET system, procedures of that kind introduce a major effort lying in the
correct identification of the RC-network parameters (usually involving computation-
ally expensive 3D thermal simulations or even experimental measurements). Examples
of the use of RC-network fitting for IC design are in [89], where thermal effects are
combined with mixed analog-digital simulation, and in [5], where the approach is used
to model by measurements the thermal characterization of power devices.

Electro-thermal analysis via brute-force models The term brute-force model refers
to the use of some type of discretization of the PDEs describing heat-diffusion on chip
or package directly at the circuit simulation level. In this case a frequent assumption
is to consider heat-diffusion as a linear process, so that the discretization could be
a-priori reinterpreted in terms of linear circuit elements. From the practical point of
view this means that a circuit netlist describing the thermal response of the die can
be derived once and for all in a pre-processing step, and used afterwards as a standard
input to a circuit simulator. The pioneer of this technique was Fukahori [35] who
used a particular type of asymmetric finite differences scheme to discretize the linear
heat-diffusion equation.

This approach suffers from two main limitations, constituted by the raise in com-
putational cost due to the many variables associated with the discretization of a 3D
problem, and by the non-trivial extension to non-linear heat-diffusion. The first of

14
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Figure (1.2): Schematic of the pA709 Operational Amplifier simulated in [43]. All
the transistors are modeled by a suitable set of PDFEs. This permits a
greater accuracy if compared to standard compact models but restricts the
application to circuits composed of a few semiconductor devices.

the two problems is usually solved in the linear case adopting some order reduction
strategies to reduce the thermal part [18,19,53,54] or some particular time-stepping
techniques [62] to accelerate the simulation. The second issue, on the other hand, still
constitutes an open problem in literature.

Other approaches involving thermal effects Approaches that do not enter in the
preceding categories also exist in literature. For instance, in [107,108] a method based
on Green functions representation is proposed. In this case a linear parabolic PDE is
employed to describe heat-diffusion, and rectangular shapes for the Chip and Package
are assumed.

In [43] a distributed description of many electron devices is combined together with
an RC network approach to simulate SiGe HBT circuits. This approach is proposed to
fill the gap when compact models for modern or experimental devices are not readily
available. In fact the usage of a distributed description for electron devices permits
insight into the single device physical quantities and maintains a considerably high
accuracy in the approximation. The price to pay is of course the tremendous compu-
tational cost required. To give an idea of the circuit size that could be treated in this
way, we show the benchmark circuit studied in this paper in Figure 1.2.

1.3 Overview and setting of the proposed method

The method proposed in the following chapters is an attempt to extend the work
done in [8,10], where a model based on a lumped description of electrical devices and
on a mixed 0D/1D description of linear heat-diffusion was proposed for SOI-CMOS
technology. The adopted solution procedure consisted of a particular relaxation type

15
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IC design 2D thermal PDE

Coupled
‘ Electrical/Thermal Network

Multiscale
Electro-Thermal Simulation

Figure (1.3): Automated design flow for the electro-thermal simulation of ICs. A ther-
mal 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. In the end in-
formation on the usual electrical variables, on the power dissipated by
each thermally-active device and on the Chip/Package temperature field
is obtained.

method enabling a performance gain through the exploitation of the different time-
scales involved in thermal and electric processes.

In this thesis a generalization to a 2D/3D description of possibly non-linear heat-
diffusion is proposed. This thermal model shift makes the approach not bounded to
a specific technology and permits to automate the extraction and simulation of the
coupled ET system in an industrial design environment, feature lacking in [8,10]. In
fact, starting from available layout and/or package geometry information, a thermal
element model is derived directly from PDEs describing heat-diffusion. 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.

To cope with multiscale issues a particular spatial discretization scheme (firstly intro-
duced in [39]) was chosen. This method is based on the use of completely overlapping
non-nested meshes and has two main advantages for the application at hand:

1. it allows to cover the whole thermal domain with a uniform triangulation without
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1.3 Overview and setting of the proposed method

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.

The latter feature may also give performance gain if an optimization of the relative
device placement is to be performed. Because of the poor treatment of strong non-
linearities found in literature the relaxation type solution procedure was dropped. In
fact the adopted algorithm resembles more a brute-force approach, the only difference
being that in this case no a-priori interpretation in terms of a circuit netlist is necessary
for the discretized PDEs.

Finally, a sketch of the overall automated procedure is proposed in Figure 1.3.
Each device in the electrical schematic that has been marked as thermally-active is
extended with an additional temperature pin, while Chip/Package information is used
to construct a circuit element whose purpose is to account for heat-diffusion at the
system level. Though embedding a PDE in its constitutive relations, this element
is devised to fit the structure of usual lumped devices. Therefore an electro-thermal
netlist can be automatically set-up and simulated by means of standard circuit solvers.
This permits to obtain information on the electrical and thermal quantities of interest
and to compute them in a self-consistent way.

17
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Electro-thermal models at the system level

Chapter 2 establishes the mathematical model used to describe ET effects on both
SoCs and SiPs. The derivation of the underlying system of equations has been driven
by the practical aim to fit already existing circuit simulator structures, especially the
one based on Modified Nodal Analysis (MNA).

With this respect it is particularly important to maintain the possibility of an
element-by-element assembly of the overall system. This characteristic of MNA stems
directly from charge conservation laws at the network level and can be extended to ET
systems exploiting the analogies in the physical description of electrical current-flow
and heat power-flow (Section 2.1). Constitutive relations for the entities appearing
in the system under examination are then needed to complete the derivation of a
mathematical model. Therefore the standard treatment of purely electrical devices
and thermally active devices is briefly reviewed in Section 2.2 (where an introduction
on standard MNA is also given) and Section 2.3 respectively, while in Section 2.4 an
exhaustive description of a novel thermal element model used to account for heat dif-
fusion at the system level is provided. This element permits to describe thermal effects
resorting to suitable PDEs casted on 2D /3D domains recovered from design informa-
tion and is interfaced with the 0D device network via appropriate integral conditions.
The overall system, constituted by a set of Partial Differential Algebraic Equations
(PDAESs), is finally provided in Section 2.5 in a compact formulation stressing the
structural similarities with standard MNA.

2.1 Conservation laws

A mathematical model is generally constituted by set of equations or other mathe-
matical relations that are able to capture the interesting features of given physical
phenomena in order to describe, foresee or control their development. In many cases
such a model is constructed upon the right combination of conservation laws (express-
ing general physical principles) and constitutive relations which depend on the actual
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2 Electro-thermal models at the system level
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Figure (2.1): Generic k-pins element. The components of the associated current vector
are oriented in such a way that they leave the external pins and enter the
element.

nature of the system under examination [82].

Starting from the point of view of a purely electrical description of the circuit behav-
ior, the physical principle that stands at the base of all the most important modeling
paradigms is the balance of electrical currents, usually referred to as Kirchhoff’s cur-
rent law (KCL):

Statement 2.1 (KCL - Integral formulation). The rate of loss of charge p within a
gwen volume Q is equal to the current J, flowing out of the surface enclosing it:

—/ @dXZ/ Jn d’yz/ div(J4)dx. (2.1)
o Ot o0 Q

Despite its generality equation (2.1) is not the best suited formulation of KCL for
circuit analysis purpose, as its multidimensional character exceeds in details usual de-
sign requirements. A commonly assumed ansatz is in this case to neglect the spatial
extension of physical devices and of their interconnections, providing the possibility
to represent a physical circuit with a network (schematic) of discrete components (el-
ements) connected at certain points (nodes). Each element is supposed to be possibly
connected to k > 2 nodes (k-pins element), so that a k-dimensional current vector i
can be associated with it.

In the following a conventional direction is fixed for the components of i in such a
way that they leave the external pins and enter the element (as shown in Figure 2.1).
Notice that due to Statement 2.1 these components are not independent, as their
algebraic sum must be zero to ensure charge conservation, that is to say:

1Ti=o0, (2.2)

where 1 € R” is a vector with only unit entries. Readers interested in a thorough treat-
ment of these assumptions and its implications are referred to [15]. For the purpose
at hand it suffices to say that under this conceptual simplifications the usual nodal
formulation of KCL can be recovered, which constitutes the core of many simulation
algorithms:

Statement 2.2 (KCL - Nodal formulation). The algebraic sum of currents flowing
away from any given node is zero.
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2.1 Conservation laws

If a circuit schematic composed of M elements and N + 1 nodes is being considered,
it can be noticed that Statement 2.2 determines a set of N + 1 relations. Anyhow,
due to the fact that (2.2) holds for each element, only N of these relations result to be
linearly independent and therefore a node is usually taken as reference (ground node)
and omitted when deriving the set of balance equations to be used as a base for a
mathematical model.

Numbering the nodes other than the ground node from 1 to N and assuming the
m-~th element of a circuit schematic to be a k-pins element then a N x k local incidence
matrix A,,, defined as:

+1 if the j-th component of i,, leaves node i,
aij = (23)

0 otherwise,

can be associated with the m-th element itself. Statement 2.2 can thus be mathemat-
ically formalized as:

M
> Amim =0. (2.4)
m=1

At this point “only” the exact definitions of the system variables and the element
constitutive relations are missing to complete the derivation of a closed system of
equations describing the purely electrical behavior of a given circuit, as it will be
shown in Section 2.2.

Notice that (2.4) is of utmost importance in practice as it permits the assembly of
the system of balance equations via an element-by-element inspection. At the imple-
mentation level this consideration permits to keep the elemental constitutive relations
separated from system assembly, with the considerable gain that if a new device model
has to be added to an existing set this will not affect the overall program. Any attempt
to extend a purely electrical description to thermal effects should therefore take this
simple but essential structure into account, if it aims to be effectively usable in an
industrial environment. To this end the method proposed in this thesis makes use of
the well known analogy between electrical current-flow and heat power-flow [66] and
exploits the same network approach to account for thermal effects at the 0D level.
Each thermally active electrical element will therefore contribute its power flux to a
node of the 0D thermal network. These power fluxes will be balanced by a suitable
n-pins thermal element which embodies a 2D/3D description of heat-diffusion at the
SoC/SiP level in its constitutive relations. In the end the same assembly structure as
in (2.4) is retained.

Constitutive relations for standard and thermally active elements and for the thermal
element should then be drawn, to complete the derivation of the coupled electro-
thermal model: this is exactly the topic of the next sections. Notice that while the
first two issues constitute a well known subject in literature, the particular derivation
of the thermal network model represents an original contribution of this thesis.

Remark 2.1 (Incidence matrix concepts). The concept of incidence matrix as pre-
sented in Section 2.1 slightly differs from the one usually employed in network theory.
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2 Electro-thermal models at the system level

Without entering into the details it should be stressed that the usual notion relies on
the assumption for each k-pins element to be properly represented by an equivalent
circuit (companion model) built upon 2-pins ideal devices. In this case, after the sub-
stitution of each circuit element with the corresponding companion model, a unique
graph is derived from the initial schematic permitting the description of KCL in terms
of branch currents and the exploitation, for analysis purposes, of all the mathematical
tools provided by graph-theory (see Appendix A).

Nevertheless, this graph-based formalism has its main drawback in the fact that
it does not allow for simple extensions when elements are not properly described by
lumped networks. This may be the case, for instance, of mixed mode device simulation
or of a distributed description of heat-diffusion. Furthermore, considering branches as
basic entities, this formalism results to be inherently based on a flattened netlist (i.e.
on the equivalent circuit obtained after the substitution of physical devices with their
companion models) and loses therefore the assembly by element structure typical of
actual realization of MNA. To overcome these limitations an element-wise formulation
of MNA, based on the concept of incidence matrix as defined in (2.3), is introduced
in this chapter. As it will be seen in the following this formulation naturally allows
for a hierarchical description of the circuit, and permits thus to give a more applied
perspective to the derivation of the thermal element model proposed in the thesis.

Example 2.1 (CMOS inverter - electrical balance equations). To contextualize the
abstract setting proposed in Section 2.1 a simple example based on a CMOS inverter
circuit is proposed. The electrical schematic associated with this circuit is composed
of 3 nodes (except ground) and 4 elements, as shown in Figure 2.2. Ground node has
been numbered as 0. In this case the system of balance equations reads:

(node 1) iyy +iga+ici = 0,
(node 2) i1 +is1 = 0O, (25)
(node 3) ip1 +ipa = 0.
Notice that the balance of ground node, namely:
(node 0) iye +igo+iye = 0, (26)

can be recovered summing all the equations in (2.5) and taking into account that the
algebraic sum of the components of each element current vector must be zero due
to (2.2):

1 +ige = 0,
v +ive = 0,
is1 +ig1+ip1 = 0,
is2 tig2 +ip2 = 0.
Defining the current vectors:
i i 1G1 1G2
iy =1, , iy = |, s inn = |ist |, ime = |is2 |, (2.7)
U2 tv2 . .
1D1 1D2
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2.1 Conservation laws

Figure (2.2): CMOS inverter circuit electrical schematic, composed of 4 elements
(dashed red frame) and 3 nodes plus ground.

and the local incidence matrices:

00 10 1 00 1 00
Ay =11 0| , Ay =10 0O , Ay =10 1 0| , Ap2=1(0 0 Of, (2.8)
0 0 0 0 0 01 0 0 1
it is possible to rewrite (2.5) in a form that suits (2.4):
Aviy + Aviv + Aaviiv + Aneine = 0. (2.9)

To derive a full system of equations from (2.9) it is at this point necessary to define
an appropriate set of unknowns and constitutive relations for the electrical elements
appearing in Figure 2.2. This will be precisely the topic of Section 2.2.

Example 2.2 (CMOS inverter - ET balance equations). In Figure 2.3 an extension of
the CMOS inverter schematic is proposed that accounts for a thermally active behavior
of components M; and Ms. It can be readily seen that in this case an appropriate
thermal network comes along with the electrical one. To derive a full set of balance
equations, system (2.5) has to be completed with power balance at thermal network
nodes:

(node 4) Py +Pr1i = 0,
(node 5) Pyo+ Pra = 0, (2.10)
(node 6) Prs+ Pg1 = 0.

Notice that the electrical and thermal networks are separated, as results obvious from
the fact that they balance two different physical quantities. To stress this concept two
different labels are used in Figure 2.3 for the electrical and thermal ground. It will be
seen in the next sections that the coupling between the two networks is given by the
constitutive relations of thermally active elements, which link currents in the electrical
network to nodal quantities (junction temperatures) of the thermal network and vice
versa. Considering the thermal ground as a part of the thermally active device models,
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2 Electro-thermal models at the system level

Electrical network Thermal network

2 2

Thermal Prs
element

Figure (2.3): CMOS inverter circuit electro-thermal schematic, composed of 5 elements
(dashed red frame) plus a “thermal element”. Node number 6 is used to
set ambient temperature. Thermal and electrical parts of the network are
separated by a dashed blue line.

it is possible to introduce:

i i 1G1
. o U1 . o v . o 151
lU - N ) 1V - N ) 1]\/11 - . )
[LU2 1Lv2 D1
P
- L (2.11)
1G2 r
192 Pry [Ppq
ir2 = - , ir = | Pr ) e = |p ;
D2 Prs | L E2
| Prra -

that together with the corresponding incidence matrices permit to recover formula-
tion (2.4) also in the electro-thermal case:

Apiyg + Aviv + Ay + Aupeinge + A7ir + Agip = 0. (2.12)

Notice that, differently from Example 2.1, a full system of equations can be derived
from (2.12) specifying not only the unknowns and constitutive relations related to
purely electrical elements, but also the ones describing the extended electrical models
(Section 2.3) and the thermal element (Section 2.4).

2.2 Standard device models and MNA

A constitutive relation for an electrical device is by definition an expression linking cur-
rents through an element with voltage drops across it. It is well known that through
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2.2 Standard device models and MNA
the usage of companion models for semiconductors, interconnects and complex de-
vices [69,73] the component typologies appearing in a circuit can be reduced to:

1. resistors,

2. capacitors,

3. current sources,
4. inductors,

ot

voltage sources,

so that only the branch constitutive relations of this restricted set of 2-pins elements
are needed to properly describe the electrical behavior of most part of ICs. Resistors,
capacitors and current sources are voltage controlled elements, i.e. their currents can
be expressed as a function of their voltage drops:

ic ZQ(Uc,t) 3 iR:T(UR,t) 5 i] :i(l}],q,iL,iv,t) 5 (213)

while inductors and voltage sources are current controlled elements, i.e. their voltage
drops can be expressed as a function of their currents:

_dé
Tdt

In both (2.13) and (2.14) symbols in bold are used for sources, to indicate that they can
possibly depend on quantities which refer to other elements (controlled sources). For
more details about these basic components, the interested reader is referred to [15,16].
Associating with each schematic node a quantity called node potential and assuming
the potential of the ground node to be zero, it is possible to further develop each
element voltage drop resorting to Kirchhoff’s voltage law (KVL):

vr, (iL7 t) ) vy = U(V, q7 iLa iV7 t) . (214)

Statement 2.3 (KVL). The algebraic sum of voltage drops around any loop in the
circuit 1s zero.

Although many modeling paradigms, like State Variable [27], Sparse Tableau [50] or
Nodal Analysis [16], can be derived combining KCL, KVL and elemental constitutive
relations, the focus in this thesis will be on Modified Nodal Analysis (MNA) [52] as it
is nowadays an established industry standard. In its original formulation MNA keeps
the node potential vector e, the inductor current vector iy and the voltage source
current vector iy as model variables, and derives a closed system of equations:

1. enforcing KCL at every node of the circuit graph,

2. expressing the current of each voltage controllable element in terms of node
potentials,

3. complementing the system with current controllable elements constitutive rela-
tions (2.14).
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2 Electro-thermal models at the system level

It can be shown however that in this form MNA does not preserve charge and magnetic
flux conservation when solved numerically. To handle this problem a charge-oriented
formulation was proposed [48,49] where electric charges of capacitances q and magnetic
fluxes of inductances ¢ are added as explicit unknowns to the system.

A set of differential algebraic equations (DAEs) stems from both standard and
charge-oriented MNA formulations: this will ask for some care in the choice of the time-
discretization method when designing a numerical solution procedure [95]. Though a
treatment of DAE properties and their implications it is out of the scope of the present
chapter, a brief introduction to the topic is given in Appendix B together with further
references.

Remark 2.2 (Standard DAE formulation of MNA system). A restricted set of global
incidence matrices (associated with each basic element category) can be constructed
on the basis of the flattened netlist obtained after the substitution of each device
appearing in the schematic with the corresponding companion model [32]. The DAE
system stemming from MNA can thus be written in a notation that clearly underlines
each elemental type contribution. In the most general case a charge-oriented MNA
formulation gives then:

ACC:T? + Agr(Afe) + ALip + Aviy + Afi(A7e, i%l’ ipivit) = 0,
% —Ate = 0,
Ale —v(ATe, %1, ip,iv;t) = 0, (219
q-qc(Age) = 0,
¢—¢(iL) = 0.

This graph-based notation is the best suited for analysis purpose, and therefore will be
employed in the next chapter. It should be noticed, for the sake of completeness, that
controlled sources cannot be prescribed arbitrarily in (2.15) but are instead subject to
some constraints (see [29] for a deeper treatment of the subject) in order to limit the
index of the overall system to be minor or equal than 2.

Example 2.3 (Shichman-Hodges MOS-FET model). Consider the n-channel MOS-
FET shown in Figure 2.4 on the left. Its four pins are respectively associated with
gate (G), drain (D), source (S) and bulk (B) terminals. The corresponding Shichman-
Hodges model [85] is given by the equivalent circuit shown in Figure 2.4 on the right.
Though being one of the most simple MOS-FET model usually provided with
SPICE-like circuit simulators (see [34,93] for more sophisticated ones), it already intro-
duces 4 inner nodes that do not appear in the original schematic. The current balance
at these nodes is regarded in the usual DAE formulation of MNA (2.15) as being part
of KCL, while in the proposed element-wise formulation it will be considered as part
of the MOS-FET constitutive relations. It is precisely this latter feature that gives the
element-wise notation the possibility to describe circuits on a hierarchical base.
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2.3 Extended electrical models

Figure (2.4): On the left the symbol usually used in schematics to represent a 4-pins
nMOS-FET, on the right the corresponding Shichman-Hodges model com-
posed of 5 linear capacitors, 5 linear resistors, 2 non-linear resistors
(diodes) and a voltage controlled current source. Notice the presence of
4 inner nodes.

2.3 Extended electrical models

The extension of a standard device model to account for thermal effects requires:

1. the explicit introduction of junction temperature ! dependence in the expressions
defining electrical variables,

2. the derivation of a closed form expression to calculate dissipated power in the
device.

An example of this approach can be found in [61] where a temperature dependent
model for the source-drain current of a MOS-FET is derived, based on the alpha-power
law [80], or in [71] where the tanh law introduced in [86] is extended to predict the
temperature dependence of threshold voltage and carrier mobility in MOS transistors.

Notice that these approaches all require the implementation of a new element eval-
uator. An alternative approach widely used in practice relies on the fact that many
complex device models implemented in industrial circuit simulators already take into
account a parametric dependence of electrical quantities on junction temperatures. In
many cases it is thus given the possibility to set-up a thermally-active device model

1 As node potentials are associated with each node of the electrical network, similar quantities rep-
resenting temperatures and called junction temperatures are associated with each node of the
thermal network.
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2 Electro-thermal models at the system level
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Figure (2.5): Starting from the MOS-FET model shown on the left a thermally active
element is built employing a 1§ resistor to read the MOS drain current
and using a voltage controlled current source as power generator. Notice
that the particular choice of the resistance permits to read the current
directly from the resistor voltage drop due to Ohm’s law.

combining already existing elements. An example is shown in Figure 2.5 where a n-
channel MOS-FET, a 12 resistor and a voltage controlled current source are used to
this end.

2.4 Thermal element model

As briefly introduced in Example 2.1, to extend a purely electrical description of a
circuit to an electro-thermal one a suitable thermal element balancing power fluxes at
junction temperature nodes is required. In the following it is shown how a multiscale
model that fits such a purpose can be derived starting from information that is readily
available during IC design phase, i.e. 2D or 3D layout geometry and possibly 3D
package geometry. As sketched in Figure 2.6 this information is used to:

1. describe the overall physical region where to simulate thermal effects as an open,
bounded domain Q ¢ R? (d = 2,3),

2. associate each thermally active device with a subset i C Q (related to its layout
positioning) where its power flux is supposed to be dissipated.

Assuming the number of these subsets to be K, it is asked to each one to fulfill the
following properties:

int(Q) # 0 Vi = 1,...,K,
QG C Q VE = 1,...,K, (2.16)
QU N Q=0 Yk = 1,....K, k#j.

Furthermore it is supposed for either 2 and Qi (k = 1,...,K) to have Lipschitz
boundary. The unknowns considered in the thermal network model are the junction
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2.4 Thermal element model

(a) Inverter layout (b) Extracted geometry

Figure (2.6): Layout or package information from IC design is 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
01 and Oy refer to mean temperature values over Q1 and Qg respectively,
03 represents ambient temperature.

temperature vector:
0 = [917~-,9K+1]T ) (2.17)

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

p=[p,....px)" (2.18)

where each component represents the Joule power per unit area dissipated in each
region and the distributed temperature field T'(x,t) on Q.

Interface to lumped network Assuming (-, -) to denote the usual L?(2) scalar prod-
uct:

/ wv dx = (u,v), (2.19)
Q

and 1g, to denote the indicator function of the set €2, then the distributed tempera-
ture field T'(x,t) is linked to junction temperature nodes through:

— (T, 19,) =6, k=1,...,K, (2.20)
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2 Electro-thermal models at the system level

i.e. 0y represents the mean value over Q. of T'(x,t). 2 In the same way the power flux
entering each node is related to the Joule power per unit area via:

(PksLo) =pil|l =P, k=1,....K. (2.21)

The total power Pj dissipated over 0 is thus equal, for every fixed time instant, to the
product of a mean power density pj times the area of each active region |Q|. Notice
that the decisions to:

1. uniformly distribute dissipated power P inside (),
2. define 0 as the mean temperature over 2,

are somehow arbitrary. Any other shape for the power distribution inside €, as well
as any other means to define junction temperatures starting from the distributed field
T(x,t) may have been adopted in principle. However these assumptions constitute a
sound physical approximation at the macro-scale level, if it is considered that usually:

diam(Qy) < diam(Q?) k=1,....K. (2.22)

Finally, to respect (2.2), the power flux to ambient temperature node is defined to be:

K

Piy1=—> pelQul. (2.23)
k=1

Heat diffusion on a 3D domain Heat diffusion on a 3D domain is supposed to be
modeled in the most general case by the quasi-linear PDE:

K
@0 T ) = 10,60 w0, (224)
k=1
where: s
L3T(x,t):=— Y D; [nij(T, x) D, T (x, t)}, (2.25)

In (2.24) the term cy (T, x) represents the distributed thermal capacitance of the mate-
rial, while in (2.25) the terms x;;(T, x) (i, = 1,. .., 3) account for possibly anisotropic
heat-diffusion. A common assumption, stemming from physical considerations, is that:

Faij(T, X) = Kji(T, X), (226)

so that the associated tensor results to be symmetric.
This PDE has to be complemented by suitable boundary conditions, that are here
assumed to be of Robin:

0T (x,t)

61’1[; = R(T, 6[(4,1) on 89, (227)

2Notice that as 0 11 represents ambient temperature, it is given as initial datum and requires thus
no constitutive relation to be fixed.
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2.5 Coupled electro-thermal system

or Dirichlet type: 3

T(x,t) = 0g4+1 on . (2.28)
0T (x,1) o .
In (2.27) the term “n. denotes the conormal derivative of T'(x,t) on 9 and is
c
defined as:
T (x,t) 2
W = Z TLW%UD]T(X, t) y

ij=1

where n; is the i-th component of the normal outward oriented unit vector on 9.

Heat diffusion on a 2D domain In the case that only 2D 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:

a7 (x,1)

éV (Ta X) ot

K
+ LT (x,t) =Y pil(t) 1o, (x)  in (2.29)
k=1

the only difference being that now the operator Lo, defined as:

2
LyT(xt) =~ Y D, [&ij(T, x)DjT(x,t)} + (T, x)T(x, 1), (2.30)

4,j=1

embodies a reaction term ¢(T,x) to model heat loss in the missing third direction.
Suitable Robin or Dirichlet boundary conditions are used also in this case to close the
model.

2.5 Coupled electro-thermal system

A closed system of equations modeling electro-thermal effects in ICs can be finally
derived combining the conservation laws presented in Section 2.1 with the constitutive
relations shown afterwards. Define to this end the vector of unknown nodal quantities
as:

n:=[eT 67" . (2.31)

Here e is a vector accounting for the n. unknown node potentials while @ represents
the ny unknown junction temperatures. Assuming a 2D description of heat diffusion

3Even Neumann boundary conditions may be enforced from a purely theoretical point of view.
However their application is limited in practice and therefore they will not be considered in the
following. Furthermore all the results presented in Chapter 3 can be straightforwardly extended
to this case.
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2 Electro-thermal models at the system level

and Robin boundary conditions the full system of PDAEs reads, for instance: *
M—-1
> A Dt + Im(Afn v )] + Ay Ias(rar) = 0,
m=1
Butm + Qum(Aln r,;t) = 0 m=1,...,M—1,
1
Qk——(T,lgk) = 0 kil,...,’ﬁ,g*l,
|2
) OT(x,t) et ,
év (T, X)T + Lo T(x,t) — ]; pe(t)1lg,(x) = 0 in Q,
0T (x,t)
W - R(T, Hng) = 0 on 0f).
(2.32)

In (2.32) the flux vector associated with standard and thermally active devices is
expressed as:

im = Db + I (A0, ry;t)  m=1,...,M—1, (2.33)

where A,, is the incidence matrix defined in Section 2.1 while r,, is the set of the
remaining variables appearing in the equations defining the fluxes relative to the m-th
element (for this reason it is sometimes referred to as the set of the m-th element
internal variables). Assuming the m-th element to be a k-pins element and r,, to be
a vector of I,,, components with:

I,eNy,m=1,... M—1, (2.34)
then D,, is an appropriate k x I,,, matrix while:
Jpn : RExRI™ S R, (2.35)

Notice that the assumption that only time derivatives of internal variables appear and
that terms involving such derivatives are linear does not impose restrictions on the
applicability of the model, as it fits perfectly with charge-oriented MNA formulation.
The set of I,, additional relations® associated with each generic k-pins element are
expressed in (2.32) as:

Bptm + Qu(Aln,r,;t) =0 m=1,...,M —1, (2.36)
where B,, is a suitable I,,, X I,, matrix while:

Q. : RFxRIm — RIm (2.37)

4In the following an electro-thermal network composed of M elements is assumed. Furthermore the
M-th element is considered to be the distributed thermal element.

5Notice that it is assumed, with a slight abuse of notation, that I,,, could be possibly zero. Further-
more the reader should be warned that a particular care has to be taken with current controlled
sources: as the controlling current is defined in another element constitutive relations, no addi-
tional equations are required in this case to close the system.
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2.5 Coupled electro-thermal system

Concerning the thermal element, denoted as the M-th element of the network, 0, is
assumed to represent ambient temperature while ry; and Jj; are defined as:

r'ne = [pl R | T(X7 t)]T )

no1 T (2.38)
In(rar) = Pl o prp-1lDmpal = D prlQul
k=1

It will be shown in Part III that after space discretization the structure of the thermal
element will fit (2.33-2.36). This will allow to write the semi-discretized counterpart
of (2.32) in the extremely compact form:

M
Z A, [Dmi'm + Jm(Ag/n, rm;t)] =0

m=1

(2.39)
Bptm + Qm(Aln r,;t) = 0 m=1,..., M,

making thus evident that MNA and system (2.39) share the same structure (and with
it the possibility to assemble the overall system on the base of a by element inspection).
As a last remark it should be noticed that a compact notation similar to (2.39) can
be devised for the continuous system (2.32) resorting to abstract DAEs [91]. Anyhow
this topic is out of the scope of the present work.

Example 2.4 (CMOS inverter - charge oriented MNA with element-wise formulation).
In the following it is shown how to derive the full system of equations stemming from
the charge-oriented MINA description of the CMOS inverter depicted in Figure 2.3.
Consider then the electro-thermal circuit schematic and assume that a thermally ex-
tended version (see Section 2.3) of the simple Shichman-Hodges model [85] is used for
both the MOS-FETs. For the sake of simplicity the bulk terminals of the transistors
are assumed to be connected to the ground node, so that the element-wise formulation
starts from the system of balance equations (2.5,2.10). The vector of nodal variables
reads:

n= [61 €2 €3 04 95 96]T s (240)

where e, eo and ez are respectively the node potentials associated with the electrical
nodes 1, 2 and 3, while 84, 65 and g are the junction temperatures associated with
nodes 4, 5 and 6.

The set-up for a generic voltage source is depicted in Figure 2.7. It can be readily
seen that one internal variable is employed (namely the branch current j), and thus
the additional constitutive relation:

Qe e |T3t) = ey — e — V(1) =0, (2.41)
is needed to close the system. In (2.41) ey and e_ indicate the generic node potentials

of the considered two-pins element while V' (¢) is the known voltage waveform of the
source.
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2 Electro-thermal models at the system level

A similar set-up is presented in Figure 2.8 for the n-channel MOS-FET. In this case 9
internal variables are required to completely describe the element: these are constituted
by the four internal nodes eq, es, €p,, €p, and by the 5 charges associated with each
capacitor (¢¢d,9¢:s,9G B ,4Db, 4sb, ). The current balances at the internal nodes are part
of the nMOS-FET constitutive relations, as they stem from the choice to model the
transistor with the Shichman Hodges equivalent circuit. Notice that no other k-pins
element is allowed to be connected to these nodes, as they constitute only an internal
representation of the MOS-FET. This latter feature is often employed in practice to
enhance simulation performance exploiting a Schur-complement based technique on
these inner equations, as shown in [33]. Of course a similar representation can be
derived for the p-channel MOS-FET. Finally, the thermal element will be described as
outlined in Section 2.4.

At this point each flux vector appearing in (2.5,2.10) is expressed in a form that
suits (2.33), while the additional constitutive relations of the corresponding element
are provided in a form resembling (2.36). It is thus possible to follow the procedure
depicted in Section 2.5 and derive a closed system of:

e 3 balance equations at the electrical nodes 1-3:

Y

M+ dent + dert +ags +alr +ad +aty =

W), ), ez — ey (M, ]
3+ dspe + T —pay s (€2,01,6,7) =
RSS
o, es et MLy Ma) €3 et o) (M]
dpp1” t T oML +1I,p (63704761;1 ) +dpp + T oM. Ip (63795’661 ) =
Ry, Rpg

e 3 balance equations at the thermal nodes 4-6:

s — (e — PIBE oy, OB g
Salpa — () — MBIy g D1 ) g

—||p1 — [Qa|p2 + j

I
o

e 1 constitutive relation for the input voltage source V:
et—ov(t) = 0,
where v(t) is a given voltage waveform,
e 1 constitutive relation for the feed voltage source U:
e2—Vpp = 0,

where Vpp is the given feed voltage,
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2.5 Coupled electro-thermal system

e 9 constitutive relations for the p-channel MOS-FET Mj:

[M1] [M;1] [My]
- [My] €3 — €4 -[M] (My] [Mq] €4 — 6&s
_qu _W—’_st (61’9476d , €5 )-’-T = O7
Dd d
[M1] [M;] [My]
M| €2 — s [M;] Mi] [Mi]y _ €a ~ — 6 —
—das' 7W7Zd51(6170476d Yes 1)*T = 0,
S's d
M) M) RN
_qull - Ilel (6376476b1 Y+ [1\41] = 0,
Ry,
My] M) My |, G
—dser — Dps (e2.00,0, )+ igy = 0,
RBbg
M M M
q[Gdl] - ngﬂ(el - e([i 1]) = 0,
q[GI\;h] _ Cg\gl](el _ eng]) = 0,
M M
q[GBl] - Cé’Bl](el) = 0,
M M M
q[Dbll] - Cg)blﬂ(‘33 - ez[;l 1]) = 0,
M M M
ng21] - C[s,,;](ez . 61[72 1]) = 0,
e 9 constitutive relations for the n-channel MOS-FET M,:
[M2] [M2] [M2]
[Ms] €3 —€ .[Ma)] [Ms2] [M € —6&s _
—qu2 _R[il\/[(iQ]+st2(el7957ed 2,6L 2])+drT = 0,
Dd d
(M) e[Mz] (Ma] Ma] [Ma] e‘[ile _[M2]
. 2 S . 2 2 2 S _
“los" + o ~las (en0sieq ) = = rpe— = 0,
Ss d
M M M ez[;MQ]
_q[DbIZ] + ]b[1D21(63765761[)1 2]) + [1\42] = 0,
RBbl
[Ma] | 7[My) [M2] ey
*‘151)22 + [b252 (0»957%2 : )+ [fw?] = 0,
R,
M M M
q[GdQ] - ngﬂ(el - eg 2]) = 0,
A OB o) = o
[Mz] C[Mz]( - 0
dcp cp (e1) = )
M M M
[Dbf] - Cz[:)bf](63 - egl = o,
M M M
A ORI = 0,

e 1 constitutive relation for the voltage source E:
96 — TE‘E = 0 s
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2 Electro-thermal models at the system level

. lil r=[j] I=1
- []-s0-[4

e TZ? Q([€+ 6—]T;t>=e+—e_—V(t):0

Figure (2.7): Voltage source set-up in the element-wise notation. Notice that in this
case one internal variable is needed to properly describe the element, and
thus one additional constitutive relation is given to close the set of MNA
equations.

where Trg represents a constant ambient temperature,

e 3 constitutive relations for the thermal element:

104 — (T,10,) = 0,
‘QQ|95 - (T7 192) = O )
T (x,t) 2
ev(Tx) == + L2 T(x,1) = > pr(t) Tay(x) = 0,

k=1

where the PDE has to be supplemented with suitable boundary conditions, de-
pending on fg (see Section 2.4).

All these equations describe the electro-thermal behavior of the CMOS inverter circuit.
The corresponding system variables are the 6 nodal variables n, the branch currents
G915V and 4[B! associated with the voltage sources, the 8 inner node potentials plus
the 10 capacitor charges contributed by the two MOS-FETs and finally the Joule power
densities p;, p2 and the distributed temperature field 7" stemming from the thermal
element model.

Chapter summary In this chapter the model used to describe ET effects was es-
tablished. A non-standard element-wise formulation, fitting the customary circuit
simulator structures, was devised and used to derive a suitable thermal element ac-
counting for heat diffusion at the system level. A PDAE system, that will be analyzed
in Part IT and numerically approximated in Part III, stemmed from the model.
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Analysis of a coupled electro-thermal system

This chapter addresses the well posedness of the electro-thermal model established in
Chapter 2 under particular assumptions on the overall system. The aim is to provide
a first step towards the analysis of the completely non-linear model arising from real
applications, as well as to furnish a sound theoretical basis to the solution approaches
proposed later in the thesis (Chapter 5).

To this end in Section 3.1 a rigorous description of the thermal element that will be
addressed throughout the whole chapter is given. Thermal diffusion is supposed to be
modelled by a linear PDE casted in a weak formulation on a 2D or 3D domain. Then
in Section 3.2 the thermal element is investigated when driven by external independent
sources, fixing either the Joule power per unit area or the average temperature in a
region. It will be shown that in the first case the analysis leads back to standard PDE
theory, while in the second case theorems proving the well posedness of the system
will be given. Finally in Section 3.3 the existence and uniqueness of the solution to
a coupled problem is investigated. The main point will be here to prove that given a
well-posed electrical network with a functional dependence on temperature, then the
extension to an electro-thermal one remains well-posed under mild assumptions.

3.1 Assumptions on the heat diffusion operator

Let Q C R? (d =2,3) and {Qx} (k=1,..., K) be defined as in Section 2.4. Through-
out the whole chapter heat diffusion is supposed to be described by the linear operator:

d
LT(x) ==Y D, [Hij(x)DjT(x)} +e(x)T(x), (3.1)
where £;;(x), c(x) € L*(Q) and:
cx) > 0 a.e. in
mj(x) = Kji(X) Z,]: 1,...,d .
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3 Analysis of a coupled electro-thermal system

Furthermore it is assumed for £ to be uniformly elliptic in €2, i.e. 3 7 > 0 such that:

d

Y ri(x)&6 > TIE, (3.2)

ij=1

for each ¢ € R? and almost every x € Q. According to Section 2.4 the PDE employed
to describe thermal effects on a distributed domain results to be:

K
d
T +LT(x1) = > pe(t)lg,  inQ,
¢ - P (3.3)
T(x,t)—!—aﬂ = Ok on 09,
8n£

where 0k 1 represents the environment temperature while a > 0 is a real parameter.
Notice that « permits to choose between Dirichlet boundary condition (o = 0) and
Robin boundary condition (« > 0). Associating £ with the following bilinear form:

d

a(T,v) = /Q (Z kij(x) D;T D;v) dx +/ e(x) T v dx, (3.4)

ij=1 Q2

a weak formulation of (3.3) can be provided. Formally speaking this weak formula-
tion is obtained multiplying the first equation in (3.3) by a suitable test function v,
integrating over 2, applying Green formula and substituting appropriately the bound-
ary term. In the case of Robin boundary conditions the weak formulation reads, for
instance:

T —0k11,0)00 = Y p(la,,v), (3.5)
k=1

d 1
%(T,v) +a(T,v) + a(

where (-,-) and (-,-)aq denote respectively L?(Q) and L?(9Q) scalar products:

(u,v) = /uvdx7
Q

(u,v)oq = / u v dx.
oN

Notice that, as ¢(x) > 0 a.e. in Q, the bilinear form:
a(-,-) - HY(Q) x HY(Q) — R, (3.6)
results to be continuous and coercive in Q:

37>0: Ja(w,)l < Alull ol Va0 € HY(Q),
(3.7)
In>0: a(u,u) > 7nlulZ Yu,v € H'(Q).

Less stringent assumptions could be made in order to ensure coerciveness (see e.g. [30]).
The reader interested in further details concerning PDE theory can refer to Appendix C
and the references therein.
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3.2 Well posedness of the thermal element model

3.2 Well posedness of the thermal element model

The aim of this section is to analyze the well posedness of the thermal element model
when externally controlled by independent sources. This analysis is conducted first
on steady state problems, where the elliptic counterpart of (3.3) has to be taken into
account [3], and extended then to the transient case. Consistently with the construc-
tion of the thermal element presented in Section 2.4 the cases of Robin or Dirichlet
boundary conditions are taken into account. Notice furthermore that the boundary
conditions are here and in Section 3.3 generalized to:

T(x,t) + a%:ﬁ’t) = g(x,1t), (3.8)

where g(x,t) is an appropriate function of space and (possibly) time.

3.2.1 Elliptic case

The elliptic case results to be of major importance in the application, as shown in [3].
In particular the existence and uniqueness of a solution when heat fluxes or average
temperatures are prescribed provides a theoretical validation of an implementation of
the thermal element in conductance and admittance form respectively [15].

Prescribed heat fluxes To start with, the case where independent current sources
prescribe the Joule power per unit area produced in a region of the thermal element
is considered. It is not difficult to see that, due to the particular structure of the
thermal element, this case leads directly to standard PDE theory. The well posedness
of the system is then a consequence of Laz-Milgram lemma [60], reported below for
completeness:

Theorem 3.1 (Lax-Milgram lemma). Define:
1. V to be a real Hilbert space, endowed with the norm ||-||,
2. A:V xV — R to be a bilinear form, continuous and coercive on V.,
3. F:V — R to be a linear and continuous functional.

Then there exists unique u € V' solution of:
A(u,v) = F(v) Yo e V. (3.9

To apply Theorem 3.1 an appropriate functional F and bilinear form 4 have to be
defined. In the case of Robin boundary conditions, and assuming g(x) € L?(992), this
results to be for instance:

A HY(Q) xH'Y(Q) — R,
f‘

H'(Q) — R, (3.10)
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3 Analysis of a coupled electro-thermal system

where the bilinear form and the linear functional are defined as:

A(u,v) = a(u,v)—i—é(u,v)ag,

(3.11)

gﬁ
—~
4
=
I

i 1
Zpk(lﬂmv) + 7(.9’/0)89-
k=1 @

For a deeper treatment of the subject the interested reader is referred to [30,79].

Prescribed average temperatures The second case considered is the one where in-
dependent voltage sources impose the average temperature in a region of the thermal
element. Regarding this situation the following theorem holds for the case of Robin
boundary conditions:

Theorem 3.2 (Robin boundary conditions). Define & = 1/a. Given:
1., eR (k=1,...,K),
2. g € L*(09),

there exist unique:
1. T e HY(Q),

2. pheR (k=1,...,K),

such that:
K
a(T,v) + (&1, v)aoa = Zpk(lgk,v) + (dg,v)a0 Yo € H'(Q), (3.12a)
k=1
(T, 1q,) = 0k |Q%| k=1,...,K. (3.12b)

Proof. Since the differential operator (3.12a) is linear the general solution, for any
choice of py, can be represented as [30]:

K
T(x) =Tu(x) + ZPka(X), (3.13)
k=1

with T, (x) solution of the problem:

a(Ty,v) + (6T, v)9a = (dg,v)an Yo € HY (), (3.14)

and T} (x) solution of the problem:

a(Tk,v) + (di,U)aQ = (lgk,v) Yv € Hl(Q) (315)
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3.2 Well posedness of the thermal element model

Substitute (3.13) into (3.12b):

K
!
(T, 1g,) = (T, + ij o) = (T 10,) + > _pi(Ty, 1) = 0%, (3.16)
j=1
with (k =1,..., K). The conditions for pj in (3.12b) can now be written as a linear
algebraic system:
K
> (T 10,)p; = = 0| — (Th,1g,) k=1,....K. (3.17)

Jj=1

This system is uniquely solvable if and only if the matrix B = [(T},1q,)] is non-
singular, that is to say det(B) # 0. Noting that:

(T3, 1q,) = (L, T;) = a(Tk, Tj) + (&Tk, Tj)oo = A(Tk, T}), (3.18)
an equivalent condition on the matrix A = [A(T},T};)] is derived:
det(A) 0. (3.19)

By using the (extended) Cauchy-Schwarz inequality (see [26], Chapter 5) it results A
positive-semidefinite and therefore det(A) > 0. Furthermore the equality holds true if
and only if there exist Ay € R (k=1,...,K) not all equal to zero, such that:

K
> MeTi(x) = 0. (3.20)
k=1

In conclusion to prove existence and uniqueness it is sufficient to prove that (3.20)
implies A\, =0 for all K =1,..., K. This fact follows from the equality:

K
EZ A(Tg,v) =

Then for any k = 1,..., K it is possible to choose v such that supp(v) C € and
get A\, = 0. Notice that this last consideration implies det(A) > 0 and A positive
definite. O]

r(lo,,v) Yo e HY(Q). (3.21)

\
I
>

The case of Dirichlet boundary conditions differs from the previous one in some tech-
nical details (see Appendix C and the reference therein for a deeper treatment). Here
it is possible to prove the following;:

Theorem 3.3 (Dirichlet boundary conditions). Given:
1.6,eR (k=1,....K),
2. g € HY?(69Q),
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3 Analysis of a coupled electro-thermal system

there exist unique:
1. T € Hy(),
2.preR (k=1,...,K),

such that:
= (> prla,.v) —ag,v), Yo € Hy (), (3.22a)

(T + §,1q,) = Okl k=1,... K. (3.22b)

where § € H'(Q) is an arbitrary extension of g € HY/?(8Q).

Proof. Even in the case of Dirichlet boundary conditions a general representation of
the solution reads:

T(x) = Tu(x) + ZPka (3.23)

where T, (x) € Hy(Q) is the solution of:

a(T,,v) = —a(g,v) Yo € Hy () , (3.24)
while T}, (x) € Hy(Q) is the solution of:
a(Ty,v) = (1g,,v) Yo € Hy(Q) . (3.25)
As before, a linear algebraic system for p; can be derived:
K
> (Ty,1q, ;= O0k|%| — (§+Toy1,) k=1,... K. (3.26)
j=1

From this point on the same strategy as in Theorem 3.2 can be adopted, the only
difference being that in this case:

A = [a(Ty, Tj)]. (3.27)

O

Linear constraints between average temperatures and power fluxes Finally , as a
generalization of the previous theorems, the case where non-ideal sources are connected
to the thermal element pins is considered.

Theorem 3.4 (Robin boundary conditions). Define & = 1/a. Given:
1. g € L*(09),
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3.2 Well posedness of the thermal element model

2. ag,cp >0, by, >0,
there exist unique:
1. T e HY(Q),
2. pp, 0k R (k=1,...,K),

such that:
K
a(T,v) + (6T, v)on = Zpk(lnwv) + (&g, v)an Vv € H'(Q), (3.28a)
k=1
(T, 1q,) = 0| k=1,....K, (3.28Db)
appr + bk = cx k=1,....K. (3.28¢)

Proof. The same decomposition employed in Theorem 3.2 can be used also in this
case. The only difference is that (3.28¢c) gives a system for p; and 0, with matrix:

B —diag(€2) (3.20)
diag(a)  diag(b) '
where:
a = (al,...,aK),
b = (b,...,bK), (3.30)
Q = (JUul,...,19«]).

This is a block matrix, where the two lower blocks commute. Then, by using results
from [87] and recalling that the matrix B is positive definite, it holds:

B —diag(€2)
diag(a)  diag(b)

det = det [B diag(b) + diag(a)diag(€2)]

= det [B + diag(a)diag(€2)diag(b) '] det [diag(b)]| > 0,

since the matrix:
[B + diag(a)diag(Q)diag(b) '],

is positive definite. O
Following the same line of reasoning it is also possible to prove the following;:
Theorem 3.5 (Dirichlet boundary conditions). Given:

1. g e HY?(89Q),

2. ap,cx >0, b > 0,
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there exist unique:
1. T € Hy(Q),
2. pp, 0k €eR (k=1,...,K),

such that:
} K
a(T,v) = (X:p;C 1g,,v) —a(g,v) Yo € H (), (3.31a)
k=1
(T + §,10,) = Ox| %l k=1,... K, (3.31b)
akpr + bibk = cx k=1,...,K. (3.31c)

where § € H'(Q) is an arbitrary extension of g € HY2(09).

3.2.2 Parabolic case

After having treated the elliptic case, its parabolic counterpart is taken into account.
This will ensure the well posedness of the thermal element model before a suitable
time discretization has been performed.

Prescribed heat fluxes Even in the parabolic case the assignment of the Joule power
per unit area dissipated in a region leads back to standard PDE theorems. The case
of Robin boundary conditions can be treated as follows:

Theorem 3.6 (Robin boundary conditions). Define & = 1/a. Given:
1. preC0,t1] k=1,...,K,
2. Ty € L*(Q),
3. g€ C°([0,t1],L*(09)),

there exists unique:

1. T € C° ([0, 1], L*(2)) NL? ((0, 1), H'(Q)),

such that:
J K
%(T, v) +a(T,v) + (&T,v)sq = Zpk(lgk,v) + (&g,v)o0 Yo € HY(Q),
k=1

T(x,0) To(x).

(3.32)
The corresponding statement concerning Dirichlet boundary conditions reads:

Theorem 3.7 (Dirichlet boundary conditions). Given:
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3.2 Well posedness of the thermal element model

1. pL€C0,ty] k=1,....K,

2. Ty € L*(Q),

3. g € C°([0,t:], H?(09)),
there exists unique:

1. T e C ([0, 4], L2(Q)) NL2 ((0, 1), Hy (Q)),

such that:
4op T _ 5 1 g Vo € Hy(Q
%( ,U)+CL( 7”) - ;pk‘( va)_a(gvv) v E 0( )7 (333)
T(x,0) = To(x) - §(x,0).

with § € C° ([0,t1],H'(R)) arbitrary extension of g € (C()([O,tl],Hl/z(&Q)).

Readers interested in the proof of the previous statements are referred to [13,75,79].

Prescribed mean temperatures To prove the well posedness of the thermal element
in the case of assigned mean temperatures the following lemmas are needed.

Lemma 3.1. Define:
U = {uel?Q) st (u1lg,)=0, Vk=1,...,K},
Vo= {ueHYQ) st (u,1g,) =0, Vk=1,....,K}.
Then:
1. U is a closed subspace of ()
2. V is a closed subspace of H' (1)

Proof. The first assertion is trivial to prove, as:

L*(Q) = U @ span(lg,,...,1o,). (3.34)

To prove the second assertion a Cauchy sequence {u;} € (V,|| - ||g:) is considered. It
holds that:

uj — u* € H'Y(Q), (3.35)

since H'(€2) is a Banach space. Furthermore:

[(u, 1o,)| < [(u* —uj, 1a, )| + [(uj, 1a,)] S/ |u* — uj|dx
Qp

1/2 1/2
= / 1-ju* —uj|dx < {/ 12dx] [/ lu* — uj|2dx}
Q Qp Qp

< VI " = ujllez) < VIS%| [lu* — ujlla @) — 0.

Then it follows that u* € V and Lemma 3.1 is proved. O
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Lemma 3.2. H'(Q) can be decomposed into the direct sum:
HY(Q) =V oW, (3.36)
where V' is defined in Lemma 3.1 and W is a K-dimensional space.

Proof. To prove this lemma a particular space W is constructed. Then any other
space satisfying (3.36) must have the same dimension. Let {¢;} denote a set of basis
function for H'(Q). These functions are chosen such that:

supp(¢;) C Q; j=1,...,K,

(3.37)
(¢j,1q,) # 0 j=1,...,K.
It is possible to define then:
W= Spank:l,...,K(¢k)' (3.38)
Notice that every u € H* (©2) can be uniquely represented by:
oo
k=1
Define the two operators:
Py(u) : HYQ) =V,
V) o E© 0)
Py(u) : H (Q) — W,
as:
K [eS)
Py(u) == > Awdk+ Y., Wbk
k[:{l k=K+1 (341)
Py(u) = > [ —4nléx.
k=1
where the coeflicients 4y are given by:
[, 5
fp 1= I : (3.42)
(bkdx
Qp
It holds by construction that:
Pv(u) = veV 1
Yu € H (Q), (3.43)
Py(u) = weW
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3.2 Well posedness of the thermal element model

and:
Py(v) = v YveV, (3.44)
Py(w) = w Yw e W. '
Combining (3.43) and (3.44) it follows:
Pi(u) = Py(u
QV( ) v em @), (3.45)
Py (u) = Pw(u)

Then Py and Py are (oblique) projection operators and every u € H'(Q) admits the
unique representation:

u = Py (u) + Py (u), (3.46)

and thus the lemma is proved. O

With Lemma 3.2 it is established that H'(Q) can be decomposed into the direct sum
of V and a K-dimensional space. The actual choice of the space W is not important
in view of Theorem 3.8. Notice that:

dim(V,) = K,
can be deduced as a particular application of Lemma 3.2.
Theorem 3.8 (Robin boundary conditions). Define & = 1/a. Given:
1. Ty € L*(Q),
2. 0, € C°[0,t1] and 6;(0) consistent with Ty (k=1,...,K),
3. g € C°([0,t1],L*(09)),
there exist unique:
1. T € C°([0,t1]; L*(€2)) NL3((0,t1); H'()),

2. pp € COl0,t1] (k=1,...,K),

such that:
d K
2 (Tov) +a(T,v) + (6T, v)on = > pr(lo,.v) + (Gg,v)ae Yo e H'Y(Q), (3.47a)
k=1
T(x,0) = To(x) (3.47h)
(T, 10,) = 0(t)| %] k=1,...,K. (3.47c)
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Proof. In the following the well-posedness of system (3.47) will be proved exploiting
its linearity to divide it into three subproblems that are tackled successively. The well-
posedness of the first one, accounting for non-zero mean temperatures, will be proved
resorting to Theorem 3.2. Then to prove existence and uniqueness of a solution for the
remaining two subproblems, Lemma 3.1 and Lemma 3.2 are employed. Assume then:

T(x,t) = T(x,t) + T(x,1) , (3.48)

where T'(x, ) is solution of:

K
a(T(t),v) + (61(t),v)a0 = »_ pe(t)(la,,v) + (Gg,v)an Vv e H'(Q), (3.49)

(T(t), 1q,) = 0k(t)| Q%] k=1,...,K. (3.49b)
This problem admits a unique solution:
1. T e C([0,t4]; H'(Q)),
2. pr € C°[0, 4],
due to Theorem 3.2. In fact the continuity of py, (k=1,..., K) stems from (3.17), as:

e T* is continuous with respect to time due to the assumptions on g and to the
well-posedness of the elliptic problem (3.14),

e 0 (k=1,...,K) are continuous by hypothesis,
e A = [A(T},T;)] does not depend on time.

The continuity of T is then a consequence of (3.13). Substituting (3.48) into (3.47)
the following problem is obtained:

K
%(T +70) + (T, 0) + (67, v)p0 = k; pe(t) = pr ()] (Lo, v) Vo € HY(Q),
T(X,O) = Tyo(x)— T(x7 0),
(T7]‘Qk) = 0 ]{7:1,,K
(3.50)

where the unknowns are:
1. T € CO([0, t4]; L2(2)) NL2((0,t1); H' (),

2. pr € C°[0,ty].
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3.2 Well posedness of the thermal element model

Resorting to Lemma 3.1 and Lemma 3.2 it is possible to move the zero mean conditions
inside the space in which T is sought. Equation (3.50) can thus be written in the
equivalent form:

K
d - . o _
%(T +T,v)+a(T,v) + (&T,v)sq = [pr(t) — pr(t)] (1q,,v) Yov e Hl(Q),
k=1
T(Xv 0) = To (X) - T(Xa 0)7
(3.51)
where the unknowns now result to be:
1L T eC([0,t:];U) NL2((0,t1); V),
2. px € (CO[O,tl].
Recalling that:
HY(Q) =V oW, (3.52)

it is feasible to start testing (3.51) upon v € V. In this case an abstract evolutionary
problem involving only 7" is found:
d
dt
Notice that the time derivative at right hand side in (3.53) is to be intended in a weak
sense (see for instance [74, Chapter 11, pag.368]), that is to say:

(T,v) + a(T,v) + (a1, v)pq = —%(T,v), Vv e V. (3.53)

- [ (G = [ (@) i - F0),00(0) + (TR).060) |

0 0 dr

for a suitable test function w(¢). Since (V,U,V~1!) constitute a Gelfand triple this
problem is uniquely solvable for:

1L T eC([0,t];U) NL2((0,t1); V),
and furthermore: )
or
E E
The interested reader is referred to [106, Theorem 23.A] for an extensive treatment of
the subject. Finally it remains to test upon v € W:

L*((0,t1); V1) .

K
d
ﬁ(T,v) +a(T,v) + (&T,v)oq = g pi(t)(1a,,v) + (&g, v)a0, Yve W, (3.54)
k=1

where now T'(x,t) is known. As W is K-dimensional (see Lemma 3.2) this problem
admits a unique solution and therefore the theorem is proved. O

The statement corresponding to Theorem 3.8 but accounting for Dirichlet boundary
conditions is given next. Of course the proof can be obtained following the same line
of reasoning used in Theorem 3.8.
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3 Analysis of a coupled electro-thermal system
Theorem 3.9 (Dirichlet boundary conditions). Given:
1. Ty € L*(Q),
2. 0y, € CU[0,t1] and 0;(0) consistent with Ty (k=1,...,K),
3. g € C°([0,t,], H'?(92)),
there exist unique:
1. Te CO([O,tl}; ILQ(Q)) N ]LQ((O,tl);H(l)(Q)),

2. pp € COl0,t1] (k=1,...,K),

such that:
d . ) K
%(T, v) +a(T,v) = Zpk(lgk,v) —a(g,v)an Yo € Hy (), (3.55a)
k=1
T(x,0) = To(x), (3.55b)
(T, 1q,) = 0,()|Q%] k=1,...,K, (3.55¢)

with § € C° ([0,t1],H'(R)) arbitrary extension of g € CO([O,tl],Hl/Q(aQ)).

3.3 Well posedness of the coupled system

To conclude Chapter 3 the well posedness of an initial value problem on a given
time interval [0,t1] is discussed. The system taken into consideration is composed
of standard and thermally active electrical elements connected to a linear thermal
network. Define then:

p=[pi(t), ..o (®)]", (3.56)
to be the vector of the K Joule power densities, and:

0 :=1[01(t),...,0x®)]", (3.57)

to be the vector of the corresponding K junction temperatures. ! Employing the DAE
formulation briefly introduced in Section 2.2 the electrical part of the system can be

L As already anticipated in Section 3.2, the boundary conditions for the PDE describing heat diffusion
are for analysis purpose prescribed in a more general manner than the one introduced in Chapter 2.
Thus (3.57) does not include any component referring to the environment temperature.
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3.3 Well posedness of the coupled system

formalized as:

d
ACCT(;l + Agr(Afe,0) + ALip + Aviy + Aji(Ale,0) = 0,
d¢ v
—_— A =
at L v
M-V = 0 (3.58)
q-qc(Age) = 0,
¢—¢ (i) = 0,

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

|Qk|pr — Wi(6,e) = 0 k=1,...,K, (3.59)
by the thermal element interface conditions:

|Q%0r — (T, 1q,) = 0 k=1,...,K, (3.60)
and by the PDE describing heat diffusion at the system level:

d

K
%(T, v) +a(T,v) + &(T,v)gn — Zpk(lgk,v) —a(g,v)00 =0 Yo € H'(Q). (3.61)

k=1

In (3.59) the functions Wi (0,e) (k =1,..., K) account for the Joule power dissipated
by the thermally active electrical elements, and in practice they will be implicitly
constructed by the stamping procedure described in Chapter 5. Finally, even though
Robin boundary conditions are assumed for (3.61), all the analysis carried out in the
following can be easily generalized to the case of Dirichlet boundary conditions, as
done in Section 3.2.

Assumptions on the electrical part The electrical part (3.58) is supposed in the
following to be index-1 for any given:

6 c C°[0,ty] .

Defining Q¢ to be the orthogonal projector onto the kernel of AL and Pc := I — Q¢ to
be its complement, then sufficient conditions to fulfill the index-1 requirement are [29]:

1. keI‘(Ac,AR,Av)T = {0} y ker QgAV = {0} y
2. i(AlLe, 6) uniformly continuous in € and Lipschitz continuous in ALe,

3. V(-) continuous,
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3 Analysis of a coupled electro-thermal system

4. ¢; () and q¢(-) differentiable functions of their arguments,

dac(Ale) 9o (ir)
d(ALe)  0(ip)

positive definite,

6. r(ALe, 0) uniformly continuous in 6 and differentiable in ALe,

or(ALe, 0)

" To(ATe)

positive definite and uniformly continuous in 6.

Notice that the extension of (3.58) to account for more general controlled sources
requires particular care if the index-1 hypothesis is to be preserved, see for instance [29].

Under these assumptions the existence and uniqueness of a global solution to an
initial value problem with consistent initial conditions on [0, t1] follows from standard
results [45, Theorem 15]. Furthermore, for each component of the solution in the time
interval [0,t1] a bound of the form:

|z(t)| < |da(O(t))] +/0 |[dp(0(7))|dT (3.62)

holds, where d4(-) and dp(-) are continuous functions. Notice that the form of (3.62)
is due to the index-1 condition, thanks to which the time-derivatives of 8(¢) do not
appear in the bound. In this case also the following a-priori bound (uniform in 8 € G)
can be shown to hold:

t)| <max|da(0)|+ |t| max |dp(0)] , 3.63
|$()|,9€ag|,4()| ||9€ag‘D()| ( )
where G is a closed set, such that:

F:={secR¥ :|s| < max [0(t)]} CGCRF . (3.64)
t€[0,t1]

Assumptions on the thermal part The assumptions made on the thermal part of
the system are:

1. g(x,t) € C° ([0, t:],L2(92)),

2. Wg(-,-) continuous function of its arguments (k =1, ..., K),

Consistent initial conditions for the coupled problem To provide system (3.58-3.61)
with consistent initial conditions it is possible to prescribe arbitrarily:

1. T(x,0) := Ty(x) € L*(Q),
2. Pee(0),
3. i.(0).

Then:

56



3.3 Well posedness of the coupled system

1. 6(0) is obtained from (3.60),

2. Qce(0), iy (0), ¢(0), q(0) are computed from the algebraic constraints of (3.58),
once 0(0) is known,

3. p(0) is finally determined from (3.59).
Existence and uniqueness The existence and uniqueness of a solution to (3.58-3.61)
in a given time interval ¢ € [0, t;] is investigated in the next:
Theorem 3.10. Consider system (3.58-3.61) with the further hypothesis that:

1. there exist Cw > 0 such that |Wy(0,e)| < Cw fork=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,t1] and:

1. Pge, 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 L2 ((0,t1), H'(€2)) N C° ([0,t:], L*(®2)) , (3.65)
while:
%geﬂﬁ(mAqu‘%Q», (3.66)

4. the energy estimate:

t 1 t
Hﬂ&ﬂﬁmn+n/JW@JW%mMTéMM@%MD+5/?¢w,(3W)

holds for each t € [0, t1] where:
K
S = S(Cw, &, 9) = Cw Y _ V%[ + & llgt)llL2 50, - (3.68)
k=1

Proof. In the following the so-called Faedo-Galerkin method is exploited to construct
a sequence of DAE systems that approximate the PDAE system (3.58-3.61). The line
followed stems directly from the one usually employed to prove the well posedness of
parabolic PDEs casted in a weak formulation (see [75, Chapter 11, Theorem 11.1.1}).

That being said, since Hl(Q) is a separable Hilbert space it admits a complete
orthonormal basis {¢;};>1. Define then:

VN .= span{¢1,...,on} . (3.69)
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3 Analysis of a coupled electro-thermal system

Substitute the PDE appearing in (3.58-3.61) with the approximate problem:

K

d

a(TN,v)+a(TN,U)—I—&(TN,U)aQ—Zin(le,v)—d(g,v)ag =0 Yoe V¥, (3.70)
k=1

where N > K in order to fullfill the constraints imposed by (3.60). Writing:

N
TN(x,t) =Y el (t)gs(x) , (3.71)

s=1

then (3.70) results to be equivalent to:

de™ N N N
M—dt + AcY — Bp"Y —F"(t)=0. (3.72)
where the stiffness and mass matrices are defined as:
M e RVN with [My] = [(¢i9))],
A e RYVY with  [Ay] = [a(¢s,¢i) + ales, di)oa) , (3.73)

while the known vector FV reads:
FY e [C0,6)]" with [FN] = [alg, 61)an] - (3.74)
Finally the unknown vectors in (3.72) are:
pY(t) = [p (@), pR @O,
(3.75)
V() = [cjlv(t),...,c%(t)]T .

Similarly it is possible to substitute (3.71) in (3.60) and obtain the equivalent system:

Q0" — BTN =0, (3.76)
where:
Q ¢ RFEK with @ = diag(|l,...,|Qxk]) , (3.77)
and:
oV () = [ON(),...,oN@®)]T . (3.78)
Reformulating (3.59) in matrix notation:
Qp —w(V,eN) =0, (3.79)
with:
weN,eN) = [wi(eN,eN), ..., Wr(OV, M), (3.80)

58



3.3 Well posedness of the coupled system

it is possible to write the DAE system approximating (3.58-3.61) as

N

Ac%+ARr(A N oMY + ApiY + Ayil) + Aji(ALeN,0Y) = o0,

A" ¢ N _
W—ALQ = 07
ALeN — V(@) = 0,
a" —aqc(4te™) = 0,

(3.81)
¢ 7¢L(1 ) = Oa
QpV - WY, eN) = 0,
QoY — BTN = 0,
deN N N

Notice that M can be inverted as it is positive definite. Thus (3.72) defines an explicit
differential equation for the variable ¢™V:
de -1 N N N
o M~ [AcY — Bp" —FY(t)] . (3.82)

From (3.76) it holds:
oY = Q7 'BTcN (3.83)

due to the regularity of €. Differentiating (3.83) and taking into account (3.82) the
following explicit differential equation is obtained for 8%:

o™ de™
— QleT
dt dt
Substituting (3.83) into (3.58) reads:

=-Q 'BTM ' [AcN — BpY —FN(1)] . (3.84)

AC% + Api(Afe,cV) + Arip + Aviy + Afd(AGe,cY) = 0,
d¢ T, _
E ALe = 07
AoV — o (3.85)
q—-qc(Ate) = 0,
¢—¢p(iL) = 0,
where:
t(Aqe,cV) = r(ALe, Q7 'BTcN),
i(Afe,c") = i(Afe, 2 'B"cN).
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3 Analysis of a coupled electro-thermal system

The assumptions on the electrical part of the system ensure that only one differentia-
tion of (3.85) is needed to derive, through appropriate algebraic manipulations, a set of
explicit differential equations for the variables e, q, ¢, i, and iy. Finally from (3.79)

it stems:
pV = 'w(eV V).

Even here only one differentiation is necessary to derive an explicit differential equation
for pV. The index of system (3.81) results then to be one.
Defining the orthogonal projection:

Py L%(Q) - VY, (3.86)

it is possible to derive a set of consistent initial conditions for (3.81). In fact, it just
suffices to define the initial conditions for the approximate problem (3.70) as:

T .= Px(Ty) , (3.87)

and proceed as done in the original PDAE system. Notice that the initial condition
for system (3.72) equivalent to (3.87) is given by the solution of the linear system:

(McM(0); = (To,¢;)  j=1,...,N. (3.88)

As consistent initial conditions have been obtained, then (3.81) admits a unique global
solution [45].

To proceed with the Faedo-Galerkin method it is necessary at this point to recover,
for all the variables in (3.81), upper bounds in L*(0,t;) that are independent 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 [Wy(-,-)| it is convenient to start from the thermal part of the
network, noticing that:

pY € C°0,t] CL%(0,t1) k=1,..., K,
N e Co,ty] cH'(0,ty) k=1,...,K,
hold, from which it follows naturally:
T € H'((0,t:),H(Q)) . (3.89)

Choosing TV as a test function in (3.70) gives:

K

(ZTN7TN> +a(TN, TY)+6(TY, V)90 = 3 _pi (1, T) +a(g, T)oa - (3.90)
k=1

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

1d

d
Sdt ||TNH112_2(Q)+77 HTNH;P(Q) < (TNvTN) +a(TV, T) +a(TV, TV )o0 , (3.91)

dt
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3.3 Well posedness of the coupled system

while from the continuity of the right hand side in (3.90) and the hypothesis on the
boundedness of Wy (e, 8)| (k=1,..., K) follows:

K

K
D opk (e, TV) +a(g, TV )aq < (CWZ\/IQkI +&|9(t)llmam> 1T (O] 2 -
k=1

k=1

(3.92)
Defining;:
K
S(Cw, &, Y, 9) = Cw > V1] + & [lg(t)] 1200 (3.93)
k=1
and combining (3.91) with (3.92) it is possible to obtain:
Laorn ) TN ()| gy < S(Cw, &, ey g) | TN (¢ 3.94
2 dt 17 )HLz(Q) +n||TY( )HHl(Q) < S(Cw, &, Q. 9) | T ( )||]L2(Q) : (3.94)

Integrating over (0,t) with ¢ € (0,t1), employing Young’s inequality and taking into
account that:
T3 2@y < [ Tollz(q) » (3.95)

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

t 1 t
[T O 2 gy + / sy o < Tl + 7 / S, (390

The sequence T is thus bounded in L2 ((0,t1)7H1(Q)) n L= ((O,tl),LZ(Q)) and
from (3.59) it is trivial to infer that also p?¥ is bounded in the IL*(0, t; ) sense. From (3.60)
it is possible to obtain, after some algebra:

1
|22

08 (1)]? < TN ()22 k=1,....K,

and derive an upper bound in L?(0,t1) for 8" by means of (3.96):

1 1"
|9{§(t)|2gw[\|To||i2(m+ / Ser] k=1,..., K. (3.97)

nJo

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

o= s (s [Tl + 3 [ 5]

and then:

g::{seRK:|s|§\/CT;} .

As G does not depend on N and fulfills condition (3.64) then the bound on the vari-
ables of the electrical part is derived from (3.63). Notice that this is possible in this
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3 Analysis of a coupled electro-thermal system

framework due to the index-1 hypothesis made on (3.58). Finally, due to the continuity
of the non-linear functions in (3.81) also the terms:

Vo= r(ALeN, oY) iV = i(AleN,8%) |
af = ac(Aze) ., ¢p = ¢(i}) :
wV o= weV,eV)

are bounded in the L (0,t1) norm by a constant that is independent of N. At this point
upper bounds for every entity in (3.81) have been determined. Hence it is possible to
select a subsequence (still denoted with the N super-script) in which (see e.g. [60]):

e TV converges in the weak* topology of L> ((0, t;),L? (Q)),

e TN converges weakly in L2 ((0, t1), HI(Q)),

o eV, i]LV7 q?, qu, i{)’, pY and oY converge weakly in the LQ(O,tl) sense,
o rV iV gl ¢g 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(4fe,0) , iV — i(4ALle,0) .,
af = ac(Afe) . ¢r — @)
WV —~ W(,e

when:

eée,iLéiL,ON—\G

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 (3.58-3.61) is to be intended at least pointwise.

Let us start then multiplying the first term at the left hand side in (3.70) by:

T e CH[0,t1]) , ¥(t1) =0,

and integrating by parts (j =1,..., N):

t1 N t1
(S0 ) vt == [ @ w05) G ar - @090 3.98)

0 dt 0

Passing to the limit in (3.70), choosing an arbitrary Ny > K and recalling that Tg¥
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3.3 Well posedness of the coupled system

converges in L?(Q) to Ty while pl¥ converges in 1.?(0, 1) to py, it is finally obtained:

- [ e G~ @e)r0+ [ ao)uear

0
+/01 a(T (1), ¢;)00¥(T)dr = /0 ;pk(mm@)@mm (3.99)
+/01 (g 6)00W(F)dr  j=1,....No.

Since the linear combinations of ¢; are dense in H'(Q), then (3.99) can be written
equivalently testing on each v € H' (©). Thus, following the reasoning in [75, Chap-
terll, pag.368]:

T(x,t) € L? ((0,t1), H'(Q)) NL> ((0,t1),L*(%)) , (3.100)
fullfills (3.61) with p (k=1,...,K) as source terms. From (3.100) it follows also:

T(x,t) € L? ((0,t1), H' () N H' ((0,t1), H'(Q)) , (3.101)
and using the arguments in [75, Chapter 11, pag.369] and [68, pag.23]:

or

T eC’([0,t:],L*() v

e L ((0,t1), H () . (3.102)
Define:

ATN() :=TN(t) = T(t) ,  Apy (1) = pi (t) — pa(t) -
Subtracting (3.61) from (3.70) and choosing AT (t) as a test function reads:

K
LIATY |22 g + a( ATV, ATN) 4+ G ATV 220y = S ApY (Lo, ATY) .
k=1

1d
2 dt

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

IATY ()2 < AKY () 2220, (3.103)
with:
5 K
AKN(t) = ATV (0)]| 2 + Z / Apy (t)(1q,, AT ())dT}.

As both sides of (3.103) are continuous, this inequality holds also in the form:

AT (t) < AKN (@) Y=g .
tg[l(?ﬁ] I H]L?(Q) tg[loaf] ()
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3 Analysis of a coupled electro-thermal system

Introducing A9Y := 0N () — 0)(t) and noticing that:

max |AOY (1) < —

N 2 .
te[ovtl] - |Qk|2 tg[l(ii(l] HAT (t)H]LZ(Q) k - 17 e >K7

it follows that the convergence of 8~ to 6 is not only weak, but uniform. Then, due
to the stability properties of (3.58) the electrical variables also converge to their limit
uniformly and not only weakly. In particular it can be inferred that:

e Pce, i, q and ¢ are differentiable,
e (Qce and iy are continuous.

As at this point e and 6 are known to be continuous, then it follows that W converges
to W pointwise and thus p is also continuous.

Finally it remains to show that T'(x,0) = Tp(x) in order to prove that the con-
structed solution actually solves the initial value problem prescribed in the beginning.
Multiplying (3.61) by:

weCH(0,b]), U(t) =0,

and integrating by parts it follows:

_/ 1 (T(T),v)%’mm _ (T(O),v)\IJ(O)—i—/la(T, )W (7)dr

0 0

t1 t, K
+/ &(T(7),v)o0¥(T)dT = / > prllo,,v)¥(r)dr (3.104)

0 0 k=1
t1
+/ alg,v)oa ¥ (T)dr Yo € HY(Q),
0
thus, taking ¥(0) = 1:
(T(0) —Ty,v) =0 Yo eH(Q). (3.105)

This implies T'(x,0) = Tp(x), and proves the existence and uniqueness of a solution to
a prescribed initial value problem for system (3.58-3.61).
O

Chapter summary In this chapter the well-posedness of the thermal element model
established in Part I has been addressed. The results on the elliptic problem validate
a possible implementation of the thermal element in admittance or conductance form,
while the ones on the parabolic problem ensure the well-posedness of the model before
a suitable time discretization has been adopted. Finally existence and uniqueness of a
solution to the whole PDAE system has been proved in the case of an index 1 electrical
network. This provides a sound theoretical basis to the solution approach that will be
presented in Part III.
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Numerical Discretization
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Patched mesh method

As seen in Chapter 1 thermal effects at the system level occur at largely different space
scales. Thus, in order to be effectively employed, the thermal element presented in
Chapter 2 requires to be space-discretized by a method that efficiently handles the
treatment of multiscale issues.

In the current chapter an approach of such a kind, included among the Galerkin-type
approximations and regardable as a “patched” finite element method, is introduced. In
Section 4.1 the definition of an appropriate patched space is therefore given, together
with some interpolation estimates. Then in Section 4.2 the approximation of a model
diffusion-reaction PDE is treated. Even though for the sake of simplicity a case with
only one patch domain is used, all the major merits and flaws of the method are clearly
underlined. Furthermore a direct and iterative procedure to the solution of the discrete
problem as well as their algebraic structure are presented. Finally, the interested reader
will find in Appendix D an extension of this patched method devised to resolve layers in
the case of reaction-dominant PDEs. ! Though belonging to the class of Shishkin-mesh
approach, this extension overcomes the difficulty of generating a structured conforming
mesh for general domain geometries employing instead overlapping grids. A model 1D
problem is used to introduce the novel method and analyze it in details and then
a sound extension to 2D case and complex geometries is provided together with an
illustrative example.

4.1 Patched space definition and interpolation estimates

The aim of this section is to introduce a particular finite element space that allows
for the discretization of diffusion-reaction PDEs on unstructured, overlapping, non-
nested grids and provide then a generalization of the usual a-priori estimates. As

IThe choice to present this extension in an appendix chapter stems from the fact that, though
theoretically usable to space discretize the thermal element defined in Chapter 2, no numerical
example employing this method will be presented in Part IV.

67



4 Patched mesh method

it will be seen in Chapter 5 this will be the method of choice to space-discretize
the PDE appearing in the constitutive relations of the thermal element presented in
Chapter 2. Notice that the patched finite element space was firstly proposed by Wagner
et al. in [40,41,76,77,96] and is in this thesis generalized to account for an arbitrary
hierarchical structure of the patched domains. The aim of this extension is to follow
closely the current trend towards the hierarchical design of ICs [83], associating each
functional unity with a grid that gets coarser or finer depending on the “depth level”
of the functional unity itself in the design hierarchy.

Triangulation, triangular finite element spaces, projection operators To begin with,
some basic notions that constitute the core of the patches of finite element approach
are gathered in the following. The first one, i.e. the definition of a triangulation over
a polygonal domain, is peculiar to every finite element method:

Definition 4.1 (Triangulation). Assume Q C R? (d =2,3) to be a polygonal domain
and h € RY. Then Ty, = {K1, Ks,...} is said to be a triangulation of Q if:

0= J K, (4.1)

and furthermore each K € 7Ty satisfies the following properties:
1. K is a triangle (d = 2) or a tetrahedron (d = 3) with int(K) # 0,
2. int(K;) Nint(K;) =0, VK; # K; € Ty,
3. If S=K;NK; #0, then S is a common face, side or vertez of K; and Kj,
4. diam(K) < h, VK € Ty,.
Definition 4.2 (Regular triangulation). Define:
hi :=diam(K) , pg :=supdiam(Sk), (4.2)

where Sk is a ball contained in K. Then a family of triangulations {7y }r>o0, is called
reqular if 3 € > 1 such that:

h
max —~ < ¢ Vh > 0. (4.3)
Ke,z-h pK
Starting from the triangulation 7y it is then possible to determine a class of finite
dimensional spaces (usually referred to as triangular finite element spaces) which result
in a piecewise-polynomial approximation of H'(Q) and Hp(Q):
X3(Q) = {w,eC’Q), suchthat wy|, €Ps VK €Ty} < HY(Q),
(4.4)
Z3(Q) = {wp € X;(Q), such that wy|,, = 0} c HHQ),

where P; denotes the space of polynomials of degree less than or equal to s > 1. The
reader interested in a broad treatment of this subject is referred to [110], where finite
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4.1 Patched space definition and interpolation estimates

element classes other than triangular are also introduced. Finally it can be noticed
that, as X} (Q) is a closed subspace of H'(Q) and L*(2), it is possible to define the
following orthogonal projection operators [75, Chapter 3:

Ps o Q) — X3(Q), (45)
Py, H'(Q) — X3(Q). '
Patched space definition Making use of the concept of triangulation and of the defi-
nitions (4.4) of triangular finite element, it is now possible to rigorously define a patched
finite element space. As already anticipated, this space is constructed upon a set of
overlapping, possibly non-nested triangulations. It is therefore necessary to properly
define the set of polygonal domains from which these triangulations are stemming.

Definition 4.3 (Set of hierarchical families of domains). Assume Q C R? (d = 2,3)
to be a polygonal domain. Consider the following families of polygonal domains:

Ty = {Q(l)} )
T, = {Q%,...,Q}Vl} ,
(4.6)
T = {QF,....Q% },
Ty = {Q{W,...,Q%M
The overall set:
EZ:{To,Tl,...,Tm,...,TM} 5 (47)
is defined to be the set of hierarchical families of domains. In (4.7):
me (0,...,M), (4.8)

is the index identifying each family, while (M + 1) is the number of families. The
following properties are required:

1. For m =0 it must be Ng = 1 and Q9 = Q.
2. Form=0,...,M then:

int(QP) £0 k=1,...,Np, . (4.9)

3. Form=1,..., M then:

QrnQ =0 Vk#je(1,...,Np) . (4.10)
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4 Patched mesh method

o

Figure (4.1): Example of a possible set of hierarchical domains (left) and of the asso-
ciated tree structure (right). The three families of domains are circled
in red. Notice that the domains are all rectangles and overlap with each
other.

4. Form=1,..., M then:

A QP cint(QY) Vee (1., Na) . (4.11)

The polygonal domains 2} introduced in Definition 4.3 are feasible to be organized
in a hierarchical tree structure, as shown in Figure 4.1. With this respect the index m
represents a sort of depth index. Roughly speaking this index is often associated in the
application to an increasing demand of accuracy so that the greater the index m is,
the more are the details required in the subsets Q] C Q. Notice that due to (4.10) the
closure of the domains inside the same family are required not to intersect with each
other, while (4.11) states that the closure of each element of a given family should be
a subset of one (and only one) element of the family coming before in the hierarchy.
Furthermore from (4.11) it can be inferred that:

M N,
U (U Q;:) £Q. (4.12)

m=1 \k=1

Examples of possible structures violating these hypothesis are given in Figure 4.2.
A space of patched finite element is then defined combining Definition 4.3 with the
concepts introduced before.

Definition 4.4 (Patched finite element space). Consider = as in Definition 4.3. As-
sociate with each polygonal domain Q7 a regular triangulation Ty,(m, k). The space of
patched finite element is then defined as:

M

V= x3@) + (Lj Y,f(Q?)>7 (4.13)
k=1

m=1
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4.1 Patched space definition and interpolation estimates

0

Figure (4.2): Ezample of possible domains violating the hypothesis of Definition 4.3.
On the left Q1 intersects with Q3, thus violating (4.10), while in the cen-
ter (4.11) is violated as Q3 ¢ Q. Finally on the right Q} is not permitted
to share part of its boundary with Q9 due to (4.11).

where:

Y (Qp) = {wh € CO() : walgp € Z3(QF) . supp(wn) C Q;y} . (4.14)

Definition 4.4 is slightly more general than the ones usually found in literature (e.g.
in [77]), often restricted to a single level of patch domains (M = 1). Notice further-
more that the usual finite element space X (€2) can be recovered setting M = 0. As
a last remark, it should be stressed that the characteristic lengths h of the triangula-
tions 7y, (m, k) and the polynomial degrees s of the corresponding finite element spaces
depend on the indices m and k, that is to say:

h=h(m,k) , s=s(mk). (4.15)
Nevertheless, to ease the notation, this dependence was hidden in (4.13). Finally an
extension of the usual interpolation estimates to the case of hierarchical patches is
given in the next:

Lemma 4.1 (Interpolation estimates). Consider a function u € H(Q) with:

q = max(s) + 1, (4.16)

m,k

defined as:

M N,
ui= (Z uZ’) , (4.17)
k=1

m=0

where @9 € HY(Q9), while &Z‘\Q? € H{(Q7) and supp(u*) C QP for m > 1. Defining
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4 Patched mesh method

the operators: 2

Po(u) = Z(fm )

(4.18)
M m
Pi(u) = Y <Z Sha;;l> :
m=0
then the following estimates hold:
M m
o= o)z < €Y (Z B () g |Hq<9m)> 7
m=0 \k=1 (4 19)
M /N, '
lu — Pl(u)”Hl(Q) < C Z (Z h*(k, m) |ﬂ?|Hq(Q;€")> J
m=0 \k=1
where | - [ga(qy) denotes the seminorm of HY().
Proof. By construction it follows:
M /Ny M /Ny
b Rl = |32 (X)X (3
m=0 \k=1 m=0 \k=1 L2(Q)
M /N
— (Z - pahazL)
m=0 \k= 2
' L?(®) (4.20)
M Ny,
< 3 (Sl - it
m=0 \k=1
< 03 (Erm i) )
m=0 \k=1

the last line stemming from standard interpolation results [75, Chapter 3]. Similar
considerations hold true for [lu — P (u)[lg (g O

4.2 Approximation of diffusion-reaction equations

In the following section an elliptic diffusion-reaction model problem will be approxi-
mated on a patched finite element space. For the sake of simplicity a case involving
only one patch domain is considered. Pros and cons of the method as well as its
abstract collocation and algebraic formulation are commented in details.

2To ease the notation Poshﬁk is intended as P§, (up* |Qm)
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4.2 Approximation of diffusion-reaction equations

Elliptic model problem and abstract discrete formulation Consider the two families
of domains:

To:={Q'=Q} , T,:={Q} , (4.21)

and the set = as in Definition 4.3. Furthermore define an elliptic diffusion-reaction
operator £ and the associated conormal derivative as in Section 3.1. Then the model
problem considered next reads:

Lux) = fL(x)+ fa(x) in Q(l) =Q,
(4.22)
Ju(x) B 0_
ony d(u(x) — g(x)) on 907 =09,
where & is a given constant and:
f17 f2 € LQ(Q?) ’ Supp(f2> - Q% , g€ LQ(aQ(l)) . (423)

Passing to the associated weak formulation, problem (4.22) asks for finding u € H" (Q9)
such that:

a(u,v) + a(uﬁv)aﬂﬁ) = (fl =+ f27v) + d(gvv)aﬁg Vo € HI(Q?)7 (424)

where the scalar products and bilinear form are defined in Section 3.1. Consider the
patched finite element space:

V= X5(Q9) + V(). (4.25)

A Galerkin type approximation of (4.24) is obtained casting the problem on a finite
dimensional subspace of H' (Q9) [75, Chapter 5]. In the case at hand this approximation
asks for finding ugp € V such that:

a(upn, vin) + &(Wan, van)aqo = (fi + f2,0mn) + &9, van)age  Yomn € V. (4.26)

Notice that the existence and uniqueness of a solution to this problem are directly
inferred from Theorem 3.1. Furthermore the following a-priori estimate, known as
Céa lemma, holds:

7.
= wrnll < < inf lu = ol (4.27)

where v and 7 are respectively the continuity and coercivity constants of the bilinear
form a(-,-). Combining (4.27) with the interpolation estimates of the previous section it
is possible to prove the convergence of the patches of finite element method and, under
suitable assumptions, give an a-priori error estimates. This procedure was already
performed in [96, Proposition 1.1] for the model problem considered in this section,
involving a single patch.

In order to generalize it to account for the hierarchical structure devised in Defini-
tion 4.4 it will be necessary to resort to a partition of 2 into a set of non-overlapping
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subdomains. This partition can be easily obtained on the base of Definition 4.3 intro-
ducing the set of indices that identify the subsets of a generic element Q"

{je{l,.... Nopa} [ QI COP} m=0,...,M—1,
A = (4.28)
0 m = M.

Notice that it may happen A" to be equal to the empty set even if m # M. Given
AJ" it is possible to define:

Ueap &1 iEAF 20,
o .= (4.29)
1] otherwise ,

to be the union of the subdomains contained in €;* and:

op\ep ey #0,
Ut = (4.30)
Qr otherwise ,
to be the complementary of ©}* with respect to ;. Notice that:
{3, m=0,....M;k=1,...,N,},
constitutes the searched partition of 2. In the following:
Oy =00 Ny, (4.31)

will denote the “internal” boundary of W;*. Given these definitions it is then possible
to provide the following:

Theorem 4.1 (A-priori error estimate). Denote u € HS(Q) to be the solution of the

problem:
a(u,v) = (f,v) Yo € Hy(Q), (4.32)

where the bilinear form a and the function f satisfy the requirements of Theorem 3.1.
Consider uy, to be the corresponding approzrimation obtained on the patched space de-
fined in (4.13). Under these assumptions the patches of finite element method is con-
vergent. If moreover the exact solution u € HY(Q) with:

q: ma]zc(s) +1, (4.33)

m,

then the following error estimate holds:

M Nop,
[Ju— Uh”Hl(Q) <cC Z <Z h*(k,m) |U||Hq(\1/;g)> ) (4.34)

m=0 \k=1

where the constant C' is independent of u and of the mesh characteristic lengths h(k,m).
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4.2 Approximation of diffusion-reaction equations

Proof. Consider the partition of Q defined in (4.30). As I} is Lipschitz, Stein extension
theorem [1] ensures the existence of a bounded extension operator:

E : HI(UP) — HYQP) , (4.35)

for all v € HY(¥}"). Notice that Ej"(v)|rp = v[rp in the sense of traces. It is then
possible to recursively define for each:

m = 0,...,M,
k = 1,...,Np,

the function 4 with supp(uaj’) C Q" as aZL'QL” = B (g lep ) if:

Yn > m
m (A . < A~ b)
HEk (@ lwy )HH"(‘P?) < [lax ”Hq(‘l’?') Vj in the subtrees of QF, (4.36)
and ﬂ;”|QZz := U’ lop otherwise, where:

u iftm=0,
apt = N, (4.37)

U — ay fm>1.

n<m \ j=1

= (i a;f) . (4.38)

The (possibly non-unique) decomposition defined in (4.38) fullfills the requirements
of Lemma 4.1 since @} € H?(QY) and ﬂ;”km € H{(Q7) for m > 1. Furthermore, it

follows from the definition of %} and from the boundedness of E}* that:
HQZTHHQ(QL”) < C ||u||Hq(\I,?,) ) (4.39)

where C' is a generic constant independent of u. Introduce u, € V' to be the function
defined as:

M /N,
ip =y (Z Pf,h@?)) ; (4.40)
m=0 \k=1

and set vy, := up, — up. By the definition of Galerkin method it follows that:
a(u,vy) = a(up,vp) , (4.41)
and combining (4.41) with the definition of v), € V leads to:

a(vp,vp) = alu — Gp,vp) . (4.42)
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Employing the Cauchy -Schwarz inequality it is thus possible to state:
lun = Gl ) < llu = nllyq) > (4.43)
deriving then the following relation:
l[u— uhHHl(Q) < u— ahH]Hll(Q) + [lun — ﬁ'hHHl(Q) < 2fju— ahHHl(Q) ) (4.44)

by an application of the triangle inequality. At this point it is possible to apply
Lemma 4.1 to the right hand side of (4.44) obtaining:

M /N,
Ju— Uh||H1(Q) <C Z (Z h*(k,m) |ﬂ7cn|Ha(Q;;)> : (4.45)
m=0 \k=1

Finally, substituting (4.39) into (4.45) gives:

M Ny,
= unllyr oy < €Y (Z B (k,m) ||u||Hq<W>> - (1.46)
m=0

k=1
O

Notice that the assumption to take into account in Theorem 4.1 a problem casted
on H(l)(Q) results not to be restrictive. In fact the error estimate can be extended
to boundary conditions other than homogeneous Dirichlet ones employing standard
functional analysis techniques [75, Chapter 6).

Returning to our model problem, the task to derive a closed system of algebraic
equations from (4.26) requires a set of basis function for the finite dimensional space
V' to be constructed. Unfortunately this is generally far from being trivial. The
difficulty lies in the fact that the sum appearing in Definition 4.4 may not be a direct
sum: therefore in the case at hand it is not possible to construct a basis set for V'
merging the usual sets of basis function of X§(09) and Y;?(Q1) as their elements may
be linearly dependent. A thorough explanation of this topic can be found in [96], where
some means to measure an abstract angle between the two spaces are also provided.
In practice solving (4.26) having only a basis for X§(Q9) and Y;*(Q2}) requires either:

1. a particular care in the mesh generation phase, ensuring the sum appearing in
Definition 4.4 to be direct and therefore allowing the construction of a basis set
for V,

2. the employment of a subspace iterative technique [77] to solve the discrete prob-
lem alternatively on X3 (€29) and Y;*(91) until convergence has been achieved.

Mixed integrals In both the direct and iterative approach a delicate matter is con-
stituted by the numerical evaluation of the mixed integrals, i.e. of integrals where an
element of each basis set appear. Denoting with:

Ny =dim(X5(Q9)) , N, =dim(Y;(Q}) , (4.47)
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4.2 Approximation of diffusion-reaction equations

then any function vy, € V admits in fact the (possibly non-unique) representation:

Ny Np,
VHhK :UH‘FUh:ZVj(I’j‘FZUstj; (4.48)
j=1 j=1

where {®;};-1,n, is the set of basis function associated with X% (Q7), while {¢;},=1,..

is the one associated with Y;*(Q1). Considering then the evaluation of the following
expressions:

Npg
a(vpn, ®;) = Zvja(@ +ZUJ ,
j=1
N,

a(th7¢i) = ZV+ZUJ ¢]a¢1 s

it becomes evident that the boxed terms cannot be evaluated a-priori via a closed
formula, as they depend on the relative displacement between the two meshes. To
numerically evaluate these terms it is thus assumed in the following that the basis
functions {®,} associated with the coarser grid can be expressed in the bilinear form
as their interpolation upon the finer grid:

(4.49)

Np,
O~ Y Rjrdy. (4.50)

In this way (4.49) is reduced to:

NH Nh
a(vgn, @) = > Via(®;,® +Zvjsza b5 Pk)
i=1
’ = (4.51)

N Ny
alvan, @) = Y. V; Znga Gr 0i) + Y vja(dy, éi)
j=1 j=1

which is an expression where no mixed terms appear. Notice that (4.50) is an arbitrary
assumption and other means of approximation are possible: for instance in [96] a
different approach is proposed that makes use of a third finer structured grid to evaluate
mixed terms.

Direct solution procedure If the computational meshes are generated in a way that
prevents the elements of different basis sets from being linearly dependent, then a
direct approach to the solution of the Galerkin problem is possible. 3 In this case

3In practice this will be always the case when fine meshes are generated independently and not as
a refinement of the coarser ones.
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representation (4.48) happens to be unique, so that (4.26) results to be equivalent to:

a(upn, ;) + &(upn, ®i)oge = (fi+ f2, @) + (g, Pi)ane i=1,..., Ny,
a(“Hha¢j) = (fl+f27¢]) j:]-a"'7Nh'
(4.52)

Notice that the boundary term has been removed when testing on Y;¥(€2}) basis func-
tions as the domain 2} is defined not to share any external boundary with QY (see
Definition 4.3). Introducing thus the finite element matrices:

Ac € RY#Nr with  Ac = [af] = [a(®;,®))]
Mg € RY®NH with Mo = [m§] = [(®;,®i)ans) » (4.53)
Ap € RN with Ap = [af] = [a(d),¢4)]

as well as the interpolation matrix:

R e RY"N o with R = [Ry], (4.54)
and the vectors:
uc = [Ui,...,Uny,] .
(4.55)
up = [ulv"'7uNh:| )

it is possible to write the algebraic counterpart of (4.52) as:

u b

C] - [ C] : (4.56)
up bp
where be and bp represent the right hand sides appearing in the first and second line
of (4.52) respectively.

(Ac + a&M¢c) RAp
ApRT A

Iterative solution procedure An iterative approach, comprised in the theoretical
framework of successive subspace corrections studied by Xu, Zikatanov and Huang [55,
101-103] and aiming at the solution of (4.26) when the linear independence of the
basis sets {®;} and {¢;} is not ensured, was firstly proposed in [39]. Though a
detailed discussion of this algorithm is out of the scope of the present chapter, it
is worth to point the interested reader to [39,96] where the spectral analysis of the
iteration operator is given together with some considerations regarding the choice
of the optimal relaxation parameter and its effect on the solution method efficiency.
Notice that in the particular case where the sum in (4.13) is direct, then the iterative
method presented above reduces to a solution via the successive over-relazation (SOR)
method [74, Chapter 4] of the linear system (4.56).
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Figure (4.3): Smooth and rapidly varying components of the solution and right hand
side appearing in Example 4.1. Notice the different scaling of the axis.

Example 4.1. Consider the problem [96, Chapter 1]:

—Au fo+fi inQ:=(-1,1)2,
{ u = 0 on 0f) . (4.57)

The terms fy and f; appearing in the right hand side are constructed in such a way
that the analytical solution of (4.57) results to be:

u=ug + us, (4.58)
where:
0 T
uy = COS (535) CoS <§y> ,
(R ) 1 (4.59)
uy = nx(R)exp (e )exp —_—
/ -
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Figure (4.4): Computational meshes employed in the numerical solution of prob-
lem (4.57). Notice that the ratio H/h is kept constant during the re-
finement.

In (4.59) x(R) is a function defined as:

1 if R:= /a2 +y? <ep,

R) := 4.60
X(R) {0 otherwise. ( )

while  and ey are parameters set to 7 = 10 and €y = 0.4. Plots of either the right
hand side and solution components are given in Figure 4.3.

To provide an illustration of Theorem 4.1 numerical approximations of (4.57) are
computed with either standard finite element and patches of finite element techniques.
The patch domain is defined to be Q} := (—0.4,0.4)?, while the patched space is
constructed employing linear finite element for either the coarse and fine domain:

V= XE(Q8) + Y (Q)) . (4.61)

To characterize the accuracy of the method the relative error on the energy-norm is
taken as a figure of merit. The results obtained for a successive refinement of either
the coarse and fine triangulation (with constant ratio H/h =~ 3.7) are reported in
Table 4.1, where efficiency is evaluated on the base of the total number of mesh nodes.
Figure 4.4 displays the first two couple of coarse-fine meshes appearing in Table 4.1.
Notice the constant ratio H/h maintained when refining both grids. Figure 4.5 shows
a log-scale plot of the relative energy-norm error against the characteristic length H
of the coarse mesh, where it is possible to observe:

1. a good agreement with the order-one error decay predicted by Lemma 4.1,

2. a drastic reduction of the relative a-norm error when employing the patches
method.
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Figure (4.5): Relative error on the energy-norm plotted against the characteristic length
of the coarse grid. Notice the good agreement with the linear decay pre-
dicted by Lemma 4.1.
Coarse mesh Patch mesh
H # nodes Reference error h # nodes Computed error

2.10523e-01 217 6.97059e-01 5.88522e-02  483(+217) 1.53944e-01
1.88050e-01 299 5.14016e-01 4.77519e-02  652(4299) 1.12352e-01
1.58422¢-01 417 4.05275e-01 4.21864e-02  931(+4417) 1.05469e-01
1.27898e-01 636 3.11364e-01 3.62168e-02  1432(+636) 8.15661e-02
1.08406e-01 848 2.69749e-01 2.98711e-02  1858(+848) 7.05245e-02
9.16620e-02 1209 2.43549e-01 2.46061e-02  2563(+1209) 6.37921e-02
7.58930e-02 1673 1.88854e-01 2.11124e-02  3777(+1673) 4.67773e-02
6.51516e-02 2237 1.88382e-01 1.72072e-02  5322(+42237) 4.04827e-02

Table (4.1): Results obtained from the numerical approzimation of problem (4.57) with
a direct approach. The reference error is obtained considering standard
finite element on the coarse grid.
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As a last remark it is worth to note that the error obtained using the first couple of
coarse-fine grids (4834217 total mesh nodes) with the patch method is smaller than the
one obtained with standard finite element on the coarse grid having 2237 nodes. This
behavior suggests that the patches method permits a great reduction on the number
of unknowns for a fixed accuracy on the approximate solution of a diffusion-reaction
problem when multi-scale features appear.

Chapter summary In this chapter the patches of finite element method (firstly intro-
duced in literature by Wagner et al.) was presented as a proper approach towards the
discretization of the PDE appearing in the definition of the thermal element model
established in Chapter 2. As an original contribution, the method was extended to
cope with an arbitrary hierarchy of domains. A novel modification to this approach
devised to resolve internal and boundary layer in the case of reaction-dominant PDEs
will be addressed in Appendix D.
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Numerical solution of the coupled system

As the coupled electro-thermal system derived in Chapter 2 does not generally admit
closed-form solutions, the purpose of Chapter 5 is to outline a strategy to approximate
this solution numerically.

A first step toward this aim is given in Section 5.1 treating the discretization of
the full PDAE system. A general multi-step method is employed to time discretize
the system and provide a set of non-linear algebraic equations for each time point.
Some means to obtain efficiency improvements within this framework are referenced
here. In Section 5.2 it is shown how to solve non-linear algebraic equation systems
resorting to Newton’s method. In particular, a technique ! to improve computational
efficiency in the case the non-linear equation system is to be assembled on a per
element basis is introduced and applied to the set of discretized equations derived in
Section 5.1. This contextualization permits to sketch the most commonly adopted
algorithmic structure in transient circuit simulation softwares, based on the concept
of elemental stamp. The latter is nothing but a table-like diagram that completely
characterize a particular element, uniquely defining its contributions to the Jacobian
and residual during each Newton’s iteration. To conclude the chapter, the stamp
associated with a linear thermal element is derived in Section 5.3 in the case the
method introduced in Chapter 4 is used to space discretize the PDE appearing in its
constitutive relations.

5.1 Discretization of the electro-thermal model

In Chapter 2 a model was proposed to describe electro-thermal effects at the system
level. The derivation of this model, merging the usual lumped description of elec-
trical device behavior with a spatially distributed description of thermal diffusion,
was mainly guided by the need to fit usual circuit simulator structures imposed by

IThis technique is widely known as by-pass technique in the circuit simulation field.
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MNA. This effort led to the definition of a particular thermal element in Section 2.4,
embedding a PDE in its constitutive relations to properly describe thermal effects
occurring in a 2D/3D domain. The overall system of equations stemming from the
semi-discretized model was then formulated with the element-wise notation (2.39) (re-

ported below for easiness of reference) to stress the assembly-by-element structure still
shared with standard MNA:

M
> Ap[Dpt + I (ALnr,:t)] = 0, (5.1)
Bmi'm+Qm(A771;narm;t) =0 m=1,..,M

When dealing with practical applications it is of course not feasible to search for
closed-form solutions of problem (5.1) in a time interval [0, t1] and supplied with con-
sistent initial conditions n(0) and r,,(0): a suitable time discretization becomes thus
necessary to compute a numerical approximation of both n(t) and r,,(¢). This subject
is treated in the following, while a discussion concerning a proper space-discretization
of the thermal element is left to Section 5.3.

Time discretization Assume, for sake of simplicity, that a p-step linear multi-step
method of the form:

y(te) + fly Zajy (th; +h2@ Y(th_j),thj) =0 (5.2)

is adopted to discretize (5.1), where the coefficients a; and 8; depend on the partic-
ular method employed and the time step h is supposed to be constant (for a deeper
characterization of these methods and a description of usual initialization procedures
refer to [51,74]). Notice that the general concepts presented here would essentially still
hold if different time-stepping techniques (e.g. DIRK or ROW methods [51]) were to
be adopted, but the required modifications to the arguments presented below exceed
the scope of the present section. Assuming k > p, then a set of difference equations is
obtained when discretizing system (5.1) in agreement to (5.2). The balance part reads
then:

M P P
Z Am [Dm Zo‘jrm(tk—j) + hZﬂij(Azzn(tk—J) T (th—j); th— ]):| =0, (53)
m=1 §=0 j=0
while the constitutive relation part becomes (m =1,..., M):

mzajrm thj +hZﬁJQm n(te i), tm(tej)itei) =0.  (5.4)

Defining:
JE AT ) R BoJ,, (AT :
m (Al n,r,) mQoTm (tk) + b Bo Im (Apn(tr), o (tr); tr)
(5.5)
WATn,ry) = Buaotm(ts) + h 8o Qu(ATn(ty), v (tr); th) |
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5.1 Discretization of the electro-thermal model

and:
X p p
b = DY arm(te;) +h > Bidm(ATn(tess), t(ti)ite—)
=1 j=1
k - - (5.6)
i’ = By aitm(te—) + 0D B Qu(Ann(tey) tm(te—y)ite—;) |

Il
-

J Jj=1

it is possible to divide quantities referring to the actual time instant ¢; from the ones
depending on previous time points. In this way system (5.3)-(5.4) can be rewritten in
the compact notation:

M
Z A [35,’? (Al n,r,,) + bgf)} =0
m=1 (57)
QSE)(Aﬂn,rm)—i—c,(ﬁ) =0 m=1,...,M.
If the value of all variables at times ¢x_1,...,tx—, are known, (5.7) can be regarded

as a non-linear implicit system of equations that allows to compute the values of the
nodal variables and element internal variables at time ¢;.

Time step adaptivity, multi-rate techniques For easiness of exposition, the alge-
braic system of equations (5.7) is derived under the assumption that a constant time
step h is employed to time discretize (5.1). Even though a thorough analysis of the
topic is out of the scope of the present chapter, it should be noticed that this assump-
tion is generally too restrictive to be actually used in an industrial framework, where
computational efficiency is a major concern. Therefore, to fulfill the usually strict
performance requirements, some means to diminish the computational burden during
time integration were designed, which are mainly based on the two concepts of time
step adaptivity and multi-rate time integration. 2

The first class of methods tries to reach a smaller computational load resorting to
an adaption of the stepsize h based on an estimation of the local truncation error [12,
36,81,109]. In fact, as the equation systems stemming from electrical circuits are
usually stiff, the benefit of a larger stepsize (once the fast transients are exhausted)
greatly overcomes the cost of a numerical evaluation of the local truncation error
estimator in many situations. The second category of methods employs instead time-
scale separation techniques to integrate “slow” variables with a greater stepsize than
“fast” ones [9,59,63,99]. Multi-rate methods provide thus a major impact on efficiency
when the system under examination includes time constants that spans several orders
of magnitude. This results to be often the case for digital circuits subject to high
clock-rate or power circuits [72] switched at high frequency. Anyhow, although some
very promising results have been shown for particular applications [10], in general the

2Even though only time discretization is taken into account in this paragraph, other means to improve
simulation efficiency could be employed that address different aspects of the solution algorithm
(e.g. the strategy used to solve the non-linear system (5.7) ).
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5 Numerical solution of the coupled system

impact of state of the art multirate time-stepping approaches on the performance of
coupled electrothermal simulation still needs to be fully assessed through extensive
numerical tests on real life applications. Though out of the scope of the present work,
further research on this issue is warranted.

5.2 Solution of non-linear algebraic equation systems

To obtain an approximate solution to (5.7) a system of non-linear algebraic equations
has to be solved. This task is usually accomplished in circuit simulators resorting to
Newton-like methods, introduced in the following.

Newton’s method Consider the continuously differentiable function:
F: DCR"—-R". (5.8)

Denote with Jg(y) the Jacobian matrix associated with F and evaluated at the point
y € R", and suppose that y* € R"™ such that:

F(y*)=0, (5.9)
has to be found. Newton’s method to solve problem (5.9) can be formulated as follows:

e Set y[ to be the initial guess.

e Then for 1 =0,1,2,...

1. Solve:
Jr(y") syl = —F(y1) . (5.10)

2. Set:
ylt =yl 4 5yl (5.11)

Newton’s method presents an high sensitivity on the choice of the initial guess, and
proves to be quadratically convergent if y!% is sufficiently close to y* and the Jacobian
matrix is non-singular [74, Theorem 7.1]. Of course, in practical implementations a
suitable approximation of y* is obtained terminating the iterative process on the base
of some stopping criteria which involve the control of either the functional residual or
the solution increment.

By-pass technique At each step of Newton’s method two functional evaluations (Jg
and F) and the solution of a linear system are performed. These operations require
a computational effort that can be excessively high as the number of unknowns gets
large. For this reason several modifications to the usual algorithm, involving an approx-
imation of the Jacobian or an inexact solution of system (5.10), have been proposed
to improve computational efficiency. When the complete system of non-linear equa-
tions (5.9) can be assembled via a per element inspection, a technique of particular
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5.2 Solution of non-linear algebraic equation systems

interest is the so called by-pass technique. Consider, for the sake of simplicity, a system
of the form:

=Y AnFn(Aly") =0, (5.12)
m=1

where A,, is a suitable incidence matrix. Under this assumption the quantities ap-
pearing in (5.10) can be constructed as:

M
Tr(y") = Y AnTa(ALy")
m=l (5.13)

M
Fiyl) = > AnFn(ALy").

m=1

Denoting with 7 the required accuracy on the Newton’s method, then the by-pass
technique [94] is based on the assumption that if the following inequality holds for a
generic element:

ARy — AT < 7 (| ATy ) (5.14)

its Jacobian and residual contributions are maintained passing from the [-th step to
the (I 4 1)-th step:
Jm(A%y[l-H]) = Jm(Aﬁym) )
(5.15)
F,(ALy!HY) = F(ALyl) .

m

In this way for each element satisfying (5.14) two functional evaluations are avoided at
each iteration step. Notice that dividing the elements in the two set for which (5.14)
hold or hold not, then it is possible to interpret by-pass technique as an adaptive multi-
rate approach. The main difference when compared to usual multi-rate is that in this
case the partitioning among “latent” and “active” part is done on a per element basis,
rather than directly on nodal variables. In fact at each Newton’s step the method can
be written as:

M, M;+M,
<Z Ame(Az;Ly[l]) + Z Ame(A%;ym)> §y[l] =

m=1 m=M;+1
Ml Ml+1\/ja

—<Z ApFp (ALY Y AmFm(AgyW)>,
m=1 m=M;+1

where M, denotes the number of active elements, whose contributions are actually
evaluated, while M; denotes the number of latent elements, whose contributions are
maintained from the previous Newton’s iteration.

(5.16)

Application to the discretized electro-thermal system Before proceeding with the
application of the numerical scheme described so far to the discretized electro-thermal
system, it is necessary to point out that the content of the remaining part of this
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5 Numerical solution of the coupled system

section and of the whole Section 5.3 requires a good knowledge of the usual algorithmic
structure adopted in transient circuit simulation softwares. The reader interested in a
gentle introduction to this topic can refer to [42, Chapter 1]. That being said, in order
to apply Newton’s method to system (5.7), define the following residuals:

Fl oo 3(AT R, ) + b
(5.17)
GLQ = Q%)(AT nl r%]) + cg,]i)
and the corresponding Jacobians:
(k) (k)
g 9Im oo 9dm
mon 0AT n ’ mr or,, ’
M ln=nll m=rl
(5.18)
o, = oQ.y mo oQ.y
mon 0AT n ’ mr or,,
M | p=nll m:r[,’r}
With this notation introduced, the [-th Newton’s iteration reads:
M M M
5 Amm,n] it 4 [ S0 A0, 6r£€%] YAl
m=1 m=1 m=1 (519)

medALoml il ol = -Gl om=1..M

As anticipated in Chapter 2, the possibility to assemble on a per-element basis the
complete set of equations stemming from the coupled electro-thermal model remains
also at the discrete level. In fact from the discussion carried out above it is possible to
sketch the structure most commonly adopted in the design of a software package for
transient circuit simulation. To implement the algorithm outlined so far a program
must contain three basic components:

1. a time-stepper responsible for time-step selection and for computing the coeffi-
cients a; and 3; of the time discretization

2. a non-linear solver responsible for solving, at each time-step, system (5.7) by
iteratively assembling and solving the linear system (5.19),

3. aset of element evaluators that provide the non-linear solver with the local Jaco-
bian matrices and residuals needed to assemble the linear system corresponding
to each Newton iteration.

These local contributions are commonly referred to as stamps and are feasible to be
represented in a table-like format:

T
‘ A;n ' ‘

ker | g8, 14, | FY

CR | Qia @l |Gl
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5.3 Evaluation of the thermal element

where the acronym CR stands for “constitutive relations”. The application of by-pass
technique can be also formalized resorting to the stamp notation. In this case, during
each element evaluation, the following steps are performed:

e If the inequalities:

1Al — ATl < AT e e < e (5.20)

m

hold, then it is assumed:

bl = ., R = 0., ERPY o= Fl
(5.21)
g;r&] = Lg7n7 1[7?51‘1] = Lgmv Gynﬂ] = GLQ

e Otherwise the Jacobian and residual contributions are computed as specified in
the element evaluator.

5.3 Evaluation of the thermal element

To conclude the chapter, the construction of the thermal element stamp is discussed.
Assuming the thermal element to be the M-th element of the system, the nodal vari-
ables associated with it read:

ATm=0=1[0y,...,0k 1", (5.22)

where K is the number of thermally active regions, 0, (k = 1,...,K) are the mean
temperatures over these regions and 0k .1 represents the environment temperature.
Introducing the power density vector:

p=p,....px)" (5.23)

and the vector of the mp unknowns stemming from the space discretization of the
distributed temperature field T'(x, t):

T =[T¢,Ty,..., Tk, (5.24)
then the set of the thermal element internal variables reads:
ry = l:,I;‘:| . (525)

The particular structure of T in (5.24) arise from a space discretization via the patches
of finite element method defined in Chapter 4. Notice that, even though the following
discussion will remain essentially the same in the case of multiple patch layers, for the
sake of simplicity only a single level of patches is assumed here. Defining;:

|Ql‘ 0

Qe RETIXE quch that Q:= : ) : , (5.26)
0 |QK|
_|Ql‘ _|QK|
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5 Numerical solution of the coupled system

then it is possible to provide an explicit formulation for the stamp entries referring to
KCL:

[If/]Ln e REFIXE+L Ly Jg\l/]z,n = [0] ,
JE@J e REHIXEK+nr oy J%,r = [Q o, (5.27)
Fij ¢ RE* with  Fll .= qpll.

The definition of the entries referring to the thermal element constitutive relations is a
bit more involved. Assume {¢;,7 =1,...,nr} to represent the full basis set associated
with the space discretized vector T and define:

1 -+ 00
Mp € RFFT with My = |1 - g|,
0 -+ 10 (5.28)
M RF>mr ith [Mrly = — (1
T € wit [ T]ZJ : |Q‘(¢J’ Qz)

The discretized version of relation (2.20) linking junction temperatures to the dis-
tributed temperature field reads then:

Mg — MyT =0 . (5.29)

Lastly the discretization of the PDE describing heat-diffusion has to be considered.
Denote with:

0 - 0 b
B € R with B = |1 . 1

0 0 0 by (5.30)
P e R"™K  with [Pl; = (lo,.¢:) .

the matrices accounting respectively for boundary conditions and for heat generation.
Notice that only the last column of B may have non-zero entries, as boundary con-
ditions 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
Chapter 4). 3 The space discretized formulation of heat-diffusion equation reads then:

CT + AT + Pp+BO=0. (5.31)

3Not to unnecessarily involve the notation, heat-diffusion it is assumed here to be properly described
by a linear PDE. However, the extension of the following to the non-linear case implies only
different evaluations of mass and stiffness matrix depending on vector T.
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5.3 Evaluation of the thermal element

Applying the multi-step time discretization (5.2) with constant stepsize to (5.30)
and (5.31) it is possible to write the Jacobian contributions as:

(7] K4npxK+1 . [ My
e R th =
QM,n w1 QM,n |:hﬁ0B:|
(5.32)
[ K+npxK+nr . ] L 0 M
M,r S R Wlth QM,r - |:hﬂ0P (aOC + hﬁoA):| )
while defining;:
P P
8w = > a;CT ey +h ) _ B (AT + PPy + BOu—j)) , (5.33)
j=1 j=1
gives the following expression for the residual GB@ e REFnT,
Gl =- 0 : 0 : (5.34)
hBoBOY + 1By Pl + (agC + hBo A)TW + gy

Schur-complement evaluation of the thermal element The thermal element evalu-
ator described in the previous paragraph provides the non-linear solver with a sparse
stamp, due to the fact that a PDE is used to describe heat-diffusion (see Chapter 6 or
Chapter 7 for sparsity patterns examples). This feature is however not always desired.
In fact many industrial circuit simulators, though allowing for a sparse structure of
the global matrix in system (5.19), permit only a dense representation of the indi-
vidual stamps. In this case, to effectively employ the thermal element and avoid a
dramatic fill-in in the global matrix [74, Chapter 4], a different strategy than the one
presented above should be employed. One possibility is in this sense to resort to a
Schur-complement evaluation of the thermal element.

Taking into account the linear thermal element discussed above, then it is possible
to write its contribution to the non-linear system (5.7) in a compact notation as:

Boo Boc] To(t) ] [ 0] _ [35)(Afmra) + bl (5.35)
Bro  Byr M (tk> B(k) 0 ,
with:
Bgg € RFETDEFL with Beg = [0]
Bgr € RFETVEIT  with Bee = [Q 0],
(5.36)
Byg € REFMTEFLwith By = {h]g%]
0
0 M
Brr RKJr’I’LTXKJrnT ith Brr = T .
© it hBoP  (aoC + i3 A)
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5 Numerical solution of the coupled system

By, can be shown to be invertible by the arguments of Theorem 3.2 and Theorem 3.3,
so that:

rar(tr) = =B (BeoO(tr) + 8x)) - (5.37)
Substituting (5.37) into the first line of (5.35) reads:

(Boo — Bor B! Br) 0(t1) — Boe B gy = 30 (AT, rar) + b1 (5.38)

It is now evident how a dense Jacobian contribution:
W, e REFUEH wign gl .= (Bge — BorBy'Bre) (5.39)

of size (K + 1) x (K + 1) and a residual contribution:
Fil e RF' with FY = 14 6" - Be.Blgn . (5.40)

of size (K 4 1) x 1 can be provided by the thermal element evaluator to the non-linear
solver, regardless of the number of mesh nodes. Differently from the sparse stamp
approach, this one requires the ability to solve a linear system during the element
evaluation phase. An efficient implementation can turn this constraint into an advan-
tage if specialized solvers are used for the heat-diffusion equation. In the last case, in
fact, the PDE part of the thermal element is treated in an optimal way, while a sparse
stamp would have left all the computational burden onto the circuit solver, which is
indeed optimized for MNA-like equations.

Chapter summary In this chapter a suitable algorithm to approximate numerically
the model established in Part I and analyzed in Part II has been proposed. A general
multi-step method was employed to time discretize the system, while Newton’s method
was used to solve the resulting non-linear algebraic equations. The stamp associated
with the novel thermal element was discussed in details and two approaches returning
respectively a sparse and a dense Jacobian contribution were presented. Numerical
examples to validate the algorithm will be given in Part IV.

92



Part |V

Numerical validation
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CMOS inverter

As a preliminary validation of the method proposed in the thesis, results obtained by its
application to a simple benchmark problem are presented in this chapter. Particular
attention is given to the reduced number of unknowns stemming from the patched
finite element method, if compared to a standard approach, and to the natural way in
which mutual heating is taken into account by the method. Notice that in this and
in the following chapter a simple backward Euler scheme is adopted to time-discretize
the coupled system.

6.1 Description of the circuit

Consider the CMOS-inverter circuit represented in Figure 6.1. This circuit constitutes
the basic building-block of the whole digital electronics. Its logical behavior is that of
the NOT function, i.e. an high output corresponds to a low input and vice-versa. It can
be noticed that the electro-thermal schematic consists of two MOS-FETs (denoted by
M3 and My), two DC voltage source (denoted by V; and Vi), an input voltage source
(denoted by Va) and a distributed thermal element (denoted by Ts).

The two MOS-FETs are modeled by a simplified version of the classic Shichman-
Hodges model [85] with an added temperature pin, as reported in [8]. The actual
parameters used in the simulations are copied in Table 6.1. The impact of temperature

W/L w6 Vin T4 Cgb Cya Cys Csp Cap

nMOS 5 led 300 1 le6 le—11 1le—12 1le—12 1le—12 1le—12
pMOS 5 le5 300 —.1 1le6 1le—11 1le—12 1le—12 1le—12 1le—12

Table (6.1): Parameters of the simplified Shichman-Hodges MOS-FET models em-
ployed in the simulation. Notice that the employed parameters are aca-
demic and not derived from technological considerations.
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6 CMOS inverter

€4 0

Figure (6.1): 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. Notice that 04 is the junction temperature referring
to the p-channel MOS-FET Ms, while 05 is the one referring to the n-
channel MOS-FET My. Finally 0g refers to the environment temperature.

is represented by a temperature dependent carrier mobility:

w(0) = o (:)/ , (6.1)

where p denotes the electron mobility for the n-channel transistor M4 and the hole
mobility for the p-channel transistor M3 and pg is the value of u at the reference
temperature 6y. The total dissipated Joule-power is given by the simple expression:

P = idsvds s (62)

where i4s denotes the current flowing in the controlled current source appearing in
the transistor model and vg4s is the drain-to-source-voltage. Notice that (6.2) fits
the assumptions made in Section 3.3 as P depends on node potentials and junction
temperatures.

The thermally active regions on the IC substrate (blue meshes in Figure 6.1) are
taken to roughly correspond to the channel region of the transistors. Figure 6.2 and
Figure 6.3 show respectively a standard conforming triangulation and a patched tri-
angulation of the 2D layout. It can be seen that, while maintaining the same mesh
refinement in the channel regions, the patched mesh greatly reduces the number of
unknowns. The adopted thermal element is supposed to be linear with constant co-
efficients. The corresponding parameters are given in Table 6.2, while a plot of the
thermal element stamp sparsity-pattern is provided in Figure 6.4.

It should be noticed that the values used for this simulation are not meant to mimic
any type of existing technology. The only purpose of this academic example is to show
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6.2 Simulation results

Co I ¢ b

1.5e—6 1.5e—6 1 Ilel

Table (6.2): Thermal element parameters employed in the simulation of the CMOS-
inverter circuit. Notice that the employed parameters are academic and
not derived from technological considerations.

the merits of the approach proposed in the thesis on a relatively simple problem. A
more complex application will be treated then in Chapter 7.

6.2 Simulation results

A transient simulation of the response of the circuit to a 1 kHz sinusoidal input signal is
performed [20,21]. The plot in Figure 6.5 shows the voltage waveforms and the corre-
sponding values of the device temperatures. As is expected the junction temperatures
04 and 05 are close to the ambient temperature value 85 = 300K when the output is
either in the ON or in the OFF state, as in such situation only small leakage currents
flow in the devices, while the current flowing during the ON-to-OFF or OFF-to-ON
transitions generates a relatively more significant heating. Figure 6.6 depicts the tem-
perature 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).

Chapter summary An application of the algorithm depicted in Part III to a simple
CMOS inverter circuit has been shown. Particular attention has been given to the
reduced number of unknowns stemming from the patched finite element method, and
to the way in which electrical and thermal variables interact in the coupled system.
In the next chapter an application to a more realistic benchmark will be provided.
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Figure (6.2): Globally conforming triangulation of 2D chip-layout: 1052 nodes, 2066
elements and 1052 unknowns.
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Figure (6.3): Patched triangulation of 2D chip-layout: 339 nodes, 550 elements and
237 unknowns.
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Figure (6.4): Thermal element stamp sparsity pattern. Notice that the usage of a PDE
in the thermal element constitutive relations produces an highly sparse
stamp contribution to the overall system.
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Figure (6.5): Node voltages and junction temperatures plotted against time for two peri-
ods of an input sine voltage at the frequency of 1 kHz. A simple backward
Euler scheme was adopted to time discretize the coupled system.
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Figure (6.6): Subsequent snapshots of the distributed temperature field taken during
the first switching phase. Notice that the heat produced mainly by the
p-channel device (above), diffuses through the substrate and affects the
n-channel device (below)
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In this chapter the application of the method discussed in the thesis to a slight simplifi-
cation of an industrial n-channel MOS-FET designed for power application is proposed.
This problem, constituting a major step toward a real industrial test-case, is chosen
because of the regularity of its layout that easily permits to show an important char-
acteristic of the method, i.e. the possibility to replicate a fine mesh associated with a
thermally active area at different positions in the die. This feature gives the possibility,
in an industrial implementation, to create a library of electro-thermal devices in which
a pre-computed mesh of their active region is included, diminishing the computational
effort and possibly permitting a performance gain if an optimization of the relative
device placement is to be performed.

7.1 Description of the device

As a second benchmark a simplification of the MOS-FET described in [11] is taken
into account. This device is a vertical n-channel MOS-FET, mainly used for power
applications (e.g lighting or high-frequency dc-dc converter). A sketch of its cross-
section is shown in Figure 7.1. As it can be seen, the technology employed for its
fabrication exploits only one metal layer (source contact) and one polysilicon layer
(gate interconnects). The drain contact, not visible in Figure 7.1, is placed at the
bottom of the die. To avoid the turn-on of the parasitic npn bipolar transistor, the
source is short circuited to the body via the source metal layer.

A simplified layout of the device is shown in Figure 7.2, where several elementary
transistors cells are connected in parallel to permit an high current handling capability.
The active device regions are organized in rows, due to the fabrication technology, and
the external signal is transmitted to each elementary cell through the polysilicon gate
interconnects. Source metal covers almost all the device surface. The only exceptions
are constituted by the regions of the gate metal fingers and of the external gate metal:
here the metal layer is used to create low-resistance gate connections to overcome the
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poor conductivity of the polysilicon layer. Anyhow, 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 causing an higher delay as the gate signal has to reach the
basic cells passing through the polysilicon layer.

In [11] a distributed electrical network, which allowed to observe local maxima in
the current density distribution, was introduced to model the nMOS-FET. The main
idea was to exploit the concepts employed for high 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 lumped-element
distributed circuit model feasible to be analyzed by any spice-like circuit simulator.
The resulting netlist has a hierarchical and scalable structure based upon three basic
building blocks, representing respectively:

1. metal over passive area,
2. polysilicon over passive area,
3. polysilicon over active area.

For a thorough description of the model the interested reader is referred to [11]. In [44]
the model proposed in [11] is extended to account for the self-heating of the cells, still
the dependence of the electrical characteristics of each cell on the dissipated power
remains purely local. The non-locality introduced in our model by the distributed
thermal element provides a further extension as it allows to account for mutual-heating
effects previously neglected [22].

7.2 Simulation results

A transient simulation of the turn-off switching of the device is performed to test the
proposed method. The set-up employed to investigate its characteristics is reported
in Figure 7.3. The input voltage waveform is a step function going from 10V to 0V at
t=3x10"? sec.

The electrical behavior of the power n-channel MOS-FET is described by the same
lumped-element distributed approach presented in [11], the only difference being in the
complexity of the active cell model. In fact a simplified Shichman-Hodges model with
an added temperature pin (introduced in Chapter 6) is employed here to describe the
elementary transistor cells. Notice that the parameter values used in the following,
though fitted to provide realistic results, do not stem from any existing technology.
The electrical network is scaled to contain 24 x 24 active cells and 6 metal fingers, as
shown in [11, Figure 1(b)]. The values used for each of the basic cells are gathered in
Table 7.1, while the parameters of the Shichman-Hodges model are given in Table 7.2.

A picture of the mesh underlying the distributed thermal element is reported in
Figure 7.4: a coarse grid covers the 4mm x 4mm die, while a fine one is replicated at
each active region position. The model employed to describe heat diffusion is supposed
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7.2 Simulation results

Source metal
Poly-silicon gate

Source
Body Drain

Figure (7.1): Sketch of the cross-section of the power n-channel MOS-FET. Notice that
only one metal layer and one polysilicon layer are employed during the
fabrication process. The drain contact is placed at the bottom of the die.

Active Devices
External gate |

metal 7
— >
- Gate metal
I T~~~ _ finger Source contact
Poly-silicon e ‘~\\l‘
g \\ =T 1 i
I
Gate metal N X :
finger _ N ! .
L - \\ ! :
N I X
\
A |
v
Gate pad TPon-siIicon

Figure (7.2): Schematic layout of the power n-channel MOS-FET. Several active cells
are connected in parallel to achieve the required current handling capa-
bility. The external gate signal reaches every cell passing through metal
fingers (low resistance) or polysilicon interconnects (high resistance).
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7 Power nMOS-FET

R (series) L (series) R (ground) C (ground)

Metal (passive) lel le—15 lel2 le—13
PolySi (passive) le2 le—6 lel2 le—12
PolySi (active) le2 le—6 - -

Table (7.1): Basic cell parameters employed in the simulation of the n-channel MOS-
FET turn-off transient. See [11] for more details.

W/L Ho 90 V}h Td Cgb ng Cgs Csb Cdb
2.2 le6 300 85) 1le9 1le—12 1le—15 1le—15 1le—15 1le—15

Table (7.2): Parameters of the simplified Shichman-Hodges MOS-FET model used to
describe the behavior of each active cell. Notice that the employed param-
eters are academic and not derived from technological considerations.

to be linear with constant coefficients (see Table 7.3). Finally the sparsity pattern of
the thermal element stamp is given in Figure 7.5.

In Figure 7.6 the total dissipated power and the mean temperature of the device
are plotted against time during a turn-off transient. As expected to a lowering of the
power corresponds a cooling of the device; however these two effects exhibit differ-
ent relaxation times. The power densities and junction temperatures of the cells are
shown respectively in Figure 7.7 and Figure 7.8 for six different time-points defined
in Figure 7.6. 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 for t = t; and ¢t = t3. Moreover the presence of
a non-negligible temperature gradient over the device area is detected at times ¢t = ¢;
and t = to. Furthermore the different spatial distribution of heat density and temper-
ature are an indication that non-local effects may not be negligible in estimating the
device performance.

Chapter summary The algorithm presented in Part III was here applied to a real-
istic benchmark. The possibility to replicate a fine mesh associated with a particular

Co I ¢ &

le—4 2e—2 1le3 4ed

Table (7.3): Parameters of the thermal element employed in the simulation of the power
n-channel MOS-FET turn-off. Notice that the employed parameters are
academic and not derived from technological considerations.

104



7.2 Simulation results

lumped device at different positions in the die was stressed. As a last remark it should
be noticed that the implementation of the method in an industrial environment would
provide a final practical validation. In this case a study of the trade-off between mesh
refinement and solution accuracy would be of great interest, as well as a comparison
against measurement data. Toward this aim a work is on-going to implement the
algorithm in TITAN (Infineon circuit simulator).
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7 Power nMOS-FET

Vpp = 400V

R, = 88Q
Rs=1Q

power
MOS-FET
Vg = 10V — 0V

Figure (7.3): Circuit used to simulate the turn-off switching of the power n-channel
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Figure (7.4): Non-conforming meshes for the whole CHIP and the basic cells. The
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nMOS-FET model is here scaled to 576 active cells. A coarse grid (in
red) covers the 4mm x 4dmm die, while a fine one (in blue) is replicated
at each active region position.



7.2 Simulation results
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Figure (7.5): Sparsity pattern of the thermal element stamp. As noted in the previous
chapter, the usage of a PDE in the thermal element constitutive relations
produces an highly sparse stamp contribution to the overall system.
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Figure (7.6): Total dissipated power and mean temperature plotted against time for a
turn-off transient. The sampled points refer to the snapshots presented in
Figure 7.7 and Figure 7.8. A simple backward FEuler scheme was adopted
to time discretize the coupled system.
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Figure (7.7): Snapshots of the active cell power densities at the time points t1, ta, t3,
ty, t5, and tg defined in Figure 7.6. Notice that, due to the academic
nature of the problem data, only the qualitative behavior of the solution
s of interest here.
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Snapshots of the active cell junction temperatures at the time pointsty, ta,
ts, t4, ts, and tg defined in Figure 7.6. Notice that, due to the academic
nature of the problem data, only the qualitative behavior of the solution
s of interest here.
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Graph theory

Further details on graph theory can be found in [28].

A.1 Basic definitions

Definition A.1 (Graph, Directed graph). A pair of sets V and E is called graph if
it satisfies:
ECV XYV, (A1)

The elements of V' are called nodes or vertices of the graph, while the elements of E
are called branches or edges. The graph will be denoted with G = (V, E). If branches
are given an orientation, then the graph is said to be directed.

Definition A.2 (Path, Connected graph). A non empty graph P = (V, E) is called a
path if it is of the form:

V:{$0,l‘1,...,1‘k} s Ez{xoxl,xlxg,...,xk_la:k}, (AQ)

xo and x will be referred as the ending nodes of the path, while x1,...,zr_1 as the
inner nodes. If a non-empty graph is such that any two of its nodes can be linked by a
path, then the graph is said to be connected, otherwise unconnected.

Definition A.3 (Cycle / Loop). Given a path P = (V, E) with k > 3 we call:
C:=(V,E) (A.3)
a cycle if B/ := E 4 {xpxzo}.

Definition A.4 (Cutset). A set of branches F C E of a connected graph G = (V, E)
is called a cutset if:

e removing all the branches f € F from G leads to an unconnected graph.
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A Graph theory

o removing all the branches f € F but one from G leaves the graph connected.

Definition A.5 (Incidence matrix). Given a directed graph with n nodes and m
branches, a matriz A € R™*"™ is called incidence matriz of the graph if:

+1 if branch j leaves node 1,
a;; =4 —1 if branch j enters node 1, (A.4)
0 otherwise.

Notice that the matrix A is not a full-rank matrix by construction. To obtain a
full-rank matrix a row must be eliminated from A. It is common practice in circuit
modeling to neglect the row corresponding to the ground node. The matrix obtained
in this way is called reduced incidence matrix.

A.2 Kirchhoff’'s laws

Kirchhoft’s voltage law and Kirchhoff’s current law can also be expressed in terms of
graph notions [15]:

Statement A.1 (Kirchhofl’s voltage law). The algebraic sum of voltage drops around
any cycle of the circuit graph is always zero, i.e.:

ATe=v | (A.5)

where A is the incidence matriz of the graph, e the node voltage vector and v the
voltage drops vector.

Statement A.2 (Kirchhoff’s current law). The algebraic sum of branch currents
traversing each cutset of the circuit graph is always zero. As a particular case we

find:
Aj=0, (A.6)

where A is the incidence matriz of the graph and j is the branch current vector.

Note that e are quantities living on circuit graph nodes, while j and v are quantities
living on graph branches.
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DAE theory

The general form of a DAE system can be expressed as:

dx
—.x,t )| = B.1
F (G xt) <o (B.1)
where:
F:R"xR"xR — R", (B.2)

and 0,F (y,x,t) is singular. Constituting a generalization to ODEs concept, DAEs
behavior mainly differs in two points:

1. some components of the solution may be determined by constraints, so that
initial values must be chosen consistently,

2. some part of the DAE may require additional smoothness, i.e. it must be differ-
entiable a sufficient number of time.

To categorize in a precise manner the “distance” of a given DAE system to an ODE
system various inder concepts have been introduced in literature.

B.1 Linear DAEs with constant coefficients: Kronecker
index

A linear DAE system with constant coefficients has the form:
Ax(t) + Bx(t) = £(¢), (B.3)

with A, B € R™*™,
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B DAE theory

Theorem B.1 (Kronecker form). If A and B form a regular matriz pencil [51], then
there exist non-singular matrices U and V' such that:

I 0

0N (B.4)

UAV:[

| o

0 I

N is nilpotent of index pu, due to the way it is constructed.

Definition B.1 (Kronecker index). If A and B in (B.3) form a regular matriz pencil,
then the Kronecker index of the corresponding DAE is said to be O if A is invertible,
and [ otherwise.

B.2 Extension of index concepts to non-linear DAEs

The Kronecker index concept presented for linear DAEs with constant coefficients can
be generalized to a wide variety of concepts when treating the case of a non-linear
DAE of the form (B.1).

Definition B.2 (Differentiation index [37,38]). Suppose u is the minimum number of
analytical differentiations:

dx dar dx

such that it is possible to extract an explicit ODE system from the the set of equa-
tions (B.5). Then p is said to be the differentiation (or differential) index of sys-
tem (B.1).

Definition B.3 (Perturbation index [51]). Equation (B.1) has perturbation index pu
along a solution x on a closed interval T = [0,T) if p is the smallest integer such that
for functions & having a (sufficiently small) defect:

F (‘Z % t) =8(t) (B.6)

there exists on I an estimate:

[1%(t) = ()]l <C(IIX II+Z max |67 )H) : (B.7)

1 1€(0,7)

In [47] it is proved that differentiation and perturbation index are always equal for
DAE systems stemming from MNA, while in [29] it is proved that differentiation and
tractability index coincide and that, under certain assumptions, an electrical circuit
cannot exceed index two.

116



PDE theory

C.1 Function spaces

Definition C.1 (LP(Q) spaces). Let @ C R? be an open set, d > 1, and consider in
Q the Lebesgue measure. For 1 < p < oo it is possible to define the sets of measurable
functions:

LP(Q) := {u measurable | / lu(x)[Pdx < oo} 1<p< oo,
“ (C.1)
LP(Q) = {u measurable | esssupycq |u(x)| < oo} p = oc.

The space LP(Q) is a Banach space if endowed with the norm:

(/. '“(X)'pd"f bspsee (€2)

lullLe (@) = esssupyeq [u(x)] p = o0.

||u||]LP(Q)

Furthermore the space ILQ(Q) is an Hilbert space, endowed with the scalar product:

(u,v)L2(q) = /Q u(x)v(x)dx. (C.3)

Further details on Lebesgue spaces can be found in [78, Chapter 3].

Definition C.2 (Sobolev spaces). Let k be a non-negative integer and 1 < p < oo.
Then it is possible to define the Sobolev space:

WEP(Q) := {u € LP(Q) | D*u € LP(Q) for |a| < k}, (C.4)

where a is a non-negative multi-index defined as in [75, Chapter 1, pag.6]
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The space W#P(Q) is a Banach space if endowed with the norm:

1
p
HUJHW’“P(Q) = Z HDau||€p(Q) 1<p<oa, 5
lal<k (C.5)
[ullwrr)y = esssupg<y [[D%ullL=@) p=oc.

The associated seminorm will be denoted with |u|yr.»q). When p = 2 the Sobolev

space W*2(Q) is indeed an Hilbert space, usually denoted as H"(Q). The correspond-
ing scalar product results to be:

(0, 0)r () = Y (D*u, D*)p2(q). (C.6)
|o|<k
It will be useful in the following to define:
H () := {v € H'(Q) | v =0 on 90} c H'(Q) . (C.7)

A thorough treatment of Sobolev spaces and their properties (including a mathemat-
ically sound definition of the trace space H/?(€)) can be found in [1].

C.2 Variational formulation of elliptic problems

In the following a variational formulation is derived for the model problem:
LT(x) = f(x) in€Q,

< (C.8)
T(x)+ozaaTI££) = g(x) on dQ,

where f(x) € L*(Q), a > 0 and the elliptic operator:

d
LT(x):=—Y D [Kij(X)DjT(X)} +e(x)T(x), (C.9)

ij=1

was defined in Section 3.1. A deeper treatment of the subject can be found in [30].

Homogeneous Dirichlet BC In this case it is assumed that g = 0 and a = 0. Defining
then the bilinear form:

d
a(T,v) ::/ (Z kij(x) D;T Djv) dx+/ c(x) T v dx, (C.10)
Q 55 Q
as in (3.4), the weak formulation of (C.8) reads:
find T € Hy(Q) : a(T,v) = (f,v)12¢) Vv € Hy(). (C.11)
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Non-homogeneous Dirichlet BC This is the case for o = 0 but g € H/2(8Q) # 0.
A possible way to analyze the problem is presented in [75, Chapter 6, pag. 166]. The
function g is extended in the whole 2. Denote with § this extension and assume:

T=T+3. (C.12)
Then T € H}(Q) and:
a(T,v) = a(T + §,v) = (f,0)2(0) - (C.13)

Moving all the known terms to the right hand-side, the equivalent homogeneous prob-
lem for T is obtained:

find T € Hy(Q) : a(T,v) = (f,v)r2() — a(g,v) Vv € Hy(Q). (C.14)
This problem can be solved as in the previous case. Notice that the requirement:
g€ H2(09)

is the weakest one ensuring the well posedness of (C.14) (for the definition of the space
H'/2(9) see [1, Chapter 7]).

Robin BC The last case of interest for the thesis, is when a > 0 and g € L?(99). In
this case a variational formulation of the problem reads:

1 1
find 7€ H'(Q) : a(T,v) + ~(T,0)200) = (fiv)izo) + ~(9:V)i200) Vo € H'(Q).
(C.15)
Again, the requirement g € LZ(BQ) is the weakest one ensuring the well posedness
of (C.15).
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Resolution of diffusion-reaction equation layers

Diffusion-reaction equations with non-smooth coefficients can possibly exhibit thin in-
ternal and boundary layers where the solution varies rapidly. This could be the case,
for instance, of the PDE used in Chapter 2 to describe heat diffusion at the system level
if the distributed thermal capacitance or diffusivity result to be discontinuous. Layer
resolving methods for this type of problems in one dimension are either based on fit-
ted difference operators or on fitted meshes. Among those of the latter class, methods
based on Shishkin-type meshes [31] are especially attractive because of their simplic-
ity. Their applicability to multidimensional problems is, though, constrained by the
difficulty of generating structured conforming meshes for general domain geometries.

In the following a novel numerical method to resolve internal and boundary layers
is devised, based on the same mesh structure presented in Chapter 4. This gives the
possibility to reduce the requirements on mesh generation software when strong local
refinement is needed to capture features of the solution that appear on different scales.
To validate the proposed algorithm numerical results on a problem, which can be seen
as a 2D extension of the problem derived in [25], are presented.

D.1 Model problem exhibiting internal layers

Assume the open bounded domain Q@ ¢ R? (d = 1,2) to be partitioned into two
subdomains €21, {25 such that:

Ql n QQ = @ 5
~ ~ ~ (D.1)
Ql @] QQ = 0.

Define the internal interface to be:
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D Resolution of diffusion-reaction equation layers

Let the external boundary be defined as:
oN=Iyulp, (D?))
with the Neumann and Dirichlet part satisfying the requirements:

'y n I'p = 0 R
I'p N O 75 0 R (D4)
I'p N Q9 # 0.

The model problem considered in the following reads:
—divo(u)+ru=f inQ\T,
o(u)=er;Vu, K, >0 inQ; i=12, (D.5)
ulr, = gp, o(u) mlp,, =0,

where the reaction term r and the right hand side f are defined as:

ry > F>0in 4 , f1in Q4
T = =
fginQQ.

(D.6)
o = 0 in QQ y

Furthermore the constraint that w and the component of o(u) along the direction
normal to I be continuous over all T holds. In (D.5) € > 0 is a small perturbation
parameter, n denotes the outward unit normal to 02 and n; the outward unit normal
to 09;. For the sake of simplicity and to prevent the appearance of boundary layers
occurring in u we impose the further boundary condition:

f
9D|FDmagl = s . (D.7)
T'pNoy
D.2 Solution decomposition
Problem (D.5) can be restated in a multidomain formulation introducing:
—div J(’l)l)-f—?"ﬂ]l :fz in Qz L= 1,2,
’Ui‘r‘Dmaﬂi = 9D|FDmaﬂi o o(vi) .ni‘FNmaQi =0, (D.8)
s Bl
1 ’,’1 r I
and:
—div o(wy) + rwy; =0, in 4,
(D.9)
w1|BQmFD =0 , o(w)- np‘agpmpN =0,
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—div o(ws) =0, in o,
(D.10)

wQ'aQQnFD =0 , J(w2) 'n2|aQQQI‘N =0,
Furthermore the following conditions at the internal interface are required:

o(v;) +o(w;)) - nglp =0,
i:zl;z(( )+ o(w;)) - nl D)

w1|F = ’LUQ‘F = wr .
The solution u of (D.5) is related to v;, w; by:

Ul = vitw; , 1=1,2,
o o (D.12)
u|F = J4gr + wr )

The case where d = 1 is of particular interest. In this case €2 reduces to an interval
(a,b) C R and without loss of generality we can assume a = 0,b = 1. Furthermore I’
will be a single point in R s.t. 0 < T' < 1 thus:

Ql = (O,F) )

% = () (D.13)

Assume finally that:

N=Tp={0,1} , Tn=0 , gp(0)=

(D.14)

Following the arguments in [25] it is possible to state the following:

Lemma D.1. Let d =1 and k be an integer satisfying 0 < k < 4. Then the solution
u of the problem (D.8)-(D.12) satisfies the pointwise bounds

dk
d?j(@‘ < CH4Cel=se-T-2Vb/e yre
x
dk
d';jf (x)‘ g Cv7 Vx € QQ
d*w; _k (T—a)\/B/e
o (x)| < Ceze , Vo e O
dk
d;«l;z (x)’ <C, Vz € Qs

where C' is a constant independent of €.

Notice that the term w; in (D.12) is negligible at a distance to the left of I', which is
proportional to y/e.
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D Resolution of diffusion-reaction equation layers

D.3 Discretization of the model problem

To construct a parameter-uniform numerical method [31] the quantity 7., which rep-
resents the width of the interior layer, is introduced. Define the interior layer region
as the subdomain:

Qp(re) := {x € Qy, [minfz —y| < TE} : (D.15)
yel’

Following very closely the presentation of [56] the following spaces are introduced:

e
i=1,2
. = {u Q)| ul (6Q;NC'p)ul’ — 0} ’
Zy = {u € H'(Q)| ulpg,nr, = 0} ’ o
p = {u € HY(Q )l U|oﬂ,,\(rNuF) 0} ’
Vv, = {u € H' ()| ulpg,\ry = 0} :

Let T," (i = 1,2,p) indicate a quasi-uniform, conforming triangulation [75, Chapter 3]
of Q; and:
Shoc S i=1,2,

K2

vk c Vv, i=1,2,p, (D.17)

K2

zZh c Z; i=2,p,

3

be continuous finite element spaces consisting of functions that are linear on each
element of 7,". Away from T it is not required any correspondence between the nodes of
’Z;,h and those of 7}". For sake of simplicity, though, it is assumed for the triangulations
T to be constructed in such a way that 7;"UTJ* be a globally conforming triangulation
of Q and ’];,h U7} be a globally conforming triangulation of 2, U Sy, so that the mesh
nodes located on the interface I' are the same in all three meshes (see Figure D.1). A
consequence of this assumption is that the traces on I' of the functions in any of the sets
Zh and St all belong to the same space T"; the functions in T" are piece-wise linear
functions defined on I". The discretization of problem (D.8), (D.9), (D.10), (D.11) asks
for finding:

o e Shoi=1,2,

wh € Z;f , (D.18)
wh e ZzZh .
2 2

PpL UL, € Th i=1,2,
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such that:
Bi(v,v!) = L;(v) Vv in VI,

B;(v,v) = (Vv,0(v))q, + (v,m0)q, — (v, @?’i)p 1=1,2, (D.19)
Ll(y) = (V’ f)Q7 )

Ap(v,wh)=0 Vvin V;} ,
(D.20)
AP(V7 w) = (VV7 U(w))Qp + (Vv Tw)Qp - (1/7 \Ij?,l)r ’
Ag(v,wh) =0 Vvin V§ |
(D.21)
AQ(Z/, U}) = (VI/,O'(IU))QZ — (l/, \I/F,2)F y
Z (v, ®r;+¥p)r=0, Ywel",
i=1,2 (D.22)
wi|p = wil
The solution to the initial problem results to be:
h _ .k
u |91\Qp = U ’Ql\np g
uh|92 = v§|92 + w§|92 ) (D.23)
“’h|QP = ”ﬂﬂp + wﬂg,, :

The associated algebraic problem consists in solving the following sequence of linear
systems:

B}IV} = fll - B}rgF ' = fFl - B%IV} - Bll“FgF
{ : 7 (D.24)
B%IV% = f12 - B%Pgl“ ®* = fg - BI%IV% - BIZ“FgF
Agl p Alr 2 02 i 10 2
AR AP A2 AR || wr | = | - (9 + @2 (D.25)
0 A2 A2, w? 0

Where the subscript I indicates the degrees of freedom relative to internal mesh nodes
while the subscript I' denotes degrees of freedom relative to the internal nodes.

To complete the definition of the discretization algorithm a formula for 7. needs
to be prescribed. To this end, let us again focus our attention on the case d = 1
and assume = (0,1) as in the previous paragraph. In such a case, if the standard
lumping technique is adopted for the matrices corresponding to the zero-order terms
in (D.19)-(D.21), the algebraic equations in (D.24)-(D.25) become identical to those
that would arise in a Centered Finite Difference discretization. Using the methods of
analysis in [23,25], one can establish the following:
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D Resolution of diffusion-reaction equation layers

x:y:() FD r=1

Figure (D.1): Computational domain and mesh for the test case of Example D.1. The
number of mesh points is N = 117, while the adopted diffusion coefficient
is € = 1.5 x 1073, Finally the width of the interior layer results to be
7. =9.16 x 1072,

Theorem D.1. Let d =1 and 7. := min {d, 2 %1 lnN}. Then:

In N
N b

where C' is a constant independent of € and of the number of mesh points N.

In N (In N)?

Ju —u|o < C " = lc. e, < 5 VEII"Y = Wl < O,

Although the bounds in Theorem D.1 have only been established in the case of d = 1,
the numerical results in Example D.1 suggest that similar error estimates may also
hold for d = 2.

Example D.1 (2D diffusion-reaction equation exhibiting an internal layer). As a test
case a problem with d = 2 in the domain pictured in Figure D.1 is considered, where:

r = f1 =1 iHQl s

Ty = = 0 in)y,

2 = f2 2 (D.26)
gp = 1 onl'pnNQy,
gp = 0 onl'pnN Qs .
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D.3 Discretization of the model problem

Figure D.2(a) and Figure D.2(b) show the solution of the test problem as computed
by the algorithm of Section D.3 and by a standard piece-wise linear finite element
discretization on a single quasi-uniform triangulation over the whole domain €2, re-
spectively. By comparing the plots in Figure D.3(a) and Figure D.3(b) one may notice
that, while the error produced by the standard approximation has a non-trivial depen-
dence on both the number of degrees of freedom N and on the singular perturbation
parameter ¢, for the algorithm proposed here the error, at least for small enough ¢ is
a function of IV alone.
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D Resolution of diffusion-reaction equation layers

(a) Computed solution of the test problem for ¢ = 1.5 x 1073 and N = 456 with the
algorithm described in Section D.3. Note that in €2, both the solution u and the regular
component v; are shown.

(b) Computed solution u of the test problem of Example D.1 for ¢ = 1.5x 1073 and N = 456
with standard finite element, on a quasi-uniform mesh.

Figure (D.2): Computed solutions of the test problem of Example D.1.
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D.3 Discretization of the model problem
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(a) Relative error in the flux Q computed by the algorithm of Sec-
tion D.3
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(b) Relative error in the flux @ computed on a quasi-uniform mesh

Figure (D.3): Relative error in the flux Q for the test problem in Example D.1.
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Summary

The last few CMOS technology generations exhibit a clear trend towards an increase in
power consumption, strongly correlated to the decrease in the feature sizes imposed by
pure geometrical scaling. It is foreseen that this trend will be further exacerbated in the
near future, with industry approaching the theoretical limits of CMOS scaling. In fact
all the technological solutions developed to maintain the same rate of improvements in
circuit performance share the side-effect of a greater thermal insulation in the produced
SoC or SiP, thus posing major heat dissipation problems. An accurate electro-thermal
analysis is predicted to become a key factor to a reliable and cost-effective design and
thus CAD tools are required to provide dependable means to simulate coupled electro-
thermal effects. To this end, a new strategy to perform electro-thermal simulations at
the system level is proposed in the thesis.

As a high-degree of integration inside the design flow is a major industry require-
ment, the mathematical model underlying the proposed approach was derived to fit
the usual MNA structure. In fact, exploiting the similarities in the physical descrip-
tion of electrical current-flow and heat power-flow, heat diffusion at the system level is
accounted for by a novel thermal element, embedding a 2D /3D diffusion-reaction PDE
in its constitutive relations. The geometry upon which the PDE is casted is feasible
to be defined on the base of available layout or package information, permitting thus
to automate the extraction procedure inside an industrial environment. Coupling to
the electrical network is then obtained by enforcing instantaneous energy conserva-
tion. The overall PDAE system is then formulated with a non-standard element-wise
notation, which proves to be better suited to stress the hierarchical assembly structure
adopted in actual implementations of MNA.

Analytical considerations are then provided in the case of a linear thermal element
driven by external independent sources. Theorems proving existence and uniqueness
of the solution are given either for the elliptic case and for the parabolic case. Besides
their theoretical nature, these new results hold also a practical importance as they

133



provide a validation of a possible implementation of the thermal element in either
admittance or conductance form. Finally the well posedness of a particular type of
coupled electro-thermal system is also proved.

The numerical approximation of the thermal element model requires an efficient
handling of spatial multi-scale issues. To this end two methods employing unstructured
non-nested grids are presented. The first one (Chapter 4) is a particular finite element
approach, firstly introduced by Wagner et al. (patches of finite element method). The
original contribution of the thesis is in this case constituted by an extension of the
method to cope with an arbitrary hierarchy of domains. A suitable formalism is devised
to properly describe this extension, and a-priori bounds reflecting the asymptotic rate
of convergence are provided. The second one (Appendix D) is a novel method to resolve
internal layers in the case of reaction-dominant PDEs. The approach is introduced and
analyzed on a 1D model problem, and then a sound extension to 2D case and complex
geometry is provided with an illustrative example. A complete characterization of the
thermal element stamp, obtained employing the first of the two methods, is then given.

Finally, the approach proposed in the thesis is tested on two numerical examples.
The first one is a simple CMOS-inverter circuit, while the second one is a more realistic
problem derived from the distributed lumped-element description of a power device. In
both examples it is possible to see the reduced number of unknowns stemming from the
patched finite element method (if compared to a standard finite element approach),
and the natural way in which mutual heating is accounted for by the method proposed
in the thesis. Furthermore, the power device example shows the possibility for the
patched finite element method to associate a fine mesh with each thermally active
device and deploy it at different positions in the die, providing thus a considerable
gain during the mesh generation phase.

The results achieved in the thesis motivate further investigations in either theo-
retical and applied directions. From the modeling perspective a major improvement
would be given by a suitable modification of the method to allow for the coupling
with other refined description of physical phenomena (e.g. distributed description of
semiconductor devices and transmission lines behaviors). From the analytical point
of view a desirable contribution would be the extension of the theorems appearing in
Chapter 3 to the non-linear case. Regarding the numerical discretization of the model
two issues (out of the scope of the present research) are of major concern, namely the
extension of the patched finite element method to account for advection fields and the
development of a suitable multi-rate scheme to improve efficiency in the case largely
different time-scales appear in the model. Lastly, the implementation of the method in
an industrial environment to test its practical applicability on real designs will provide
a final engineering validation. With this respect a work is on-going to integrate the
thermal element inside TITAN (circuit simulator of Infineon AG).
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